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Abstract. The present research uses a previously published method to reduce the duration to
machine cemented carbide forming tools by SEDM. Because of the forming setup a relatively
thick sheet metal was used, which is why a forming simulation was conducted beforehand to
achieve a valuable design, derived from bipolarplates, to observe wear in the forming experiments.

Introduction

One of the enablers to reduce the amount of greenhouse gas emissions in the transportation sector
are fuel cells [1]. The large number of bipolarplates needed in a fuel cell and their tight tolerances
make them cost drivers [2,3]. Therefore, it is of importance to improve the manufacturing process
to reduce costs and to enhance their degree of effectiveness [4]. This will allow for a more
sustainable and economically acceptable transformation to green transportation.

The effectiveness is enhanced with a rectangular flowfield geometry, which is responsible for
the distribution of the working media. This geometric demand and the tight tolerances call for tool
materials of high rigidity that are able to transfer their shape to the workpiece accurately and
repeatably [5]. A class of materials, which is able to withstand the large compressive stresses
needed to comply with these demands are cemented carbides. Another advantageous property of
cemented carbides, regarding the challenging tool geometries found in the filigree channel
structure of the flowfield, is their large resistance to wear. The high hardness of cemented carbides
requires machining technologies like electrical discharge machining (EDM). Its thermophysical
working principle enables for machining workpieces independently of their mechanical properties.
Albeit, there are two concerns regarding the EDM of cemented carbides, which are subject of
several recent publications. On the one hand, the machining of cemented carbides is less
productive in comparison to steel and on the other hand the thermal removal mechanism can cause
cracks and flaws that would reduce the longevity of the workpieces — in this case the forming tools.
Previously conducted research has described the effects sinking EDM has on the surface integrity
of cemented carbides [6]. Additionally, the resulting workpiece functionality has been examined
[6,7]. Finally, the process has been altered in order to reduce machining duration and the
corresponding effect on the surface integrity has been found to be negligible [8]. As a final step in
this series of research, the altered sinking EDM process is compared to the standard process in a
real application. Due to the necessity of large scale tests, the forming of bipolarplates was chosen
as the application test case. It is therefore an additional aim of this research to investigate the wear
mechanisms of cemented carbide forming tools that were machined by sinking EDM.
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Punch design and preliminary simulations

For wear testing, a die setup from [9] was used. However, the process was designed for coining
thus only the embossing pattern is of relevance. The punch contour was used for guidance in an
existing tool setup. A bipolarplate geometry, provided by Fraunhofer IPT, Aachen was used as a
reference for the present experiments. Additionally, two features were added to allow for an
evaluation of different radii and coining heights, cf. Fig. 1.

bipolarplate (centre) and isometric view of the embossing pattern (right).

In order to reduce the tool life time, an analogue setup for tribological testing of the channel
structures of the embossing pattern was used with the sheet metal strip thyssenkrupp precidur
(AISI 52100/1.3505) with a thickness of 3.7 mm and UTS of 660 MPa. This ensures increased
wear rates at a similar load collective with significantly higher stress levels (contact pressure:
600 MPa) compared to bipolarplate pressing (contact pressure: 85 MPa). The material was
selected due to its similar tribological behavior compared to thin foil used for bipolarplates such
as AISI 316L/1.4404. However, the coining setup, led to the question whether the cavity between
the channels of the flowfield would fill properly to see friction on the flanks of the channel
structure. The software Forge 4.0 was used to design material flow and stresses in the embossing
pattern. Fig. 2 displays the equivalent stress for a directly derived flowfield geometry.

As shown in the top view, the stresses are the highest around the corners. In the enlarged cross
sectional view the colored workpiece material does not reach the punch contour. The height of the
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Fig. 2: Simulation results for both geometries with top view (top left), cross sectional view
(bottom left) and enlarged cross sectional view of original (top right) and alternative design
(bottom right).
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channels in the flowfield of the workpiece only reach 45 % of the designated height. Because of
the curvature of the material within the channels, there is even less material in the vicinity of the
flanks of the flowfield of the punch. In order to improve the material filling between the channels,
the distance between channels was increased. The number of channels was reduced to six. The
simulation was repeated with the adapted geometry. It is apparent that the contour was sufficiently
filled to create material flow over the radii of the channel pattern. The height of the channels in
the workpiece reached 78 % of the designated height. The material appears to create enough
friction thus wear around the corners and flanks in analogy to flowfield drawing.

The final geometry that was used for the derivation of the sinking-EDM tool is displayed in
Fig. 3. The features 1 and 2 have a height of 0.7 mm, whereas the flowfield only has a height of
0.3 mm. Both features have a bottom radius of 0.25 mm, feature 1 a head radius of 0.05 mm and
feature 2 has a head radius of 0.3 mm. All the corners have different radii as well to allow for a
differentiation between wear mechanisms. The channels 1 to 6 all have the same corner radius,
which was taken from the initial geometry. They have increasing head radii by an increment of
0.02 mm, starting at 0.1 mm for channel 1 until 0.2 mm for channel 6. The bottom radii increase
accordingly, however, starting at 0.2 mm for channel 1 up to 0.3 mm for channel 6. The channel
height and different radii were chosen according to research conducted regarding the formability
of foils used for bipolarplate manufacturing [10].

thr1 = 0.05 mm pr = 0.25 mm thr2 = 0.3 mm
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Fig. 3: Final punch design with a distance between the flow field channels of 1.7 mm (left), cross
sectional view of the features with corresponding radii (top right) and cross sectional view of
the flowfield with exemplary channel head and bottom radii (bottom right).

Machining of cemented carbide punches

The punches were machined from EDM-blocks of the tungsten carbide grade Ceratizit CTF35
(average grain size 0.8 um, Cobalt-content 17.5 wt-%). First the outer shape of the punches was
cut via wire-EDM on a GFMS P550 with 4 trim cuts up to a surface roughness of Ra = 0.4 pm.
Additionally, the guide for the forming tool has been cut in a PM steel on the same machine tool.
Subsequently, the desired shape was machined via sinking-EDM on a GFMS Form 2000 VHP.
The machining sequence and the machining parameters are displayed in Fig. 4. Even though the
electrode material was chosen as copper-tungsten, with 30 wt.-% copper, the wear was expected
to be of a magnitude that prevents a proper shape transfer. Therefore, three electrodes were milled
with a machining duration of 16 h each. In order to spread the wear evenly, roughing and super-
finishing started with punch 1 and the intermediate finishing operation started reversely with
punch 2. The necessity of this altered sequence can also be seen from the machining duration of
machining steps 1 and 2. Because of the significant linear wear of approximately 15 %, electrode 1
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was 0.14 mm shorter before the start of machining of punch 2 and was hence significantly faster.
Due to the additional wear, punch 2 was missing approximately 0.21 mm from the original
machining depth of 1 mm. This difference was compensated with the finishing operation. As
indicated in Fig. 4 (right), the roughing steps are conducted again with both subsequent electrodes.
This ensures an equal spread of the wear and that both punches reach the desired machining depth.
The wear of the electrodes was measured with the sinking EDM machine tool after machining both
punches and was 0.21 mm, 0.04 mm and 0.01 mm for the roughing, finishing and super-finishing
electrode respectively.

foushine
7

Machiningstep 1 2 4.7 15 -200 74 1.58
Roughing — . . 4.7 5 15 -200 69 1.26
Time /min 435 384 E 4.7 4 LU 200N I L
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Machiningstep 4 3 2
_— = 2.8 32 45 2200 219 0.63
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Fig. 4: Description of machining sequence with machining duration (left) and machining
parameters with resulting surface roughness (right).

The machining parameters were adjusted according to the approach described in [8]. However,
the expected reduction of machining duration was not observed in this setup. Since this was
attributed to the wear, which caused different machining durations for both punches, a comparative
study according to the setup described in [8] was conducted with the material relevant for this
investigation. It was found that the machining time was reduced by 12 %, which is in the order of
magnitude that was expected. Additionally, the machining duration and the wear in the present
research are relatively high, because of the filigree structures that were machined. In order to make
sure that the shape with its varying radii is properly transferred from the electrodes to the punches,
the undersize was only 0.05 mm per side. However, the wear of the electrodes was stronger than
expected, which is why the final surfaces were not all the same. A measurement with the laser
scanning microscope Keyence VK-X has revealed that the bottom surfaces of the punches reached
a surface roughness of Ra=0.2 um. In contrast, the head surfaces of the flow channels of the
punches have only reached a surface roughness of Ra=0.5 um. This is exactly the surface
roughness that was reached after the finishing operation. Because the electrodes have worn
differently in these different areas, the super-finishing operation was not anymore conducted on
the head surface. This is illustrated by Fig. 5, where the part of the electrode that machines the
bottom of the workpiece is the first to interact with the workpiece. With ongoing machining, this
part is worn, even when the rest of the electrode has not yet started to machine. Only after the
height difference in the electrode has been surpassed, the wear takes place in all regions quasi
equally. After machining, the workpiece resembles the negative of the shape of the worn electrode
and when a new electrode is used, there is a gap between the areas that were machined with a lesser
worn electrode than those that were machined with parts of the electrodes that were subject to
more wear. Even after using several electrodes, this effect can still be seen, since it is repeated
with subsequent electrodes, however, with another magnitude.
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Fig. 5: Worn roughing electrode with corresponding linear material reduction (left) and
corresponding error propagation (right): Electrode and workpiece before machining, worn
electrode after first machining operation with corresponding workpiece and same workpiece
with new, not worn electrode.

The previously described effect can also be seen in the images taken via scanning electron
microscopy (SEM). Fig. 6 depicts one of the flow channels which has the described features. On
the one hand the bottom surfaces as well as the flank surfaces appear to be smooth. On the other
hand, the head surface of the channel appears to be a lot rougher. Additionally, there are some
single craters, which are significantly larger than those that make up the surrounding surfaces.
These craters probably result from a concentration of the electric field on corners and the
corresponding ignition of discharges with higher energies in earlier machining steps with a larger
gap width. These single craters can be seen frequently on the corners of all machined features and
might have been removed, if the frontal undersize of the electrodes had been adjusted according
to the occurring wear.
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Fig. 6: Image for orientation (top left), SEM image of the second flow channel on the second
punch.

Experimental setup for coining tests

The profile was coined into the sheet metal strip in an automatic stamping process for wear testing.
A full coil of the beforementioned material AISI 52100/100Cr6 with thickness 3.7 mm and UTS
of 660 MPa was used for a total of 7360 strokes. The experiments were performed on a
servomechanical blanking press Feintool XFT 2500speed at stroke rates between 15 min™' and
45 min’!. In order to coin the full profile into the sheet metal, the die was replaced with a rigid
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anvil instead of a counterholder. Fig. 7 shows the tool used for the experiments. Coining took place
in the top dead center (TDC) of the underneath drive. The stroke length was calibrated in the
beginning for a full penetration of the sheet metal according to the process design from the
simulations. The die setup was a 2-up die with two cavities. Punch 1 was EDMed with a reference
technology whereas punch 2 was manufactured with the adapted technology (see above).
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Punch

Guide plate
Sheet metal
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Fig. 7: Punch I after SEDM (left) and tool setup with blue arrows ind-icating the movement of
the underneath drive and red indicating the feed direction of the sheet metal (left).

Coined specimens were extracted every 500 strokes for further analysis of forming results and
eventual traces resulting from wear on the punch. For this, the coined surface was measured and
evaluated using laser scanning microscopy. The tool state was analyzed using scanning electron
microscopy (SEM) in initial state, after 1000 strokes and after the total 7360 strokes. The quality
of the S-EDMed surface in all radii and surfaces was assessed visually. Traces of adhering sheet
metal as well as cracks and surface wear indications were looked for.

Results and Discussion
During the first 50 strokes, feature 1 broke from both punches. As mentioned above, the small
radii were designed as edge cases. The small head radius and the flank experience tensile load
during the return stroke because of clamping between the feature and sheet metal according to [9].
The tensile load causes crack formation in the bottom radius of the feature as can be seen on the
non-broken features 2 in Fig. 8. Another explanation might be shear load on the features away
from the middle of the strip due to lateral material flow in the compression phase.

Fig. 8: Overview for orientation of corner on feature 2 of punc 1 (ft) and detailed view of
crack development on the bottom radius after 1000 strokes (left and centre) and after 7360
strokes (right).
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Another major event during the forming tests was the partial demolition of channel 1 on
punch 1, which was machined with the reference technology. The breakage did indicate itself with
some major cracks along channel 1. Fig. 9 highlights the imprint of these cracks on a specimen
after 750 strokes. Furthermore, after another 2000 strokes channel 1 broke off partially as visible
by the specimen after 2750 strokes. The final stage of the demolition process was reached after
4000 strokes Another ~3300 strokes were conducted w1thout addrtronal fractures

Fig. 9 Detalled view of the lmprmt of the cracks developlng on punch 1 after 750 strokes (left),

first specimen with the imprint of the first stage of the partially breakage of channel 1 (centre)

and specimen with imprint of the intact punch 2 and the imprint of the final breakage state of
punch 1 after 7000 strokes (right).

Fracture of features and tribological wear are a result of a high compressive load collective. In
previous work regarding cemented carbide wear during stamping, such fractures were explained
by tensile and bending stresses during the stripping phase. High stresses in the coining phase create
spring back of the formed surfaces causing a clamping situation between the coining features and
the sheet metal. Additional lateral stresses due to material flow towards the strip edges as a result
of upsetting the sheet metal are an explanation for the observed fractures. The sheet metal is
compressed by the punch force and blankholder force, see Fig. 10.
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Fig. 10: Process forces during coining representing high compressive load collective on channel
pattern for the second stroke (left) and the 7010 stroke (right).

The axial load on both punches adds to almost 800 kN which equals about 600 MPa contact
stress. The contact stress is in the range of the UTS of the sheet metal (660 MPa). The axial load
is responsible for wear to be observed on the channel flanks. After 1000 strokes, the rate has been
increased from 15 to 45 min™! to increase wear.

A profilometer was used to measure the depth of the imprinted profile of extracted workpieces.
Fig. 11 depicts one exemplary sheet metal strip and the measurements of the depths of the imprints
of both punches. The red lines on the left show the position and direction of the measurements,
approximately 1 mm from the bottom end of the flow fields. As visible in the graphs on the right-

2540



Material Forming - ESAFORM 2024 Materials Research Forum LLC
Materials Research Proceedings 41 (2024) 2534-2543 https://doi.org/10.21741/9781644903131-279

hand side of Fig. 11, both positions yielded different depths. The flowfield on the right-hand side
of the sheet metal strip, whose corresponding data is depicted in the upper graph, averaged to a
depth of 0.255+0.045 mm. The other flowfield only reached a depth of 0.184+0.022 mm, averaged
over all channels and investigated specimens. The reason for this difference was not attributed to
different punch heights, since the position of the punches was swapped after 1000 strokes.
However, this explains the slight drift in all measurements from specimen 1000 to specimen 1250.
The reason for the difference between the two positions is suspected to be found in the tool setup.
As depicted in Fig. 7, the punches are positioned behind one another. This is also indicated by the
positions of the red lines in Fig. 11. The blue arrow indicates the feed direction of the sheet metal
strip. After one stroke is conducted, the relatively small feed of the sheet metal strip causes the
guide plate to press down on the flowfield that has already been imprinted on the left-hand side.
This might have caused the filigree structure of the flowfield to be compressed.

0,1 —@— Channel | —®—Channel 3 —®— Channel 5 Channel 6
Channel 4 —@—Channel 2 —@— Channel 1

0 1000 2000 3000 4000 5000 6000 7000 8000
Number of strokes / -

Fig. 11: Sheet metal strip with imprinted flowfield and Feature 2 as well as red line indicating
position of profile measurements (left) and depths of the indicated channels as a function of the
number of strokes (right).
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Fig. 12: Laser scanning microscope image of sheet metal strip with imprinted flowfield with red
and blue lines indicating positions of profile measurements (top), profile taken on the blue line
containing the flowfield (bottom left) and profile taken on the red line indicating the shape of the
sheet metal strip (bottom right).
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The measurements of the right-hand side flowfield reveal that not all channels, but only
channels 3, 5 and 6, reached the expected depth of 0.3 mm, cf. Fig. 11. One possibility is that the
larger radii towards the middle of the flowfield allowed for a less restricted material flow.
However, the measurements taken with a laser scanning microscope reveal, that the metal sheet
has a profiled surface, see Fig. 12. The magnitude of the bulge is the same as that of the missing
depth. The measurements of channel 1 on the right-handed side, in the upper graph of Fig. 11, also
indicate the beforementioned partial fracture of channel 1. The depths of the channels closest to
the broken one appear to become larger after it broke off. Overall, the profile measurements show
that the imprint is even better than expected by the simulation. This might be caused by the pocket
effect of the EDMed surface and the resulting constant supply of lubricants in the contact area as
previously discussed by [11].

Besides fractures, wear characteristics were analyzed using SEM-imaging. Fig. 13 presents the
tool surface of the channel pattern after 7360 strokes. The microstructure of the EDMed as well as
alteration due to tribologica of sheet metal on the surface.

specime LA —20 pm— / 4 B g

- i

Fig. 13: SEM images of tribologically loaded head radius of channel pattern.

Overall, the surface only shows minor characteristics of abrasive wear. A slight texture in
sliding direction can be seen on the SEM images of the head radius and flanks. The abrasive wear
does not exceed a slight surface polish. Moreover, sheet metal steel was found adhering on the
surface and mechanically disposed in valleys of the surface profile. The adhesion is no wear as to
the definition as material loss on the technical surface. However, adhesion indicates that the
tribological load on the surface was increased.

Conclusion

The present paper has conducted one step towards a possible new manufacturing route for
bipolarplates. First of all, it has shown that the previously published method to enhance the
productivity of sinking EDM of cemented carbides is transferable to different cemented carbide
grades. Hence, this method is a valuable tool to improve the machining of cemented carbides in
general. Furthermore, it was stated that this method does not harm the surface integrity of the
workpieces. The comparison of the two punches did not indicate an increased number of flaws for
the alternative machining technology. In contrast, the punch which was machined with the
reference technology experienced major fractures. However, the fracture of the feature is attributed
to an overly ambitious geometry whereas the fracture of the flowfield channel to the occurrence
of shearing and lateral movement and forces of the sheet metal, due to its thickness. On the other
hand, the examination of the tribological wear has not shown any significant issues. A slight
polishing of the punch and some adhesion of the sheet metal was observed. In general, these
findings indicate that cemented carbide tools are suited for the filigree structures present in
bipolarplates and that even areas with non-optimal surface roughness are able to withstand the
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tremendous loads. Moreover, the analysis of the profile has revealed that the imprint is even better
than expected by the simulation, which would be helpful to create a proper sealing of the
bipolarplates and increase their degree of effectiveness.
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