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This study explores the feasibility of using a relatively rapid technique, die-sinking micro-electrical dis-
charge machining, to fabricate miniature metallic bipolar plates. The flow field is a three-pass serpentine
structure, of which both the rib and channel widths are 500 wm and the channel depth is 600 wm (aspect
ratio=1.2) in a reaction area of 20 mm x 20 mm. The material-removal rate of the proposed method can
reach up to 7.2 mm3 min—'. However, a high material-removal rate also increases the surface roughness of

flow channels. In single-cell tests, the peak power densities are 674 mW cm~2 and 647 mW cm~2 for flow
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channels with a surface roughness of 0.715 pum Ra and 0.994 wm Ra, respectively. Though the increase in
surface roughness lowers cell performance, the effect is not statistically significant.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) have become
the focus of energy conversion techniques due to their remarkable
features, such as compactness, quiet operation, high power den-
sity, and lack of emissions. Since the rapid development of mobile
computer, consumer, and communication (3C) applications, and
because of the increasing demand for green energy, fuel cells have
been considered promising alternatives for lithium-ion batteries.
Several high-tech companies even released concept portable prod-
ucts featuring fuel cells. However, the problem of their bulky size
must be resolved before fuel cells can be widely accepted in the
market.

A typical PEMFC is composed of a proton exchange membrane
(PEM), gas diffusion layers (GDL), and bipolar plates. Among them,
the bipolar plates comprise almost 60-80% of the weight and 50%
of the volume [1-3] and are, therefore, crucial to minimizing fuel
cells. Both the materials and fabricating methods must be con-
sidered to construct a light, thin bipolar plate. Graphite bipolar
plates have been adopted in traditional fuel cell technologies, but
their brittleness causes difficulty in precision machining, especially
at micro scales. Silicon-based and metallic bipolar plates were,
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therefore, developed as alternatives to graphite bipolar plates. The
fabrications of silicon-based bipolar plates are primarily based
on micro-electromechanical systems (MEMS) [4-7]. Though such
technology can fabricate fine and complicated flow fields in minia-
ture bipolar plates, the performance of silicon-based fuel cells
is not appealing. The poor performance is primarily due to the
significantly low electrical conductivity of silicon-based bipolar
plates (0.5Scm~!) compared to that of metallic bipolar plates
(5000Scm1). Yu et al. [8] applied the dry etching process to sili-
con wafers to create flow channels with a depth of 200 pm. Metal
sputtering was applied to increase electrical conductivity. The cell
with the plates of Cu sputtering yielded the best result with a
peak power density of 194.3 mW cm~2. Park and Madou [9] applied
the carbon-MEMS process to fabricate graphite bipolar plates. The
polymer Cirlex® sheets were applied to prepare the micro-flow
design through MEMS, and were then carbonized using furnace
heat. The peak power density determined through cell tests was rel-
atively high (773 mW cm~2). Though this procedure bypasses the
difficulties of directly machining flow channels on graphite bipolar
plates, the problem of brittleness while assembling and using fuel
cells remains.

In contrast, metallic bipolar plates provide high mechanical
strength and can be formed into thin sheets with a thickness
ranging from 100 to 500 wm [10-13], and thus have significant
potential in the fabrication of miniature fuel cells. Lee et al. [14-16]
used SS304 stainless steel as a substrate to form a channel mold
via the Lithography Galvanic Abformung (LIGA) process. Ni was
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then electroformed into the mold, becoming a metallic bipolar
plate. The average peak power density during various cell tests
was 195mW cm~2. However, due to the high costs of both the
equipment and the consumables required, the LIGA process is eco-
nomically inefficient. Furthermore, the complicated photochemical
procedures result in variances in the channel sizes and shapes,
which consequently limit fuel distribution.

Micro-electrical discharge machining (micro-EDM) is a novel
fabrication method for machining micro-structures and compo-
nents. The maximum aspect ratios of this process associated with
various tool pieces range from 10 to 100, and the minimum feature
size ranges from 3 to 30 wm [17]. In our previous research [18],
micro-EDM milling was used to create miniature SUS316L bipolar
plates. During the single-cell tests, the peak power density achieved
723.5mW cm~2, and the volumetric power density is estimated to
be approximately 315 mW cm~3, demonstrating the feasibility of
directly machining high-aspect-ratio flow channels on miniature
SUS316L bipolar plates. However, micro-EDM milling is a point-
processing technique that is time consuming and labor intensive.
A relatively rapid process is required if repeated tests for various
flow structures or mass production is desired. The primary purpose
of this study is to explore the feasibility of using an area-processing
technique—die-sinking micro-EDM—for fabricating high-aspect-
ratio micro-flow channels. Additionally, because the increase in the
processing rate also increased the surface roughness of flow chan-
nels, the intricate relationships between the material-removal rate,
peak discharging current, surface roughness, and cell performance
will be explored and discussed in this study.

2. Design and production of metallic bipolar plates
2.1. Materials and design

The materials for metallic bipolar plates should be carefully
selected. Some metals, such as Cu, may be sufficient electrical con-
ductors but they are easily corroded. Using easily-corroded metal
lowers the performance and shortens the life of fuel cells. In this
study, stainless steel SUS316L was chosen as the plate material.
Because SUS316L contains molybdenum, it demonstrates excel-
lent heat and corrosion resistance. To prepare the bipolar plate,
a 2 mm-thick SUS316L plate was cut into a 50 mm x 50 mm area
using a wire machine. For unipolar plates, a plate with only 1 mm
in thickness is required.

Regarding the flow structure, previous studies [19,20] claimed
that the serpentine flow field has excellent drainage characteris-
tics and cell performance. However, single-pass serpentine tends
to cause polarization problems due to excessive channel length;
while excessive passes tend to result in uneven fuel distribution.
Therefore, the three-pass serpentine with six U-turns was adopted
as the flow design. Fig. 1 shows the designed flow field, of which
both the channel rib and widths are 500 wm, and the channel
depth is 600 pm (aspect ratio=1.2) in a 20 mm x 20 mm reaction
area.

2.2. Die-sinking micro-EDM

2.2.1. The principle

Micro-EDM is a thermal process that uses electrical discharges
to erode electrically conductive materials. During the process,
material is removed through a rapid series of pulses from both
the work and tool piece electrodes. A constant supply of dielectric
liquid insulates the two electrodes within a small gap and trans-
ports the debris. Because the tool and work piece do not contact
each other, adverse effects from mechanical force and vibrations
are minimized.

Fig. 1. Schematic representation of the flow design (unit: mm).

The primary difference between the micro-EDM milling applied
in our previous research [18] and the proposed die-sinking micro-
EDM is in the tool piece electrode, shown in Fig. 2(a) and (b),
respectively, as an operational concept. The tool piece electrode
of micro-EDM milling was a micro-tungsten rod, sharpened to
the designed diameters using wire electrical discharge grinding
(WEDG). The work piece electrode, specifically the plain metallic
plate, was scanned by the tool piece electrode repeatedly along the
paths until reaching the preferred depth. This process is a point-
discharging technique and the material-removal rate is relatively
slow. In contrast, die-sinking micro-EDM is an area-processing
technique, in which a cubic electrode is used and the processing
path is a single direction. In other words, the flow field is formed
in one-step, which tremendously increases the material-removal
rate.

2.2.2. Preparation of tool piece electrode

The tool piece electrode for die-sinking micro-EDM was man-
ufactured using micro-high speed milling (micro-HSM), as shown
in Fig. 3(a). A micro-end mill comprised of tungsten carbide with
a diameter of 600 wm and a 30° helix angle was applied to
form the channels. When using a mill with such a small diam-
eter, an extremely high rotational speed is required to increase
the processing rate. This experiment applied a high precision 4-
axis CNC micro-HSM center with a maximum rotational speed of
60,000 rpm. A laser interferometer was used to calibrate the accu-
racy of processing. Meanwhile, the cutting depth and feeding speed
must be carefully controlled to avoid breaking the micro-end mills
and chipping the work piece.

The optimal operating parameters and the specifications for the
electrode are summarized in Table 1. Chrome copper was selected
as the electrode material because of its low cost and suitability for
sharpening, and its high electrical conductivity. The flow field was
sketched by 3D CAD and transformed into processing path through
computer-aided manufacturing (CAM). The finished electrode is
shown in Fig. 3(b). During the process of die-sinking micro-EDM,
the tool piece electrode can be regarded as a complementary mold
for flow channels. That is, the ribs in the mold form the channels
in the bipolar plate, and vice versa. The channel and rib widths of
the tool piece electrode were 600 wm and 400 pm, respectively.
Considering the surplus discharge during the EDM process, the
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Fig. 2. The tool piece electrodes and processing paths for (a) micro-EDM milling and (b) die-sinking micro-EDM.

Fig. 3. (a) Preparation of the tool piece electrode for die-sinking micro-EDM and (b) the ready-to-use tool piece electrode.

rib width of the tool piece electrode was 400 pm instead of the
designed 500 p.m of the bipolar plate. In addition, a relatively deep
channel depth (2000 m) was created because the ribs of the elec-
trode will be consumed during the EDM process.

2.2.3. Fabricating the bipolar plates

The equipment for die-sinking micro-EDM was a high precision
4-axis CNC micro-EDM. The working table was made of gran-
ite, and its maximum machining range was 250 mm (X) x 250 mm
(Y) x 150 mm (Z). Every axis was driven by motor actuators guided
by air bearings in fine-resolution displacement, which enables pre-
cision in the sub-micron scale. The tool piece electrode prepared
by micro-HSM was installed in the micro-EDM system to process
the metallic bipolar plates, as shown in Fig. 4.

The experimental parameters are summarized in Table 2.
Kerosene was used as the dielectric because of its low conductivity
(0.0017 pScm~1). Because die-sinking micro-EDM is an area-
processing technique, it requires greater electrical energy than
other micro-EDM processes. The material-removal rate primarily
depends on the peak discharging current, with minor influences
from pulse duration and pulse-off time. With a short pulse duration
and long pulse-off time, electrical discharge occurs while power

Table 1
Summary of the micro-HSM process.

Tool

Micro-end mill @600 wm tungsten carbide micro-end mill

Rotational speed 18,000 rpm
Feeding speed 150 mm min~!
Cutting depth 100 pwm

Work piece
Material Chrome copper
Channel width 600 wm
Rib width 400 pm

Channel depth 2000 pm

Fig. 4. Processing of metallic bipolar plates.

density continues to increase, decreasing the electrical discharge
energy and amount of material removed. With a longer pulse
duration and short pulse-off time, the current density energy is
lower but the discharge energy may be insufficient to remove large
amounts of material. After several trials, the 160 s pulse dura-
tion and 200 s pulse-off time were found to provide the optimum
balance between the material-removal rate and available energy.
Additionally, the raised peak current increased material removal

Table 2
Electrical discharge parameters.

Tool piece electrodes Chrome copper

EDM dielectric Kerosene
Peak discharging current (A) 1.5,3,5,6
Pulse duration (js) 160
Pulse-off time (js) 200

Open voltage (V) 120

Gap voltage (V) 50
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Fig. 5. The relationship between the material-removal rate and peak discharging current for (a) die-sinking micro-EDM and (b) micro-EDM milling.

rate and also enhanced the surface roughness of flow channels. The
increase in surface roughness might limit fuel distribution, water
drainage, and lower cell performance. The relationships between
the material-removal rate, peak discharging current, surface rough-
ness, and cell performance will be explored and discussed in the
next section.

3. Results and discussions

3.1. Material-removal rate, peak discharging current, and surface
roughness

Fig. 5(a) shows the material-removal rates under various peak
discharging currents. For comparison, a similar plot for micro-EDM
milling is shown in Fig. 5(b). In Fig. 5(a), the material-removal rates
rise in correlation to the increasing peak discharging current; the
highest value occurs at 5A and is 7.2mm? min~!. The material-
removal rates decline when the peak discharging current is larger
than 5A. The reason is that the removal of excessive metal debris
influences the electrical conductivity of the dielectric, causing an
irregular electric discharge. Nevertheless, the maximum material-
removal rate was approximately 650-fold higher than the rate using
micro-EDM milling (0.0106 mm3 min~1), as shown in Fig. 5(b).

Fig. 6 shows the impact of the peak discharging current on the
surface roughness. The minimum surface roughness is 0.715 wmRa
at 1.5 A and the maximum surface roughness is 0.994 umRa at 6 A.
Photos of surface roughness created by various peak discharging
currents are shown in Fig. 7. A lower discharging current produces

0.9 7 pulse duration (ps): 160 ps
0.88 1 Pulse off time (us) : 200 ps
Open voltage (V) :120V
Gap voltage (V) S50V

0.86
0.84 1
0.82
0.8 1
0.78 1
0.76 1

Surface roughness (pnmRa)

0.74 1

0.72

1.5 3 5 6
Peak discharging current (A)

Fig. 6. The relationship between the peak discharging current and surface rough-
ness.

smaller craters, lessening surface roughness; while a larger current
enhances the impulse on the surface, thus increasing roughness.

3.2. Cell performance evaluation

In this study, the metallic unipolar plates with flow channels
of varying surface roughness were tested for cell performance
using the surveying instrument TEI-P300-1AB2CS. Fig. 8 shows
the finished SUS316L unipolar plates with the three-pass serpen-
tine flow structure. During tests, this study assembled a single
cell 50 mm x 50 mm x 23 mm in dimension, as shown in Fig. 9(a).
The cell was fabricated with end plates, gaskets, unipolar plates,
and membrane electrode assembly (MEA), as shown in Fig. 9(b).
Table 3 shows the cell specifications. The MEA comprised a proton
exchange membrane (PEM) and two gas diffusion electrodes (GDE)
with 0.25 mg cm—2 Pt for both the anode and cathode. Pure hydro-
gen and oxygen were supplied to the anode and cathode electrodes
with a flow rate of 60 ccmin~! and a pressure of 1atm at room
temperature.

Although this study evaluates the performance of unipolar
plates by assembling and testing a single cell, the process pro-
vided in Section 2 can be applied to fabricate bipolar plates, though
the plate thickness is doubled, and the computer-aided coordinate-
digitizing system is required to position the flow channels on both
sides of the bipolar plates. Applying such bipolar plates to fuel cell
stacks increases the thickness of each additional cell merely by less
than 2.3 mm (comprising a bipolar plate and an MEA surrounded
by two gaskets).

Fig. 10 shows the comparison of cell performances with micro-
flow channels of varying surface roughness. As shown in figure,
the metallic cell with a surface roughness of 0.715umRa had
a maximum power density of 673.5mW cm~2. The maximum

Table 3
Cell specifications.
Part Specification
PEM DuPont NRE212
Dimension:
30mm x 30 mm x 0.05 mm
GDE E-TEK E-LAT® Pt 0.25 mgcm—2

Dimension: 23 mm x 23 mm x 0.3 mm
Stainless steel SUS316L
Dimension: 50 mm x 50 mm x 1 mm

Metallic unipolar plate

Gasket PTFE film

Dimension:

50 mm x 50 mm x 0.15 mm
End plate Aluminum

Dimension: 50 mm x 50 mm x 10 mm




162

J.-C. Hung et al. / Journal of Power Sources 198 (2012) 158-163

Fig. 7. The surface roughness caused by various peak currents: (a) 1.5A (0.715 pwmRa), (b) 3A (0.796 pumRa), (c) 5A (0.855 wmRa), and (d) 6 A (0.994 wm Ra).

Fig. 8. The SUS316L unipolar plates.

power density of metallic cells with a surface roughness of
0.994 pm Ra reached 646.2 mW cm~2. The volumetric power den-
sities are estimated to be 293 mW cm~3 and 281 mW cm—3 for a
surface roughness of 0.715 pmRa and 0.994 um Ra, respectively.
The results indicate that cell performance can be slightly improved
by lowering the surface roughness of the micro-flow channels,
but the magnitude of the improvement may not be statistically
significant. The operating parameters that yield the maximum
material-removal rate are thus recommended. A previous study
based on simulation [21] claimed that the relative roughness height
(the ratio of surface roughness to channel depth, r/H) significantly
influences the water accumulation. During our experiments, the r/H
values were 0.12% and 0.17% for smooth and rough cases, respec-
tively. There was visually no water accumulation in both cases.
However, the effect of r/H values on cell performance has not been
explored from either modeling or experimental perspectives. With
the r/H values in such a small amount in this study, the results
indicate that a larger depth might reduce the effect of the surface
roughness on cell performance.

Fig. 9. (a) The assembled cell, and (b) the schematic representation of cell assembly.
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Fig. 10. Comparison of fuel cell performances with flow channels of varying surface
roughness.

4. Conclusions

Adie-sinking micro-EDM with electrodes prepared using micro-
HSM was employed to grow high-aspect-ratio micro-flow channel
structures on SUS316L stainless steel plates. The three-pass ser-
pentine with six U-turns was applied as the flow design, of which
both the rib and channel widths were 500 wum and the chan-
nel depth was 600 pum (aspect ratio=1.2) in a reaction area of
20mm x 20 mm. The high mechanical strength and good elec-
tric conductivity of the metallic bipolar plates minimize the size
of fuel cells. The experiment result showed that the die-sinking
micro-EDM tremendously accelerated the processing time with
the material-removal rate as high as 7.2mm?3 min—!, resulting
from a high discharging current, which increases the roughness of
channel surfaces. For smoother surfaces (0.715 wm Ra), the maxi-
mum power density was 673.5mW cm~2; and for coarser surface
(0.994 pm Ra) the maximum power density was 646.2 mW cm—2,
Therefore, the effect of surface roughness on cell performance was
not obvious in our experiment, probably due to the deep channel
depth.
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