
T
m

Y
a

T
b

a

A
R
R
A
A

K
B
E
F
F
M

1

a
o
t
l
t
s
r
M
i
c

a
z
s
d
o

f

0
d

Journal of Power Sources 193 (2009) 227–232

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

he multiphysics analysis of the metallic bipolar plate by the electrochemical
icro-machining fabrication process

u-Ming Leea, Shuo-Jen Leea,∗, Chi-Yuan Leea, Dar-Yuan Changb,1

Department of Mechanical Engineering, Yuan Ze University, Yuan Ze Fuel Cell Center, 135 Yuan Tong Road, Chungli City,
aoyuan 320, Taiwan, ROC
Department of Mechanical Engineering, Chinese Culture University, 55, Hwa-Kang Road, Yang-Ming-Shan, Taipei, Taiwan, ROC

r t i c l e i n f o

rticle history:
eceived 15 October 2008
eceived in revised form 12 February 2009
ccepted 12 March 2009
vailable online 31 March 2009

a b s t r a c t

In this study, the flow channels of a PEM fuel cell are fabricated by the EMM process. The parametric
effects of the process are studied by both numerical simulation and experimental tests. For the numerical
simulation, the multiphysics model, consisting of electrical field, convection, and diffusion phenomena
is applied using COMSOL software. COMSOL software is used to predict the parametric effects of the
eywords:
ipolar plate
lectrochemical micro-machining (EMM)
low channel
abrication accuracy
ultiphysics model

channel fabrication accuracy such as pulse rate, pulse duty cycle, inter-electrode gap and electrolytic
inflow velocity. The proper experimental parameters and the relationship between the parameters and
the distribution of metal removal are established from the simulated results. The experimental fabrication
tests showed that a shorter pulse rate and a higher pulse current improved the fabrication accuracy, and
is consistent with the numerical simulation results. The proposed simulation model could be employed
as a predictive tool to provide optimal parameters for better machining accuracy and process stability of
the EMM process.
. Introduction

A fuel cell is a power generator suitable for use in automobiles
nd electronic devices. A bipolar plate is an important component
f the fuel cell and makes up most of the volume and weight of
he fuel cell. Especially for graphite or composite material bipo-
ar plates, due to their low mechanical properties, it is not easy
o reduce the volume of these plates. Metallic materials such as
tainless steel, aluminum, and titanium as an alternative mate-
ial for bipolar plates are a rather recent research topic [1–3].
etallic material has great mechanical properties but lacks machin-

ng processes for channel fabrication, especially in micro-scale
hannels.

The electrochemical micro-machining (EMM) process is an
nodic dissolution process with electrochemical reaction. It is a
ero-stress process suitable for any conducting material, especially
uper alloys. To fabricate a flow channel in a bipolar plate, the anode

issolves during the process, creating an inverse image of the cath-
de tool.

The electrical field or current is another key factor in EMM
abrication, especially when pulse current is being proposed to
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improve the machining accuracy. Pulse current provides a micro-
perturbation of the gas pressure which enhances the flow of the
electrolyte, thereby improving the surface quality and the dimen-
sional accuracy [4].

Bhattacharyya and Munda [5] demonstrated that a significant
metal removal rate and minimal overcutting could be obtained
with the proper operating potential, proper electrolytic concen-
tration and sufficient processing time. Kock et al. [6] verified the
effects of the pulse width on fabrication accuracy. Fabrication accu-
racy of 100 nm could be obtained with a 200 MHz repetition rate.
Rosenkranz et al. [7] experimented with the pulse rate in order to
improve the distribution of the electric current. He discussed the
effects of the operating potential, pulse rate and distance of the
electrode gap. A highly accurate 8 nm diameter and 20 nm deep
hole was drilled in a SUS 304 stainless steel plate. Bhattacharyya
et al. [8] proposed a low operating potential, sufficient electrolytic
concentration and a high pulse rate to improve the amount of
micro-sparkling and metal removal.

The above mentioned literatures all used a cathode electrode
in the shape of a milling tool incorporated in the NC machining
path. For a channel fabrication mechanism, it is much simpler than

using the “forming” process used in this research. However, from a
mass production point of view, the forming process may have better
potential. The goal of this research is to establish a multiphysics
model for a surface-shaped electrode in order to study the effects
of the parameters and to improve the fabrication accuracy.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:mesjl@saturn.yzu.edu.tw
dx.doi.org/10.1016/j.jpowsour.2009.03.042
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Fig. 1. Schematic plot of the EMM experimental setup.

. Electrochemical micro-machining and research
rocedures

.1. Electrochemical micro-machining

The EMM process is an anodic dissolution process. In general,
he compositions of electrolyte are neutral salts. In this study, the
0 g L−1 of NaNO3 solution had been used as the electrolyte. Fig. 1
hows the schematic plot of the EMM experimental setup.

During the EMM process, the metallic ions of the anodic disso-
ution will migrate toward the cathode. When metallic ions reacted

ith the OH−, it will form the metallic hydride and oxide. At the
ame time oxygen is generated on the anode while hydrogen is
enerated on the cathode. Theoretically, only water was consumed
n the process.

The accuracy of the EMM fabrication could be greatly influenced
y several factors such as the uniformity of electric field between
wo electrodes, the flow rate of electrolyte, and the metallic reac-
ant or the oxide concentration etc. One of the major factors is
he amount of metallic reactant or the oxide. From the literatures
9] showed the reactant may accumulate or deposit on the elec-
rode surface especially on the anode surface. The refreshing of the
lectrolyte and the continuity of the EMM process could be ham-
ered by the high concentration of reactants on the anode surface
esulting unstable operation voltage or current. The overcutting or
ndesirable shape of the anode may be fabricated.

.2. Research procedures

In this paper, thin metallic bipolar plates produced by the EMM
abrication process were assembled into a single cell for testing. The
D forming multiphysics model was simulated using the commer-
ial software, COMSOL version 3.2. The bipolar plate material was
US 304 stainless steel measuring 4 cm × 4 cm × 0.6 cm. The reac-
ive area was 2 cm × 2 cm. The shape of the cathode tool was the
nverse shape of the flow channel with rectangular and smooth
urface. Each rectangular slots was 300 �m (width) × 300 �m
height) × 20 mm (length).

The design variables for both the simulation and the
xperiments were the operating potential, pulse rate and the inter-

lectrode gap (IEG) value. Duty cycle and processing time remained
onstant. In addition, the material removal rate of the flow chan-
el EMM process was one of the key issues of fabrication accuracy.
owever, this depends on the reactant concentration in the IEG.
hus, the reactant concentration in the IEG was employed to eval-
ources 193 (2009) 227–232

uate the parametric effects on the fabrication accuracy. From the
results of the simulation, the correct experimental variables were
chosen to conduct the EMM process. After the process, the profile
of the flow channel was measured by means of a 3D laser scanning
microscope of VK-9700 of Keyence Inc.

2.3. Model assumptions

The electrochemical micro-machining is an anodic dissolution
process under the electrochemical reaction. The metallic reactants
(i.e. metallic hydride and metallic oxide) may accumulate on the
electrode. Therefore, the refreshing of the electrolyte and conti-
nuity of the EMM process could be affected by these reactants.
It had become one of the key factors in influencing the accuracy
of anode shape fabrication. In addition, according to the Faraday’s
law, the metallic ions of the anodic dissolution are proportional to
the applied current in the EMM process. Therefore, the goal of this
study was to find out the effects of the pulse current parameters
on the surface reactants concentration distribution. The numerical
model was established to simulate the variation of reactant concen-
tration under different pulse current conditions. In order to simply
the model and to compare with the single channel experiment, the
major assumptions of the model were,

(1) The species of the EMM process are the metallic ions of anodic
dissolution under the electrochemical reaction.

(2) The EMM process is ideal. All of the reactants (i.e. metallic
hydride and oxide) were formed by all of the metallic ions of
the anodic dissolution. The amount of ions, once the process
started, is equal to the charge of the given current as represents
in i.

(3) The diffusion coefficient (1.0E−6 cm2 s−1) and conductivity
coefficient (1.542 S) of the diluted electrolyte were fixed, remain
constant and measured by experiments.

(4) The electrolyte is stationary in the single channel fabrica-
tion experiments. Therefore, flow velocity of electrolyte was
assumed zero in the numerical model. The transport process
of the reactant was enabled only by diffusion.

(5) The model was isothermal.
(6) To be consistent with experimental conditions, the equal on and

off pulse periods was used in the model.

2.4. Numerical simulation models

Multiphysics models for current distribution and diffusion were
established using COMSOL commercial software. The design vari-
ables were pulse rate, operating potential and IEG value. The pulse
current was governed by the function “flclhs” of the COMSOL soft-
ware. It was employed to establish the pulse function. The wave of
this pulse function was base on sine wave. The pulse rate and duty
cycle are also included. The fixed variables were composition of the
electrolyte, concentration of the electrolyte and the duty cycle.

A smaller IEG may provide better fabrication precision, because
there was a more concentrated electrical field between the two
electrodes. However, it might also result in non-uniform and/or
insufficient flow of the electrolyte, causing non-uniform metal
removal [10]. Therefore, the IEG value was set at 200 �m and
300 �m, respectively.

In order to improve the fabrication accuracy of the EMM pro-
cess, especially for micro-scale fabricating, the operating potential
and the electrolytic concentration should be small. For example,

Bhattacharyya et al. [8] proposed an EMM fabrication method. The
fabrication processes used a cathode electrode shaped like a milling
tool incorporated in the NC machining path. His results showed that
with a lower operating potential, sufficient electrolytic concentra-
tion and high pulse rate the amount of micro-sparkling and the
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Table 1
Boundary conditions of the numerical models.

Boundary settings of the current distribution model
Boundary no. 1, 8 2 3, 4, 6, 7 5
Boundary cond. Electric insulation Electric potential Electric insulation Ground
Setting n·J = 0 V = V0 n·J = 0 V = 0

B
, 8 2, 3, 4, 6, 7
lux Insulation
lux = 0 n(−D�C) = 0
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Table 2
Parameters and coefficients of the model.

Operation voltage (Ф) 5 V 7 V
Pulse rate 15 ms 30 ms 60 ms 100 ms
oundary settings of the diffusion model
Boundary no. 5 1
Boundary cond. Conct. F
Setting C = C0 F

ontrol of metal removal can be improved. The operating potential
as between 6 V and 10 V and the electrolyte concentration was
elow 20 g L−1. Therefore, two levels of operating potential (V0), 5 V
nd 7 V, and 20 g L−1 of electrolytic concentration of NaNO3, were
sed in our study. The coefficient of diffusion obtained from the
iffusion tests is 1.0E−6 cm2 s−1. Four levels of pulse rates, 15 ms,
0 ms, 60 ms, and 100 ms were tested in order to investigate the
ffect of the pulse rate on the EMM process.

The cathode was stationary during the simulation and during
MM fabrication. In order to simplify the numerical simulation, a
D model was assumed. The geometry of the numerical simulation
as shown in Fig. 2.

The current density between two electrodes is based on Fara-
ay’s law. It could be stated as the sum of the mobile ions of all
pecies, as shown in Eq. (1).

= −F
∑

ziNi (1)

In addition, the typical electrolytic composition of the ECM or
MM process consists of neutral salts such as NaCl and NaNO3,
nd the electron charge in the electrolyte of the simulation model
as also assumed to be neutral as shown in above assumption (2).

herefore, the number of electrons of the species is zero (ziNi = 0).
he equation is transformed into Eq. (2).

= −F
∑

−z2
i uiFci∇� (2)

here I is the current density, Zi denotes the number of electrons
f species i, Ni is the transport vector of species i, and F is Fara-
ay’s constant, ui is the coefficient of mobility of species i, �� is the
radient of the electrical field, and Ci denotes the concentration of
pecies i.

By reformulating Eq. (2) into Ohm’s law, the governing equation
f the current distribution can be shown as Eq. (3).

= −�∇� (3)

here � is the electrical field, and � is the coefficient of conductiv-

ty.

For the diffusion phenomena, the governing equation is based on
ick’s law, as shown in Eq. (4). From the computed results of Eq. (3),
he Heaviside function of the current distribution can be computed

Fig. 2. Specifications of the numerical model.
IEG value 200 �m 300 �m
Electrolyte conductivity (�) 1.542 S
Diffusion coefficient (D) 1E−6 cm2 s−1

Electrolyte flow Stationary

and set as the reactant concentration in the diffusion model.

∂C

∂t
+ ∇(−D∇C + Cu) = 0 (4)

where C is the concentration of diffusive species, and D is the coef-
ficient of diffusion.

2.5. Parametric settings and boundary conditions

All the boundaries in the current distribution model are dielec-
tric except for the two surfaces of the anode and the cathode facing
each other, the conditions of which are set at V = 0 and V = V0. In the
diffusion model, the reactant formed on the anode will be diffused
toward the cathode. Hence, the Heaviside function of the current
distribution is set up as the initial concentration on the anode sur-
face, boundary no. 5. Boundary nos. 1 and 8 were set as flux = 0.
Boundary nos. 2–4, 6, 7 are set as insulation. These boundary con-
ditions are listed in Table 1. The overall modeling parameters are
listed in Table 2. The experimental parameters are listed in Table 3.

3. Results and discussions

3.1. Simulation results

The trends of the reactant concentration in the electrode gap are
similar between the operating potentials of 5 V and 7 V. The results
of the operating potential of 7 V are discussed here. Figs. 3–6 show
the results of the envelopes of the reactant concentration in the IEG
under different pulse rates.

Figs. 3 and 5 show that the peak values of the reactant concentra-
tion are 1.2E5 and 3.4E4. These results show that larger IEG values
have smaller concentration values. Regardless of the IEG value, the

variation in concentration stabilizes when the value of the concen-
tration decreases to 50% of peak value. Based on the above analyses,
regardless of the electrode gap values, the reactant can be flushed
effectively from the IEG with a faster pulse rate of 15 ms and 30 ms,
respectively. However, the same phenomena could not be observed

Table 3
Parameters setting of the experiments.

Operation voltage (Ф) 7 V
Pulse rate 33.3 ms
Electrolyte NaNO3

Concentration 20 g L−1

Electrolyte flow Stationary
IEG value 200 �m
Process time 10 min
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Fig. 3. The envelopes of reactant concentration under different pulse rate (IEG
value = 200 �m).
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ig. 4. The envelopes of reactant concentration at the edge under different pulse
ates (IEG value = 200 �m).

ith slower pulse rates such as 60 ms and 100 ms. This may be due
o the fact that the reactant may be difficult to refresh by diffusion
uring the time-off period. Therefore, the pulse rate is the key factor

or the reactant flushing.

The results of the IEG value at 200 �m, were selected to demon-
trate the effects of pulse rate. Fig. 3 shows that the reactant
oncentration diffuses effectively from the anode and decreases

ig. 5. The envelopes of reactant concentration under different pulse rates (IEG
alue = 300 �m).
Fig. 6. The envelopes of reactant concentration at the edge under different pulse
rates (IEG value = 300 �m).

to 50% at the middle of the IEG, IEG value = 100 �m, with a pulse
rate of 15 ms. At the middle of the IEG, the low and high values of
the reactant concentration are 3.2E4 and 7.0E4, respectively. The
difference is 218%, showing that the refreshing of the electrolyte is
efficient and stable, resulting in a stable electrochemical process. As
the pulse rate reduces to 30 ms, the diffusion rate slows down and
reduces only 20% at the middle of the IEG where the low and high
values of the reactant concentration are 1.4E4 and 9.0E4, respec-
tively. The difference is now 643%. Hence, the uniformity and the
stability of the electrolyte have degraded with the decrease in pulse
rate.

As shown in Fig. 3, when the pulse rate decreases to 60 ms, the
polishing time in each duty cycle becomes longer, the diffusion rate
becomes even slower and the reactant starts to accumulate. At the
middle of the IEG, the reactant concentration decreases by only 2%.
The reactant may have difficulty in refreshing by diffusion during
the time-off period. This will increase the electrical resistance and
decrease the process effectiveness. When the pulse rate decreases
to 100 ms, the diffusion mechanism is completely ineffective during
the time-off period.

It is evident from the above results that a faster pulse rate pro-
motes a uniform and fresh reactant concentration, provides stable
process conditions, and results in a better metal removal rate and
a higher level of fabrication accuracy.

Similar to Fig. 3, the reactant concentration in Fig. 4 decreases
by 50% in the middle of the IEG at the edge with a pulse rate of
15 ms. The low and high values are 5.4E4 and 1.5E5, respectively. The
difference is 64%. This indicates that the extra electrons resulting
from the terminal effect will not accumulate in the IEG at the edge.
As the pulse rate decreases to 30 ms, the reactant concentration
decreases by 45% in the middle of the IEG at the edge. The low and
high values are 5.0E4 and 1.625E5, and the difference is 69%. As
the pulse rate further decreases to 60 ms, the respective values are
4.0E4, 1.7E5 and the difference is 76%.

Therefore, it can be concluded that the effects of the termi-
nal effect are not sensitive to the pulse rate. The refreshing of the
electrolyte in the IEG at the edge is effective. The over-cut in the
horizontal direction will be suppressed resulting in a more precise
(vertical) processed profile of the anode (workpiece). Thus, a higher
level of fabrication accuracy can be achieved.

3.2. Experiments and verification
3.2.1. Single channel experiments
From the above numerical simulation results, the process

parameters of a 33.3 pulse per s, 7 V operating potential, 200 �m
gap value and 20 g L−1 electrolyte concentration are selected for
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Fig. 7. OM. Picture of EMM processed specimen without pulse rate.

erforming the single channel EMM fabrication experiments. The
rocessing time is 10 min. Both the experiments for the DC cur-
ent and the pulse current were conducted in order to evaluate the
ffects of the pulse rate. The percentage of over-cut, the depth of the
ingle channel and the profile of the processed channel are indices
f the fabrication precision, the efficiency of metal removal and
he precision of the dimensions. A rectangular cathode measuring
00 �m wide × 300 �m high × 20 mm long was manufactured by
V-LIGA and the electroforming process [11]. It was insulated with
arylene on the side wall [12]. The anode is a 40 mm2 × 1 mm thick
heet of 304 stainless steel.

Figs. 7 and 8 show pictures taken by an optical microscope of
specimen processed by DC and pulse current. Fig. 9 is the 2D

ectional profile of Figs. 7 and 8. Comparing a specimen processed

y EMM with DC and pulse current, Fig. 9 shows that the single
hannel width on the top is 480 �m while it is 218 �m at the bot-
om. The depth of the single channel is 45 �m. The ratio of the
idth on the top to the width at the bottom is 220%. The ratio

f overcutting is 120%. The overcutting of the single channel on

Fig. 9. Profile of the single channel processed by the EMM fabrication proce

Fig. 10. The surface image of the bipolar plate fabricated by the EMM proce
Fig. 8. OM. Picture of EMM processed specimen with pulse.

the side wall is severe and obvious. On the other hand, the speci-
men width with pulse current is 450 �m on the top and 340 �m at
the bottom. The depth of the single channel is 65 �m. The ratio
of the width on the top to the width at the bottom is reduced
to 132%. The ratio of overcutting is 32%. Therefore, the shape of
the single channel is sharper and better defined, and the depth of
the single channel is deeper with the pulse current. This verifies
that the pulse current improves the refreshing of the electrolyte as
well as the stability of the reactant concentration. As a result, the
metal removal rate is greatly improved, and the ratio of overcut-
ting is reduced from 120% to 32%. It is evident from the numerical
simulation results that the pulse current restrains the terminal
effect.
3.2.2. Flow channels in the bipolar plate fabrication process
The operating conditions of the flow channels or flow field in

the bipolar plate EMM fabrication process are taken to be the same
as the simulation results of the single channel forming process. The
flow-field channels are fabricated in less than 5 min. The electrode

ss. (a) Without pulse current control. (b) With pulse current control.

ss. (a) Without pulse current control. (b) With pulse current control.
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as serpentine shape, and is made of brass with insulated side walls
ith parylene.

Fig. 10 shows the finished part of the SS304 bipolar plates with
nd without pulse current control. Regardless of DC or pulse current
ontrol, at the electrolyte inlet area, the forming process can pro-
ide a uniform and accuracy flow channel surface. However, from
he profile measurement of the surface geometry it is evident that
he flow channels using pulse current control in the EMM fabri-
ation process are sharper and deeper. Near the electrolyte outlet,
he geometry of the flow channels created without pulse current
ontrol are not as good as those with pulse current control, and
heir depth and width are not uniform. The over-cut of the width
s substantial and the depth is insufficient. This is due to the fact
hat at the inlet location the electrolyte is freshest and most rapid,
nd thus the dimensions of the flow channels are more accurate
here. Near the outlet section, the electrolyte goes through several
p and down turns along the flow channel pattern and becomes
ore turbulent and non-uniform. In addition, the DC current can-

ot provide the necessary pulse-off time during the fabrication
rocess, and as a result the refreshing of the electrolyte at the
utlet is insufficient. On the other hand, the shape of the flow chan-
els with pulse current control is more uniform and defined. The
esults show that the pulse current improves the refreshing of the
lectrolyte as well as the stability of the reactant concentration.
herefore, the metal removal rate and the flow channel geometry
f the bipolar plate are both greatly improved, producing a uniform
hannel.

. Conclusions

1. Current distribution and diffusion models were established for

the flow channel of the bipolar plate EMM fabrication pro-
cess. The simulation results showed the effectiveness of a pulse
current on the terminal effect. This was verified by the EMM
experiments and the profile measurements of the processed flow
channel.

[
[
[

ources 193 (2009) 227–232

2. Based on the simulation results, and regardless of the IEG values,
the reactant can be flushed effectively from the electrode gap
value with a faster pulse rate.

3. The simulation results showed that a pulse rate of say less than
20–30 ms can greatly improve the stability of the process condi-
tions. A shorter pulse rate may improve the process conditions
and their uniformity even further.

4. The pulse current increases the metal removal rate by 50% and
reduces the ratio of the width on the top and at the bottom by
a factor of 4, which substantially improves the fabrication accu-
racy. It is also consistent with the numerical simulation.

5. The effect of the pulse rate reduces the effect of the terminal
effect resulting in an improved over-cut control and a higher
fabrication accuracy.
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