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Abstract Metal is considered to be a good material for a
bipolar plate due to its good electrical conductivity, excellent
mechanical properties, and low cost. In this study, fabrication
of metallic bipolar plates with serpentine flow field
microchannels was investigated by a novel rubber pad
forming process. Stainless steel 316 with thickness of
0.1 mm was used. Polyurethane rubbers with the hardness of
shore A40, A55, A65, and A90 and the thickness of 10, 20,
and 30 mm were used in this study to manufacture bipolar
plates. At first, convectional rubber pad forming process was
used to produce bipolar plates by some experimental tests. In
this step, the effect of applied force, rubber hardness, and
rubber thickness on filling percentage, thickness distribution,
and dimensional accuracy was investigated. The results
showed that filling percentage would increase by rising ap-
plied force, but channel depth was not equal in different di-
rections. Increases in rubber hardness led to improving unifor-
mity in channel depth. In addition, decreases in rubber hard-
ness and increases in rubber thickness caused higher filling
volumes. However, maximum filling percentage, dimensional
accuracy, and thickness distribution in convectional rubber
forming process were not satisfying. Thus, a novel method
was developed in this study in order to improve the quality
of fabricated bipolar plates named semi-stamp rubber
forming. The results indicated that using semi-stamp rubber
forming instead of convectional rubber forming would lead to
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11.7, 9, and 1.075% improvement in filling percentage, thin-
ning percentage, and dimensional accuracy, respectively.
According to the results, the developed model (semi-stamp
rubber forming) could be a feasible technique in fabricating
metallic bipolar plates.
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1 Introduction

In recent years, due to increases in using renewable energy
sources as an alternative to fossil fuels in various industries,
scientists have tried to investigate different challenges in fuel cell
technology to enhance output and decrease manufacturing cost.

Proton exchange membrane fuel cells (PEMFCs), fuel cells
using hydrogen and oxygen as energy sources, have attracted
much attention mainly because of their higher efficiency,
higher current density, and lower activation temperature than
others [1, 2]. A fuel cell generally consists of various compo-
nents, among which bipolar plates allocate approximately 60
to 80% of PEMFCs weight and 30 to 45% of their cost to
themselves [3], hence one of the most important components
of PEMFCs due to their volume and cost.

Because of the importance of these plates in the perfor-
mance of fuel cells and their costs, extensive research has been
done into a suitable method and cost of them, e.g., graphite
[4], composite [5], and metal plates [6] were used to manu-
facture bipolar plates.

Among different types of bipolar plates, metallic bipolar
plates have received significant attention in PEMFCs due to their
appropriate mechanical, electrical, and thermal properties [7].

Production methods of bipolar plates are generally divided
into three groups: molding, machining, and metal forming.
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Molding is used for producing composite plates, machining is
used for creating metal and graphite bipolar plates, and finally
metal forming is used for metallic bipolar plates with low
thickness [8—10].

Hydroforming processes [11, 12], stamping [13], and
electroforming [14] are some metal forming techniques regarded
as processes to fabricate microchannels of bipolar plates.

In addition to the mentioned methods, rubber forming
could be used to fabricate microchannels of metallic bipolar
plates in thin sheets. Due to its simplicity, high production
speed, and low tooling cost compared to others, rubber pad
forming would resolve their drawbacks, such as cost, forming
limitation, and productivity.

Figure 1 shows schematic of rubber pad forming process.
As can be seen, the process consists of an upper die with a
machined pattern of microchannels used as punch and a lower
die, a container with a rubber pad. A metal sheet is placed
between rubber and the upper die. In order to start forming
process, the upper die moves downward. Then, the rubber pad
is deformed to fill the cavity (machined path) on the upper die
and provide counter pressure. As a result, the rubber and thin
metal sheet flow into the cavity of the upper die. Finally, the
metal sheet is deformed to the desirable pattern of
microchannels machined on the punch.

In this process, features of the rubber layer would play an
important role in the quality of produced samples, having
significant impact on the cost of rubber forming process as
well. Therefore, some research has been conducted into the
behavior of the rubber layer and the effect of different vari-
ables on forming process.

Liu et al. [15] investigated bipolar plate forming by rubber
pad forming process. They used 2D simulation of the process
to evaluate the influence of die radius, draft angle, and rubber
layer hardness. The results showed that increasing the outer
and inner radii would lead to better filling percentage as well
as reducing the risk of rupture. As a result, rubber hardness
might not have great effects on stress distribution, and in-
creases in draft angle would reduce forming force.

Lim et al. [16] fabricated aluminum 1050 bipolar plates.
Firstly, they studied the effect of channel cross-sectional area
on flowing gas in the channels. They also investigated the effect
of punch speed, applied force, rubber thickness, and hardness on

Fig. 1 Schematic of rubber pad
forming process

channel depth. The results showed that increasing rubber layer
thickness would reduce its hardness, and increasing applied
force and punch speed would lead to rises in channel depth.

Kang et al. [17] studied forming titanium plates with rubber
pad forming process. In this research, the effect of punch
speed, applied load, thickness, and hardness of rubber and
draft angle on the depth of channels was studied. According
to the results, increasing the thickness of rubber layer and
reducing hardness would lead to improving channels depth.
Ultimately, according to the effect of variables on channel
depth, appropriate values of forming variables were selected.

Jung et al. [18] investigated the effect of punch speed,
applied load, rubber thickness, and hardness on fabricating
bipolar plates with stainless steel 304. The results indicated
that channel depth would show direct proportion to punch
speed, pressure, and rubber thickness. Reducing rubber hard-
ness would improve forming condition, as well. Increasing
draft angle, especially between 10° and 20°, would also im-
prove forming process condition. Variations in draft angle
between 20° and 30° did not have significant effects on chan-
nel depth. The effect of draft angle on dimensional accuracy of
the samples was studied, and it was shown that increasing
draft angle would lead to improvement in dimensional accu-
racy and uniformity of channel depth.

Elyasi et al. [19] examined the effects of concave and con-
vex dies on rubber pad forming process. In their research,
stainless steel sheet 316 with a thickness of 0.1 mm and a
rubber layer with hardness of 85 shore A were used to form
samples. According to the results, for an equal applied load,
concave die would show more filling depth than the convex
one. In addition, by increasing forming force to maximum
amount, filling depth would become stable in the concave
die, and increasing the force would cause damage in rubber.

All mentioned research investigated the effect of geometric
variables of die, rubber layer feature, and forming force on chan-
nel depth. However, more studies into fabricating metallic bipo-
lar plates by rubber pad forming process could be necessary
since the performance of fuel cells might be affected by depth
and shape of microchannels [20]. The goal of this research was
to produce a metallic bipolar plate with serpentine flow field by
rubber pad forming process and improve channel depth and
quality of final shape of fabricated bipolar plates due to their
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Fig. 2 True stress-strain curve

Table 1 Mechanical

properties of SS316 Material properties Value

sheet
Young’s module (E (GPa)) 200
Poisson’s ratio (/) 0.3
Yield stress (0,(MPa)) 296
K (MPa) 1512
n 0.53
€0 0.04

importance in increasing the efficiency of fuel cells. To this goal,
the effect of rubber characteristics on formability of bipolar
plates in convectional rubber pad forming process was investi-
gated. At first, the effect of force, rubber hardness, and rubber
thickness on filling depth, thickness distribution, and dimension-
al accuracy was investigated. The value of filling depth in three
different directions (longitudinal, diagonal, transverse) was mea-
sured. In the end, a novel method (semi-stamp rubber forming)
was represented in order to achieve higher channel depth, di-
mensional accuracy, and uniformity of thickness distribution in
bipolar plates compared to convectional rubber pad forming.

The results showed that the method would have significant ef-
fects on improving the quality of metallic bipolar plates regard-
ing their final shape.

2 Experimental

Rubber pad forming process was used to manufacture metallic
bipolar plates, through which serpentine flow field bipolar
plates were made. Stainless steel 316 sheet with the thickness
of 0.1 mm was used in this study. In order to define mechan-
ical properties of the material, samples were investigated via
uniaxial tension test according to ASTM E8M standard.
Stress-strain curve is presented in Fig. 2. SS316 tensile plastic
deformation could be obtained by curve fitting and linear re-
gression method by Eq. (1). The value of parameters in Eq. (1)
and mechanical properties of the metal sheet used in this pro-
cess are shown in Table 1.

G:k(€+€o)n (1)

Serpentine flow field bipolar plate was studied in this re-
search. It was selected due to its suitable contact area between
the bipolar plate and the electrodes and reducing pressure drop
compared to other flow field types [21]. Figure 3 shows pat-
tern and detailed dimensions of the upper die. Value of draft
angle and outer and inner radii were found to be 10° and
0.2 mm, respectively, based on previous studies [15, 16, 19].

Figure 4 shows the experimental instrument that was used
in this study. As can be seen, the system consists of an upper
die, a container, punch, rubber, and 200 t of hydraulic press. In
order to perform the process, punch surface was machined
with CNC milling machine to create serpentine flow field
pattern, microchannel surface, and anode-cathode surface.
The machined surface, microchannel surface, anode-cathode

Fig. 3 Microchannel flow field 56.37
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Fig. 4 Experimental instrument for rubber pad forming

surface, and different parameters of microchannels such as  depth (/) are represented in Fig. 5. Values of channel param-
channel width (w), rip width (s), draft angle (), and channel eters are shown in Table 2.

Fig. 5 Machined punch surface Micro Channel Surface
and its geometry 1 1

Datum surface
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Table 2 Dimensional

information of produced Geometric parameter Value

de Channels width (w) 1.1 (mm)
Rib width (s) 1.2 (mm)
Draft angle («v) 10°
Internal radius (7) 0.2 (mm)
Outer radius (R) 0.2 (mm)
Depth () 0.75 (mm)

Rubber is another important part in rubber pad forming
process that helps to provide required pressure in order to fill
die cavity leading to forming sheet metals and creating
intended flow field pattern on them. Thus, rubbers used in this
process should deform easily and return to their primary shape
after forming process. The effect of rubber characteristics is
considered significant because elastic deformation of pad dur-
ing compression by punch would lead to flowing sheet metal
into punch cavity creating serpentine flow field on the primary
blank. In this study, polyurethanes rubber with different hard-
ness and thickness were used. Cylindrical rubber pad with a
diameter of 107 mm (equal to the container diameter) and
shore hardness of A40, A55, A65, and A90 were tested to
examine the effect of rubber hardness in formability of
microchannels. Three thickness ranges of 10, 20, and 30 mm
were used in each rubber to investigate the effect of rubber
thickness on intended output. Then, a novel method (semi-
stamped rubber forming) was used to improve the quality of
fabricated bipolar plates. Unlike conventional methods, a ma-
chined rubber was used here. Figure 6 shows rubber forming
die and different types of rubber used in this study.

In conventional method, a rubber with flat surface was used
which would cause contact between the sheet and the punch in
microchannel surface area (Fig. 7a). When the process started,
the rubber pressed the sheet to the area, so metal sheet could not

Fig. 6 a Rubber forming die. b
Rubber hardness. ¢ Machined
rubber. d Rubber thickness

7R

"R FK
TN

channel dimensions

flow into the channel and just bulged into punch cavity (Fig. 7b).
Due to this problem, samples formed by convectional process
showed high thickness, reduction in ratio and low channel depth.
However, in semi-stamp rubber forming, the sheet metal was
free between the rubber and the punch (no clamping force) at
the beginning of process (Fig. 7c). As a result, the material could
flow from these areas to punch cavity and form anode-cathode
surface. This would help to decrease thickness reduction in crit-
ical areas, prevent cracking, and increase channel depth.

To investigate the effect of rubber characteristics and
forming load and compare conventional and semi-stamp rub-
ber forming, different forces (300, 350, 450 kN) were used to
form plates. All tests were done at the same press speed
(5 mmy/s) for an accurate comparison. Different process pa-
rameters are shown in Table 3.

To evaluate thickness distribution and filling percent-
age, samples were cut using wire cut machine in three
different directions. Longitudinal, diagonal, and transverse
cutting directions are shown in Fig. 8c. Due to the rough
surface of samples after wire cut, they could not be suitable
for measuring. To increase accuracy, samples were
mounted with epoxy resin, and surfaces were sanded and
polished to see their profile under optical microscope of x4
magnifying. Microscope images were processed to deter-
mine channel depth and thickness distribution by image
processing software connected to a microscope by comput-
er. Wire cut, mounted, and microscope images of metallic
bipolar plates are shown in Fig. 8.

3 Results and discussion
To implement the study and understand the effect of process

parameters on the quality of bipolar plates and compare con-
vectional and semi-stamp rubber forming, the result of filling
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Shore A65 Shore A90

h =30 mm

R
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Fig. 7 a, b Schematic of
convectional rubber forming. ¢, d
Schematic of semi-stamp rubber
forming

lAnode-Cathode surface

p—

Punch

@A) Channel Surface area Rubber

Sheet

Bulging

Clamping

\j /_\ Punch

Critical area

Table 3  Process parameters in rubber forming of bipolar plates

Process parameter Value

Force (kN) 300, 350, 400
Punch velocity (mm/s) 5

Rubber hardness (shore A) 40, 55, 65, 90
Rubber thickness (mm) 10, 20,30

percentage, thickness distribution, and dimensional accuracy
were compared. Before reporting the result, some criteria
should be defined for calculation of thinning and filling per-
centages and dimensional accuracy. Thinning percentage was
used to analyze formability and compare the effect of process
parameters on dimensionless parameters (Eq. (2))

Thinning percentage = ((to_tf) / to) x 100 (2)

where 7y is sheet initial thickness, and f; is final thick-
ness after processing. Filling percentage was

Fig. 8 Sample preparation steps
in measuring a primary sheet, d
produced bipolar plate, ¢ cutting
direction, d cut samples, e
mounted samples, and f-h
microscope images
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(D) Direction of material flow

considered another parameter to compare channel depth
defined by Eq. 3

Filling percentage
= <channel depth of formed plate / channel depth of die)

(3)

Dimensional accuracy was another parameter investigated
in this study showing the uniformity of different channel
depths. Equation (4) was used to determine dimensional ac-
curacy in different conditions.

Channel depth error = (Vlkh_—hﬂ) x 100 (4)

m

where 4, is the depth at each location, and #,, is average
forming depth from /; to /9 as shown in Fig. 17.

3.1 Filling percentage

The goal of this study was to achieve maximum and uni-
form filling percentage in formed bipolar plates in order to
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Fig. 9 Filling percentage of bipolar channels along longitudinal,
diagonal, and transverse directions

avoid decreases in the efficiency of fuel cells. Figure 9
shows filling percentage of bipolar channels along longi-
tudinal, diagonal, and transverse directions. Samples were
fabricated by rubber with shore hardness of A90 and thick-
ness of 20 mm. Applied force varied from 300 to 450 kN.
As can be seen, by increasing the force, filling percentage
rose and maximum filling percentage was 74.13% in diag-
onal direction. As obvious from the results, filling percent-
age (channel depth) was not uniform in different directions
at equal forces. Filling percentage in diagonal channels
was higher than longitudinal, and filling percentage in lon-
gitudinal direction was higher than transverse direction.
Figure 10 shows differences between filling percentages
in various samples fabricated by rubber with shore hard-
ness of A40 and A90 at 450 kN. According to the results,
differences between maximum channel depth (diagonal
channel) and minimum channel depth (transverse channel)
would decrease from 18.4 to 12.8% by increasing rubber
hardness from shore A40 to A90. Results also indicated
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Fig. 10 Effect of rubber hardness on channel depth uniformity
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Fig. 11 Effect of rubber hardness on filling percentage

that increasing rubber hardness would lead to improving
uniformity of bipolar plates (6% increase using shore A90
instead of shore A40).

Figure 11 shows filling percentage resulted from variations
in hardness of the rubber pad. Punch velocity and thickness of
the rubber pad were set to 5 mm/s and 20 mm, respectively,
and all the results were in longitudinal direction. Different
rubbers with hardness of shore A40, A55, A65, and A90 were
investigated. As shown in this figure, reducing hardness could
contribute to an increase in filling percentage. It could be due
to the fact that at the same pressure, the deformation of the
rubber with lower hardness was more than the rubber with
higher hardness. Therefore, repulsive force of rubber to sheet

100 -
@ Thickness 10(mm)

90 A B Thickness 20(mm)
& Thickness 30(mm)

Filling percentage (%)

350
Force (kN)

Fig. 12 Effect of rubber thickness on filling percentage
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100 1 [ Shore A40 (Convectional Method)

90 4 ™ Shore A90 (Convectional Method)
@ Shore A90 (New Method)

Filling percentage (%)

350
Force (kN)

Fig. 13 Comparing filling depth of convectional and semi-stamp rubber
forming

increased which resulted in sizes in channel depth. Maximum
filling percentage was achieved at 450 kN and shore A40
(74.4%) and minimum achieved at shore A90 (61.3%).

Since rubber thickness is considered an effective parameter
in this process, the effect of rubber thickness pad was investi-
gated on filling percentage (Fig. 12). Punch velocity and hard-
ness of the rubber pad were set to 5 mm/s and shore A40,
respectively. Different rubbers with thickness of 10, 20, and
30 mm were investigated. As can be seen in Fig. 12, filling
percentage increased by rises in rubber thickness. As Figs. 11
and 12 show, maximum filling percentage in longitudinal di-
rection (76.8%) was achieved in bipolar plates fabricated by
rubber with shore A40 hardness and 30 mm thickness.
Increasing the force to more than 450 kN caused rapture in
samples.

This would confirm the necessity to develop a novel meth-
od to improve filling percentage and prevent rapture. Semi-
stamped rubber forming was developed in this study. As men-
tioned, the surface of rubber was machined in this method.
Schematic of this method is illustrated in Fig. 7c, d. It was
expected that semi-stamp rubber forming would increase fill-
ing percentage and prevent rapture by allowing the flow of
material into punch cavity unlike the conventional method,
Fig. 7d.

To investigate the efficiency of the method, a rubber with
hardness of shore A90 was machined (other rubber could not
be machined), and bipolar plates were fabricated at 300, 350,

Fig. 14 Comparing channel
depths

Force = 450 KN

New method

(Semi-stamp rubber forming) Rubber hardness= Shore A40

Rubber hardness=Shore A90
Rubber thickness = 30 mm

Force = 450 kN

011 .. 450kN - - = 300N ; ———
— —350kN ——500kN !

0.095 A
0.09 A
0.085 A
0.08 -
0.075 A
0.07 A
0.065 A
0.06 -
0.055

Thickness (mm)

Distance from center of channel (mm)

Fig. 15 Thickness distribution of produced samples by conventional
method

and 450 kN. Punch velocity and thickness of the rubber pad
were set to 5 mm/s and 30 mm, respectively. Figure 13 shows
the comparison of filling percentage in semi-stamp rubber
forming with convectional rubber pad forming (using rubbers
with hardness of shore A40 and A90).

Figure 13 shows the noticeable effect of semi-stamp rubber
forming on filling percentage, which led to increasing from
76.8% (maximum value in conventional method) to 88.5%,
representing 11.7% improvement in filling percentage.
Figure 14 illustrates channel depth of formed samples at
450 kN created by both convectional and semi-stamp rubber
forming. As can be seen, maximum channel depth (0.664 mm)
was achieved through the proposed method.

3.2 Thickness distribution

According to previous results, increasing the force to more
than 450 kN would cause rapture in samples that were fabri-
cated by rubber with hardness of shore A40 and thickness of
30 mm. This could be due to the fact that the thickness of the
metal sheet would decrease more than the critical value in
some areas. The plates should have uniform thickness distri-
bution regarding many chemical reactions with MEA and
high corrosion [10], so the area with lower thickness would
be more sensitive to corrosion. Thus, thickness distribution
was investigated in samples that were fabricated by rubber
hardness with shore A40 and thickness of 30 mm because of
their higher filling percentage. Figure 15 shows thickness dis-
tribution at 300, 350, 450, and 500 kN. As can be seen, thick-
ness distribution area is divided into three zones. Minimum

Force = 450 kN

e

h=0.475 mm

h=0.576mm

Conventional method
Rubber hardness= Shore A90
Rubber thickness = 30 mm

Conventional method

Rubber thickness = 30 mm
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Table 4 Thinning percentage of produced samples by conventional
method

Table 5 Comparison of thinning percentage of produced samples with
conventional method and semi-stamped rubber forming

Force Rubber hardness Rubber thickness ~ Thinning
(kN) (shore A) (mm) percentage
300 40 30 31

350 40 30 21

450 40 30 13

500 40 30 Crack

thickness in all samples accrued in zone B due to larger de-
formation rate in this area than zones A and C. In addition, in
convectional rubber pad forming, the sheet was clamped be-
tween rubber and punch (Fig. 7b), a condition not permitting
the material to flow into punch cavity from section C to in-
crease minimum thickness in section B (critical area). The
value of minimum thickness in sections A and B decreased
by increasing force due to stretches in the sheet metal to reach
higher channel depth. Minimum thickness was achieved in
zone B at 450 kN equal to 0.069 mm. Increases in the applied
force to more than 450 kN caused rapture in zone B due to a
high rate of reduction in this area. Despite this high rate, thick-
ness value of formed samples in zone C was approximately
equal to 0.1 mm because of clamping force in convectional
rubber pad forming. Equation 2 was used to calculate thinning
percentage. Table 4 presents thinning percentage according to
thickness distribution. As the results showed, maximum thin-
ning percentage was 31% at 450 kN.

It was necessary to decrease thinning percentage in order to
prevent cracking at higher forces (more than 450 kN).
Figure 16 compares thickness distribution in samples fabricat-
ed by rubber with hardness shore A40 and thickness of 30 mm
in convectional process and rubber hardness shore A90 and
thickness of 30 mm in semi-stamp rubber forming. Applied
force in both methods was set to 450 kN. As found, thickness
distribution in semi-stamp rubber forming was more uniform
than in conventional method. In addition, in semi-stamp

0.1 q —_
— - - Convetional Method , == "
0095 | — —New Method (Machinefl Rubber) y / i
— 009 1 A : B /7‘ i C
E 1 . 1 !
gE  F—_———— ~ H 1 i
-, 0.085 qRubber Charectristics: ™ ;\ // , '
4] - Shore A90, A40 ' / |
£ 0.08 {-30 mm Thick N/
R e A ]
& 0.075 4 B N
Ve
0.07 4 E .
0.065 T . T "
0 0.5 1 1.5

Distance from center of channel (mm)

Fig. 16 Comparison of thickness distribution of produced samples with
conventional method and semi-stamped rubber forming

Process Rubber hardness Rubber Force Thinning
thickness (kN)  percentage
(mm) (%)
Convectional ~ Shore A40 30 450 31
rubber
forming
Semi-stamp Shore A90 30 450 22
rubber (machined
forming surface)

rubber forming, minimum thickness in critical zone B was
much more than minimum thickness in convectional rubber
pad process. Equation 2 was used to compare thinning per-
centage. Table 5 shows the value of thinning percentage.

As the table shows, thinning percentage decreased from
31% in conventional method to 22% in semi-stamp rubber
forming (developed method). This could confirm that semi-
stamp rubber forming would have significant effects on uni-
formity of thickness distribution and prevent cracking in
achieving higher channel depth compared to the convectional
process. As mentioned, in convectional process (Fig. 7a, b),
the sheet was clamped between punch and rubber in channel
surface area from the start of the process. This would cause
local thinning at zone B of formed samples. As shown in
Fig. 7c, d, in the developed method, the metal sheet was not
clamped from the beginning of the process. Thus, the material
could flow and stretch from channel surface area (zone C) into
punch cavity (zones B and A). This caused decreases in local
thinning at zone B and finally led to 9% improvement in
thinning percentage.

3.3 Dimensional accuracy

Since bipolar plates consist of several microchannels, to im-
prove the efficiency of fuel cells, it would be better for the
channels to be of the same depth and filling percentage. To
study dimensional accuracy of bipolar plates, samples that
were fabricated at 350 and 450 kN in convectional rubber
pad forming and semi-stamp rubber forming were investigat-
ed. To compare the effect of convectional and semi-stamp
rubber forming on dimensional accuracy, all samples were
formed using the rubber with hardness of shore A90 and thick-
ness of 30 mm.

At first, dimensional accuracy in conventional method was
investigated. Figure 17 shows filling percentage of different
channels in longitudinal direction. Forming depth was mea-
sured in nine positions, i.e., three channels in the left side (%,
hy, h3), three channels in the middle of bipolar plates (%4, 45,
he), and three channels in the right side (47, kg ho), Fig. 17.
Equation (4) was used to quantitatively evaluate dimensional
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Fig. 17 Longitudinal channel filling percentage in conventional rubber
forming

accuracy of channel depths, representing variations of channel
depth (%, h,—h9) based on average values. Channel depth
error was calculated using Eq. 4 and is shown in Table 6. As
can be seen, maximum channel depth error decreased from
4.420 to 2.020% by increasing forming force from 350 to
450 kN. Decreases in channel depth error showed that dimen-
sional accuracy of samples would increase by raising the
force.

To investigate dimension accuracy of semi-stamp rubber
forming, filling percentage in nine positions (4, to /y) was
measured, Fig. 18. Samples were fabricated at 350 and
450 kN. Table 7 shows channel depth error. Table 7 and
Fig. 18 show decreases in channel depth error and differences
between central and lateral channel depths. Maximum channel
depth error obtained from semi-stamp rubber forming at
450 kN was 0.963%, whereas it was 2.020% in the conven-
tional method. This showed that the developed method caused
1.075% improvement in dimensional accuracy of bipolar
plates. As shown in Fig. 16, channel depth in central channels
was lower than left and right side channels. Decreasing chan-
nel depth differences between central and lateral channels in

Table 6 Longitudinal

channel depth error in Channel position 350 kN 450 kN

conventional rubber

forming hy 0.674 0.119
hy 1.402 0.547
h3 1.889 1.616
hy 4.420 2.020
hs 2.480 1.592
he 0.054 0.333
hy 2.372 0.523
hg 0.540 0.975
ho 1.159 0.547
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Fig. 18 Longitudinal channel filling percentage in semi-stamp rubber
forming

semi-stamp method caused improvement in dimensional ac-
curacy, which could be due to more uniform deformation of
rubber in semi-stamp rubber forming than the convectional
process.

3.4 Produced bipolar plates

The goal of this study was to fabricate metallic bipolar plates
through rubber pad forming process with maximum filling
depth, minimum thinning percentage, and maximum dimen-
sional accuracy. Both convectional rubber pad forming pro-
cess and the developed method (semi-stamp rubber forming)
were investigated to produce bipolar plates. Since samples
formed by semi-stamp rubber forming showed more filling
percentage, more desirable thickness distribution, and higher
dimensional accuracy than the conventional method, it could
be concluded that semi-stamp rubber forming method would
be more suitable in forming bipolar plates. Figure 19 shows
the best bipolar plates that were fabricated by both methods in
this study. As can be seen, semi-stamp rubber forming that
was developed in this research was capable of producing bi-
polar plates with higher quality than the conventional method.

Table 7 Longitudinal

channel depth error in Channel position ~ 350 kN 450 kN

semi-stamp rubber
hy 0.699 0.370
hy 1.030 0.163
hs 0.202 0.237
hy 2.282 0.296
hs 0.294 0.430
he 2.116 0.963
hy 1.527 0.370
hg 0.460 0.237
ho 1.693 0.637
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Fig. 19 Produced bipolar plates.
a Convectional rubber forming. b
Semi-stamp rubber forming

4 Conclusions

A novel method was developed in this study in order to im-
prove the quality of fabricated metallic bipolar plates named
semi-stamp rubber forming. The results of this method com-
pared with convectional rubber forming process. It is shown
that using semi-stamp rubber forming instead of convectional
rubber forming would lead to 11.7, 9, and 1.075% improve-
ment in filling percentage, thinning percentage, and dimen-
sional accuracy, respectively. As the results shown, the devel-
oped model (semi-stamp rubber forming) could be a practica-
ble technique in fabrication of metallic bipolar plates. The
results were compared to determine the performance of the
developed method in fabrication of bipolar plates and identify
the advantages of it over the conventional method. The fol-
lowing results were obtained:

1) Filling percentage was different in longitudinal, diagonal,
and transverse directions, and maximum filling percent-
age obtained in diagonal direction was 92.8%.

2) Filling percentage and rubber hardness inversely
depended on each other. In the samples that were pro-
duced at 450 kN and rubber with thickness of 20 mm,
filling percentage increased from 61.3 to 74.4% by de-
creasing rubber hardness from shore A90 to A40.

3) Increases in rubber thickness led to rising filling percent-
age. Channel depth and filling percentage raised from
66.9 to 76.8% using rubber with thickness of 30 mm rath-
er than 10 mm. In order to investigate the effect of rubber
thickness on filling percentage, rubber hardness was kept
constant (shore A40).

4) Using semi-stamped rubber forming resulted in 11.7%
improvement in filling percentage. Maximum filling per-
centage was 76.8 and 88.5% in convectional rubber
forming and semi-stamped rubber forming, respectively.

5) Semi-stamp rubber forming showed more uniform thick-
ness distribution than the conventional method.
Maximum thinning percentage decreased from 31% in
conventional method to 22% in semi-stamp rubber
forming and hence 9% percent enhancement in thickness
reduction using the new method.

6) Using semi-stamp method caused improvement in dimen-
sional accuracy of produced bipolar plates. Maximum
channel depth error in samples that were fabricated at
450 kN by conventional rubber forming was 2.020%.
Maximum channel depth error decreased to 0.963% in
semi-stamp rubber forming (1.057% improvement in di-
mensional accuracy).
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