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Abstract: Metal bipolar plates are the most important parts of the fuel cells and
recently these plates are used instead of graphite ones. In the present study, gas
blow forming of a pin-type aluminum 5083 bipolar plate has been studied. After
the simulation of the process, the FE model has been validated using experimental
results. Then, the effects of parameters including maximum pressure of the gas,
pressurization profile and corner radius of the pin on thinning ratio and forming
depth of final part have been investigated. Nine experiments were designed using
the Taguchi L9 orthogonal array and the experiments were performed using the FE
model. The signal to noise (S/N) ratio and the analysis of variance (ANOVA)
techniques were carried out to determine the effective parameters and the
contribution of each parameter. The maximum pressure of 1.2 MPa, SP2
pressurization profile and corner radius of 0.2 mm lead to the minimum thinning
ratio. Also, it was found that to maximize the forming depth, the maximum
pressure of 2 MPa, SP1 pressurization profile and corner radius of 0.3 mm should
be selected. Also, ANOVA analysis showed that the most significant parameters
on thinning ratio and forming depth are corner radius and maximum pressure,
respectively.
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1 INTRODUCTION

Fuel cells are electrochemical generators used to
produce electrical power. Bipolar plates are one of the
key components of these cells, thus bipolar plates
should be designed as thin as possible [1]. 60-80
percent of weight, 50 percent of volume and 35-45
percent of the cost of a fuel cell is related to bipolar
plates [2]. There are four different types of flow
patterns used in bipolar plates which are shown in
Fig. 1 [3]. Metal bipolar plates are proper alternatives
for graphite plates. Good electrical and thermal
conductivity and corrosion resistance even in low
thickness, are the key properties of these plates [4].

One of the main subjects of recent studies is forming
process of metal bipolar plates and many new methods
such as hydroforming, rubber pad forming [5] and gas
blow forming have been proposed by researchers to
form these components. Owsia et al., [6] investigated
the forming of stainless steel pin-type plates by
hydroforming process. They found that by decreasing
the depth-to-width ratio of the die, the thinning ratio
decreases and the filling percent increases.
Mohammadtabar et al., [7] studied the forming of
stainless steel serpentine plates using hydroforming
process. Their results showed that increasing the gas
pressure not only increases the filling percent but also
has a good effect on the thinning behavior of the plate.
Gas blow forming is one of the new methods used to
form the bipolar plates. The effect of geometrical
parameters of die on gas blow forming of conical cups
was investigated by Shamsi-Sarband et al., [8]. They
stated that by optimizing the geometrical parameters of
preform die in a two-stage process, the creep strain will
decrease compared to one-stage process. The schematic
of gas blow forming process used by Shamsi-Sarband
et al. is shown in Fig. 2.

Sun et al., [9] studied the effect of pressurization
profile on the deformation characteristics of the sheet
during gas blow forming. They found that by use of
stepwise pressurization profile, higher dome height
with lower strain rate can be achieved. Esmaili et al.,
[10] investigated the forming of a pin-type aluminum
bipolar plate by gas blow forming process. The results
of their work showed that increasing the corner radius
leads to an increase in the section thickness and
increasing gas pressure makes the filling process of part
easier. To have a proper comprehension of the gas blow
forming of bipolar plates, it is better to optimize input
parameters of the process using design of experiments
(DOE) method. In this study, the effect of corner
radius, maximum pressure and pressurization profile on
thinning ratio and forming depth of aluminum 5083
sheet in gas blow forming process is investigated and
optimized.
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Fig.1  [lllustration of the main flow patterns: (a) Pin-type,
(b) Parallel channels, (c) Serpentine, (d) Interdigitated [3]
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Fig.2  Schematic of gas blow forming process [8]

2 NUMERICAL SIMULATION

For simulating the gas blow forming process, the
commercial ABAQUS software was used [11,12]. Due
to symmetry, a quarter of the model was created. The
sheet was modeled as a 3D deformable via eight node
solid elements (CAX4R). Also, the die was modeled as
a rigid body and was meshed with rigid four node shell
element (R3D4). The mechanical properties of the 5083
aluminum sheet are given in Table 1. Figure 3 shows
the geometrical dimensions of the die in which R is the
radius of the edge fillet of the pin (corner radius), S is
the diameter of the pin and W is the width of the
channel between two adjacent pins also called the
cooling channel of a bipolar plate, and the values of R,
S, and W are 0.1 mm, 3 mm and 2 mm, respectively.
Moreover, the height of the pin is 1 mm.
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Table 1 Mechanical properties of aluminum 5083 [10]

Parameter Value
Yield Stress (MPa) 228
Young's Modulus (GPa) 704
Density (kg/m°) 2260
Poisson's Ratio 0.33

Fig. 3  Schematic geometrical parameters of the die

Penalty contact interface was used in the numerical
simulation. A friction coefficient of 0.4 was considered
between the sheet and die. The gap between the die and
the sheet was fixed at 0.05 mm before the start of the
simulation. A gas pressure equal to 1.6 MPa was
applied onto the sheet surface.

Figure 4 illustrates the measuring path for the thickness
and forming depth in simulation and experiment. It can
be observed that the measuring path starts from the
center of the middle pin and ends in the center of the
side pin. Also, the values of the depth of the nodes (U2)
along the measuring path are included in the figure.
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Fig.4  Measuring path of thickness and depth:
(a) Simulation, (b) Experiment [10]

Thickness distribution and filling profile of the formed
part are demonstrated in Fig. 5 and Fig. 6, respectively.
As it can be seen, there is a good agreement between
the simulation results and experimental results of
reference [10]. As a result, the validated FE model was
further used for parametric study of the gas blow
forming process.
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Fig.5  Thickness distribution of the formed part
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Fig. 6  Filling profile of the formed part

Table 3 Taguchi L9 orthogonal array

Trial Maximum Pressurization Corner
No. pressure (MPa) profile radius (mm)

1 1.2 CP 0.1

2 1.2 SP1 0.2

3 1.2 SP2 0.3

4 1.6 CP 0.2

5 1.6 SP1 0.3

6 1.6 SP2 0.1

7 2 CP 0.3

8 2 SP1 0.1

9 2 SP2 0.2

3 DESIGN OF EXPERIMENTS

To investigate the effect of input parameters of process
on thinning ratio and the filling depth of the formed
part, three parameters in three levels were selected
which are shown in Table 2. Three different
pressurization profiles used in the experiments are
shown in Fig. 7.

Table 2 Input process parameters and their levels

Nine experiments were designed using the Taguchi L9
orthogonal array. The experiments are listed in Table 3.
Signal to noise (S/N) ratio is defined in the Taguchi
approach to determine optimal levels of each
parameter. Two equations were used in this study. To
minimize the thinning ratio of the sheet, “Smaller is
better” state is considered that can be calculated by
Equation (1). To maximize the filling depth of the part,
“Larger is better” state is that can be calculated by
Equation (2).

2= —10log(*Zn, v?) )
5 1oy 1
I —10 lng(;E::i E) )

4 RESULTS AND DISCUSSION
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Fig. 7  Different pressurization profiles
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To evaluate the thinning ratio of the sheet, Eq. (3) was
used in which T, denotes the initial thickness of the
sheet and T; denotes the minimum thickness of the
formed part along the measuring path [13].

24Thinning ratio = 7% 100 (3)

-
o

Also to determine the filling depth of the formed part,
the maximum displacement of the sheet (U2, see
Fig. 4) along the measuring path was considered.

4.1. S/N Analysis of Thinning Ratio

After performing the experiments, the thinning ratio of
each experiment was obtained which are given in
Table 4.
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Table 4 The results of thinning ratio

Experiment No. Thinning ratio (%)

57.190
49.950
50.195
52.970
52.760
57.005
55.560
59.045
52.985
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The S/N ratio of each level of input parameters was
obtained by importing the results in Minitab software
[14] and performing the S/N analysis. As it can be seen
in Table 5, S/N analysis gives a rank of importance for
parameters that corner radius is the most significant
parameter that affects the thinning ratio. Maximum
pressure and pressurization profile are ranked second
and third important parameters, respectively. The
optimal combination of parameters to minimize the
thinning ratio was obtained as A1B3C2.

Table 5 S/N ratio results of thinning ratio

Maximum o Corner
Level pressure Press:JOr]:ﬁztlon radius
(MPa) P (mm)
1 -34.38 -34.84 -35.23
2 -34.68 -34.61 -34.31
3 -34.93 -34.54 -34.45
Delta 0.56 0.30 0.92
Rank 2 3 1
584 (MPa) Pressurization profile
56 .
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Fig.8  Main effects plot for means of thinning ratio

Main effects diagram using Minitab software is shown
in Fig. 8. It can be seen that by increasing the gas
pressure the thinning ratio will increase and to
minimize the thinning ratio, the corner radius of pins
should be set to 0.2 mm. Among three different
pressurization profiles, the Stepwise2 profile is the best
option to have less thinning in the sheet.

4.2. ANOVA Analysis of Thinning Ratio

Figure 9 shows the normal probability plot for the
thinning ratio. As it is depicted, because of the P-value
greater than 0.05 (0.498), the distribution of data is
normal [15].
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Fig.9  Normal probability plot for thinning ratio

ANOVA results of thinning ratio are given in Table 6.
ANOVA results state that corner radius with the
contribution of 71.64% is the most effective parameter.
Also, the goodness of the ANOVA model (R-square)
was obtained 99.89% that is desirable. All three
parameters have an influence on thinning ratio due to
p-value less than 0.05.

Table 6 ANOVA result of thinning ratio

Source Mean p-value Contribution
Square (%)
Maximum
pressure 8.772 0.005 21.58
(MPa)
Pressurizati 5 24, 0.016 6.68
on profile
Camer 29.119 0.002 71.64
radius (mm)
Error 0.044 - 0.1
Total 40.467 - 100
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4.3. Confirmation FE Test of Thinning Ratio

When the optimal levels of design parameters have
been determined, the final step is to predict and verify
the improvement of the quality characteristic using the
optimal levels of the design parameters. The optimal
levels of parameters for thinning ratio are determined
as A1B3C2 from S/N and ANOVA analysis. Table 7
shows the comparison of the predicted thinning ratio
and actual thinning ratio from the confirmation FE test
that presents a good correlation.

Table 7 Confirmation FE test for thinning ratio

Optimal Parameters

Prediction FE Test
Parameter levels Al1B3C2 Al1B3C2
Thinning ratio (%) 49.439 49.500

Figure 10 shows the formed part using the optimal
levels of parameters.

STH
(Avg: 75%)
+1.991e-04
+1.909e-04
+1.827e-04
+1.745e-04
+1.664e-04
+1.582e-04
+1.500e-04
+1.418e-04
+1.337e-04
+1.255e-04
- +1.173e-04
+1.091e-04
+1.010e-04

Fig. 10 The formed part using optimal level of parameters
(A1B3C2)

4.4. S/N Analysis of Forming Depth

Forming depth results of each experiment are listed in
Table 8. The S/N ratio of each level of input parameters
was obtained by importing the results in Minitab
software and performing the S/N analysis. As it can be
seen in Table 9, S/N analysis gives a rank of
importance for parameters that the maximum pressure
is the most significant parameter that affect the thinning
ratio. Corner radius and pressurization profile are
ranked second and third important parameters,
respectively. The optimal combination of parameters to
minimize the forming depth was obtained as A3B2C3.

© 2017 IAU, Majlesi Branch

Table 8 The results of forming depth

Experiment No. Forming depth (mm)

1 0.761597
0.804814
0.824971
0.943364
0.963540
0.883510
0.998270
0.992720
0.995380

© 00 N o o B~ W DN

Table 9 S/N ratio results of forming depth

Maximum L Corner
Level pressure Pressurization radius
(MPa) profile (mm)
1 -1.97427 -0.96232 -1.16824
2 -0.63493 -0.75739 -0.81091
3 -0.03958 -0.92907 -0.66962
Delta 1.93470 0.20493 0.49862
Rank 1 3 2

The main effects diagram is shown in Fig. 11. It can be
seen that by increasing the gas pressure, the forming
depth of the part will increase. To maximize the
forming depth of the part, the corner radius of pins
should be maximized. Among three different
pressurization profiles, the Stepwisel profile is the best
option to have the most forming depth.

Maximum pressure (MPa) Pressurization profile
1.00- -
0.95- ///
0.90- = — - -
w 085
S yd
g 0.80- v
w“ 1.2 1.6 2.0 cp SP1 SP2
c Corner radius (mm
2 1.00- {rm)
=
0.95+
—
0.90- ——
0.85-
0.80+
0.1 0.2 03

Fig. 11 Main effects plot for means of forming depth
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4.5. ANOVA Analysis of Forming Depth

Figure 12 shows the normal probability plot for the
forming depth. As it is depicted, because of the P-value
greater than 0.05 (0.173), the distribution of data is
normal.
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Fig. 12 Normal probability plot for forming depth

ANOVA results of forming depth are given in Table
10. ANOVA results state that maximum pressure with
contribution of 91.66% is the most effective parameter.
On the other hand, corner radius with contribution of
5.85% and pressurization profile with contribution of
1.11% are almost ineffective parameters on forming
depth. Also, the goodness of the ANOVA model
(R-square) was obtained 98.61% that is desirable.

Table 10 ANOVA result of forming depth

Source Mean p_value Contribution
Square (%)
Maximum
pressure 0.030646 0.015 91.66
(MPa)
Pressurizati ) 430368 0,557 111
on profile
cormer 0001957  0.191 5.85
radius (mm)
Error 0.000463 - 1.38
Total 0.033434 - 100

analysis of variance techniques were used to determine
the effect of maximum gas pressure, corner radius and
pressurization profile on thinning ratio and forming
depth. The results showed that the corner radius is the
most effective parameter on thinning ratio. Also, it was
obtained that the maximum pressure is the most
effective parameter on forming depth. The stepwise
pressurization profiles have positive effect on thinning
ratio and forming depth. The results of this paper can
be useful for researchers that study gas blow forming
process.
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