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The present study uses lubricated and non-lubricated stamping processes to fabricate
metallic bipolar plates (MBPPs) with a thickness of 0.1 mm from SS3316 with
a serpentine flow field. Then, experimental tests, together with the finite element
(FE) model, were utilized to define the directional thickness distribution. According
to the results, using a friction factor of 0.1 during the FE analysis can provide
accurate results in terms of thickness prediction under lubricated conditions.
Furthermore, the largest thinning percentages in the modified conditions were found
to be 27.02%, 30.40%, and 26.00% in the longitudinal, diagonal, and transverse
directions, respectively, indicating that the diagonal direction is the most critical
one. Finally, the effect of the lubricating condition on the wrinkling of the sample
was investigated. According to the results, using the lubricated condition during the
stamping process augments the wrinkling of the bipolar plate, and the wrinkling of
the bipolar plate’s margin was not symmetrical.

1. Introduction

nation to use fuel cells as clean and renewable re-
sources has increased in recent years [1]. Fuel cells
are a technology for energy production that produces

Due to the non-renewability of fossil fuels and the electrical energy with high efficiency from the direct
amount of pollutants caused by their use, the incli- combination of fuel and oxidizer without causing en-
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vironmental and noise pollution. Fuel cells are divided
into five main categories based on various variables
such as the type of electrolyte used in the fuel cell,
operating temperature and pressure, the type of ion ex-
changed through the electrolyte, the type of reactants,
and the direct and indirect use of fuels [2]. Among the
different fuel cells, polymer fuel cells have attracted
special attention due to their higher power density,
low operating temperature, and fast start-up. Of the
components of fuel cells, the bipolar plates make up
a high percentage of the weight and costs of the fuel
cells; however, they contribute to the distribution of
fuel and oxidant, transport of current outside the cell,
and facilitate the water management making them one
of the most important components of this stack [3].
Bipolar plates have channels with a specific dimen-
sion for the fuel distribution and exit of the reaction
products. Among the different configurations of the
flow field, the serpentine flow field has been proposed
to solve the non-uniform distribution of the reactants
[4]. Bipolar plates should have high corrosion resis-
tance, low weight, low thickness, and suitable con-
ductivity. Among the materials used to manufacture
bipolar plates, metallic bipolar plates (MBPP) have
advantages such as excellent mechanical resistance,
gas impermeability, low cost, simple manufacturing,
and the possibility of being formed into very thin
sheets (a thickness of 0.1 mm or less). Metallic bipolar
plates are manufactured by different methods such as
electric discharge micro-machining, electrochemical
micro-machining, stamping, vacuum casting, elec-
tromagnetic forming, rubber pad forming, and hydro-
forming. Among these production methods, stamping
and rubber pad forming of metallic bipolar plates is
more suitable for producing the metallic bipolar plates
with low thickness and weight [5]. In the present
study, the stamping process is used for the fabrication
of metallic bipolar plates.

Several studies on metallic bipolar plate stamping

have been conducted to improve the quality of the
formed sample. The residual stress and thinning are
the main parameters that could decrease the quality of
the fabricated sample. Xu et al. [6] evaluated formed
residual stress and bipolar plate thinning. Using a
two-dimensional plane strain finite element model,
they investigated the stress and deformation of 304
stainless steel with a thickness of 0.1 mm. Their re-
sults showed that by increasing the width and depth of
the upper die, the peak of the residual stress increases
and the formed thickness becomes less uniform, and
as the curve radius increases, the residual stress de-
creases and the formed thickness becomes uniform.

Zhang et al. [7] used multi-stage forming of metal-
lic sheets to fabricate bipolar plates with fine width
and high aspect ratio in a proton exchange membrane
fuel cell. They found that the forming depth can be in-
creased with a larger second-stage punch stroke along
a smaller clearance and radius. Also, increasing or de-
creasing the radius and the stroke of the second-stage
punch simultaneously causes a larger draft angle. A
small second-stage punch stroke and smaller radi-
us are useful for larger rib width, and more uniform
thickness distribution can be obtained using a smaller
second-stage punch stroke and clearance. Finally, they
introduced two-stage and three-stage forming for soft
materials and relatively hard materials, respectively.

Talebi et al. [8] investigated the fracture behavior of
the bipolar plate formed by the rubber pad method.
They used three different damage criteria to predict
failure. They constructed the failure surface using
flexible failure criteria and reported the most accu-
rate failure prediction through the normalized Cock-
roft-Latham failure criterion (9.14% failure prediction
error). They found that the process parameters have no
significant effect on the triaxial stress or the normal-
ized Lode angle parameter. Therefore, they proposed
the Cockroft-Latham normalized failure criterion to

investigate the failure initiation.
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Medanloo et al. [9] investigated the effect of form-
ing parameters such as die clearance, stamping speed,
die/sheet friction coefficient, and their optimal sur-
face on the forming depth through the response sur-
face method (RSM) in titanium bipolar plate forming.
They used a strain-based damage model to investigate
sheet failure during simulation. They found that the
coefficient of friction and die clearance are the most
significant parameters in the maximum filling depth,
respectively, and that changing the stamping speed
does not have a significant effect on the stamping of
the titanium sheet. Lastly, they presented a regression
model to estimate the maximum filling depth based on
the input variables.

Barzegari and Ahmadi Khatir [10] studied the effect
of forming force on the channel filling depth, channel
width, rib width, uniformity in the depth of formed
channels, and channel thickness distribution. They
found that increasing the stamping force to the op-
timal level has almost no effect on the depth of the
channels, but increasing the stamping force leads to
an increase in the width of the channels and ribs. Hu et
al. [11] used the finite element method to predict and
prevent defects such as tearing, wrinkling, thinning,
and spring back in the stamping process of metallic
bipolar plates made of 304 stainless steel. They select-
ed the flow channel dimensions, punch speed, punch
radius and matrix, and draft angle as process param-
eters. Based on their results, the punch speed had an
inverse effect on the peak thinning curve and the min-
imum thickness. Bayer et al. [12] fabricated bipolar
plates made of 316 stainless steel with a thickness of
0.1 mm using the roll forming process. They present-
ed a calibrated model to further improve the process
with the aim of reducing wrinkling and distortion.
Elyasi et al. [13] fabricated the 316 stainless steel bi-
polar plates with a serpentine flow field using rubber
pad forming. They used polyurethane rubbers with
different hardnesses (Shore A40, A55, A65, and A90)

and 10, 20, and 30 mm thicknesses. They further in-
vestigated the effect of applied force, hardness, and
rubber thickness on the filling percentage, thickness
distribution, and dimensional accuracy. Their results
showed that the filling percentage increased as the
applied force increased, but the channel depth was
not equal in different directions. Also, increasing the
rubber hardness improved the uniformity in the chan-
nel depth. In addition, reducing the rubber hardness
and increasing the rubber thickness increased the
filling volume. However, in the end, they used the
semi-stamp rubber forming method to improve the
maximum filling percentage, dimensional accuracy,
and thickness distribution. Their results indicated an
improvement of 11.7, 9, and 1.075% in the modified
method’s filling percentage, thinning percentage, and
dimensional accuracy.

Talebi et al. [14] studied the effect of punch load,
thickness, and hardness of rubber on the channel depth
(before failure) in order to determine the maximum
channel depth. They prevented the failure by machin-
ing the rubber pad, increasing the channel depth. Their
results showed that increasing the rubber hardness re-
duces the channel depth and increasing the applied
force and the rubber thickness increases the channel
depth. Further, they reported that the maximum filling
percentage (before failure) was 76%, achieved with
a rubber pad Shore A40 and a thickness of 30 mm;
the maximum thinning percentage before failure was
about 30%. Finally, they increased the filling percent-
age to 88% by machining the rubber pad.

Ahmadi Khatir et al. [15] investigated the effect of
using a lubricant in the manufacture of metallic bipo-
lar plates made of 316 stainless steel with a thickness
of 0.1 mm using the stamping process. Their results
showed that using lubricant can improve the thickness
reduction, uniformity of channels, depth of flow chan-
nels, and thickness distribution.

Elyasi et al. [16] investigated the dimensional accu-
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racy of 316 stainless steel metallic bipolar plates in
the diagonal, longitudinal, and transverse directions.
Their results showed that the dimensional accuracy in-
creases with the increase of the applied force, rubber
hardness, and rubber thickness. According to their re-
sults, the central channels have a lower channel depth
than the lateral channels, and as the applied force in-
creases, the difference between the central and lateral
channel depth decreases. They report that the most
accurate bipolar plate is made with an applied force of
450 kN and rubber with a 90 shore A and a thickness
of 30 mm. Ultimately, they improved the dimensional
accuracy by using the semi-stamp rubber pad forming
method instead of the standard rubber forming.
Madanloo et al. [17] predicted the onset of failure us-
ing three ductile failure criteria, including Rice-Tacey,
Brozzo, Ayada, and a developed forming limit criteri-
on considering the effect of material size. According
to their results, the most accurate failure prediction
during the process is obtained through the Brozzo fail-
ure criterion, with an error rate of 3.68%, compared to
experiments.

Ahmadi Khatir et al. [18] investigated the effect of
geometrical parameters of the metallic bipolar plates,
including channel width, rib width, channel depth,
draft angle, and corner radius, on the thinning per-
centage and filling depth of bipolar plates by using
the design of experiments and finite element meth-
ods. Their results showed that the channel depth, draft
angle, and corner radius are the parameters with the
greatest influence on the bipolar plates thinning, and
the corner radius and draft angle are the parameters
with the greatest influence on the maximum depth of
the channel.

Talebi et al. [19] investigated the effect of the forming
force and rubber hardness on the channel depth in me-
tallic bipolar plates forming using a rubber pad. Their
results indicated a direct relationship between the

channel depth and applied force. Also, they reported

that the maximum channel depth decreases as the rub-
ber hardness increases. However, more reduction in
rubber hardness causes reduces the pressure required
to form microchannels.

Talebi et al. [20] studied the plastic deformation of
straight and curved microchannels, forming limit
criteria, and deformation mechanics in the stamping
process of metallic bipolar plates and provided a re-
liable model to estimate fracture initiation. They de-
veloped a fracture model based on thinning percent-
age and equivalent strain to predict the instability of
metallic bipolar plates. Their results showed that both
equivalent strain and thinning percentage criteria with
critical limits of 0.56 and 33.45% are considered the
permissible range of plastic deformation during the
process. In the end, they showed that the maximum
thinning in all directions is less than 33.45% by mod-
ifying the process.

Jin et al. [21] formed bipolar plates using stamping
and indirect squeeze casting and investigated the
formability of these processes. They found that the
filling rate increases by increasing the punch pressure
in indirect squeeze casting.

Jung et al. [22] investigated the effects of the process
parameters, such as punch speed and plate pressure,
on the stamping depth using rubber pad forming to
manufacture MBPs. Their results show that the chan-
nel depth increases with an increase in the punch speed
and plate pressure. They also discovered that the draft
angle affects the depth and can be set between 20° and
30° to provide optimal effectiveness.

Talebi et al23] .] studied the plastic deformation of
the metallic bipolar plate with a serpentine flow field
using the stamping process. Their results showed that
the percentage of reduction in the thickness of the
central channel is higher than the lateral channel in
all longitudinal, diagonal, and transverse directions.
In addition, the maximum thickness reduction in the

central channels was reported in the longitudinal di-
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rection, while the diagonal direction was considered
a critical direction for the lateral channels. In the end,
they used a lubricant to reduce the thickness reduction
percentage.

Medanloo et al. [24] manufactured a titanium bipo-
lar plate using a hot stamping method. They reported
that this method obtained a maximum channel depth
of 0.494 mm, which is about 40% improved compared
to stamping at room temperature. Also, this method
reduced the dimensional accuracy error caused by
spring back.

However, the effect of lubrication on the thickness
distribution in different directions and the wrinkling
of the bipolar plate margin in stamping the metallic
bipolar plates process has not been investigated in
previous studies. It is worth noting that these items
would significantly affect the quality of the final sam-
ple (fracture onset) and could also be effective on the
complementary processes needed to fabricate the final
sample, including the welding and coating process-
es. Therefore, this study investigates the effect of the
forming process on wrinkling and thinning percentag-

es in detail.

2. Experimental setup and methodology

2.1. Material properties and metal forming die

Uniaxial tensile test results (AStM E08) were used to
determine the mechanical properties of 316 stainless
steel sheet metal. First, the force-displacement val-
ues from the experimental test were converted to real
stress-strain values. Next, the Swift equation (Eq. 1)
was used to estimate the plastic behavior of the plate
at strain values higher than the experimental values

from the uniaxial tensile test.

o=k(s+¢,) (1)

Where k ,g, ,¢

, , and represent the strength

coefficient,  pre-strain,  plastic  strain, and
strain-hardening exponent. The specified values for
the swift equation coefficients and other mechanical
properties of the sheet, such as density, yield stress,

and Young’s modulus, are shown in Table 1.

Table 1. Swift law Equation Coefficient Values

Mechanical properties Symbol Value

Strength coefficient, Mpa k 1576
Pre-strain & 0.0315
Hardening exponent n 0.51
Young’s modulus, Gpa E 200
Density, £ P 7.8

The stamping process was used to fabricate
metallic bipolar plates from SS316 with a thickness
of 0.1 mm. The stamping consisted of two parts,
punch and matrix. The forming die and experimental
equipment are shown in Fig. 1. The microchannel
layout (serpentine flow field) was machined on the
punch and matrix. The rib width, channel width, inner
corner radius, and outer corner radius were consid-
ered equal to 1.1, 0.5, 0.3, and 0.1 mm, respective-
ly. The process was performed under lubricated and
non-lubricated conditions. A fracture was observed
in the samples fabricated under non-lubricated
conditions. The maximum thinning reduction was
measured from the fracture site and used as the
critical value of the forming limit. Also, the sam-
ples were successfully fabricated under lubricated
conditions. These samples were used to verify the
finite element model and investigate the thickness

distribution and wrinkling in detail.
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Metal forming die

Fig. 1. The experimental equipment of the stamping process.

2.2. Finite element method

The ABAQUS finite element software was used to
simulate the process. The punch and matrix were
modeled as a rigid and metallic sheet as a deform-
able shell. Using the mesh convergency method and
checking the changes of the maximum equiva-
lent strain at the end of the process, elements with
dimensions of 0.065 and 0.15 mm were used for
meshing the sheet and die geometry, respectively.
The coefficients in Table 1 were used to apply the
mechanical properties of the sheet metal. The ma-
trix was constrained in all directions, and displace-
ment boundary conditions were applied to the punch
to apply the force to the sheet. The contact condi-
tions between the die components were considered
surface-to-surface with a friction coefficient of 0.2

and 0.1 for non-lubricated and lubricated conditions,

respectively. The friction coefficient was determined
by comparing the experimentally measured and
numerically predicted thickness distribution and
thinning percentage. To minimize the simulation time,
an explicit numerical method was used with a time
scale such that the ratio of kinetic energy to internal
energy during the process is always less than 1% to

maintain the quasi-static state of the problem.

3. Results

3.1. Determining the friction coefficient

The friction coefficient is the effective param-
eter in defining the contact behavior between
process components in finite element simulation.
Hence, the friction coefficient of the lubricated
stamping process is calibrated by comparing the
experimentally measured and numerically predict-
ed results of the thickness distribution and thinning
percentage in the longitudinal direction to present
a validated model for predicting the process sta-
tus in the presence of a lubricant. For this reason,
the finite element simulation was examined by
considering the friction coefficients of 0.2, 0.1,
and 0.05. The experimental and numerical results
of the thickness distribution are presented in Fig.
2. According to the results, a friction factor of
0.1 leads to the most accurate results in predict-
ing the experimentally measured thickness dis-
tribution and thinning percentage. Therefore, the
friction factor of 0.1 was applied to determine the
thickness distribution in other directions using

finite element simulations.
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Fig. 2. Determination of the friction coefficient for the simulation of the SS316 bipolar plate forming process using a lubricant.

3.2. The
distribution

lubricant effect on the thickness

The thickness distribution in different directions of
the fabricated MBPPs in the presence of lubricant is
examined using the results of finite element analysis.
The results of thickness distribution (thinning percent-
age) in the elements located in the longitudinal, diag-
onal, and transverse directions are presented in Fig.
3. According to the results, the maximum thinning

percentage was created in the longitudinal direction.

The maximum value of the thinning percentage in the
longitudinal direction is 27.02%, and the correspond-
ing values in the diagonal and transverse directions
are equal to 30.4% and 26%, respectively. According
to the results, the diagonal direction is the critical area
under lubricated conditions despite the conventional
stamping process. It is worth noting that the thinning
percentage in all directions of the sample fabricated
under lubricated conditions is lower than the critical
value (maximum thinning percentage before fracture

of the experimental sample in non-lubricated condi-
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tions), indicating that the modified process using the
lubricant prevented form fracture onset on the formed
sample which means that the modified process could

be utilized as a feasible technique for the manufactur-
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ing process of high-quality MBPPs. The critical value
of the thinning percentage is 33.45% based on the da-
ta-driven form of the formed sample under non-lubri-

cated conditions.
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Fig. 3. Thickness distribution of MBPPs formed by the modified process together with the critical forming limit, a) transverse
direction and longitudinal direction and b) diagonal direction.

3.3. The lubricant effect on the wrinkling

The lubrication effect on the thickness distribution and
on the amount of the sheet plastic flow in different ar-
eas were investigated in previous sections. Due to the
effectiveness of the forming conditions on the plastic
deformation of various areas, it is necessary to investi-
gate the effect of these conditions on the amount of the
sheet wrinkling. Actually, the plate wrinkling is affect-
ed by the sheet plastic flow in different areas, which is
affected by the lubrication conditions.

For this reason, the wrinkling of the fabricated sam-
ples under lubricated and non-lubricant conditions

was investigated in two different areas. First, the sheet

displacement value in different areas after unloading
(raising the punch from the sheet surface) and the fluc-
tuations of this quantity were taken as an index of the
amount of wrinkling. Then, the changes in this quanti-
ty (displacement rate) were considered in six different
paths, including three paths in the upper right corner
(RU1, RU2, and RU3) and three paths in the lower left
corner (LD1, LD2, LD3).

The results of the displacement changes and its dis-
tribution in the non-lubricant state are shown in Figs.
4 and 5. According to Fig. 4, the node displacement
after unloading compared to the ideal state is located
in the sheet’s lower left corner (in the range of 0.05

mm), and the difference in the displacement of vari-
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ous nodes compared to the ideal state is observed in
all three paths, indicating wrinkles occur in this area.
Despite the fact that the maximum displacement is al-
most the same, the displacement fluctuation of differ-
ent nodes increases as we get closer to the outer paths,
path No. 3 (LD3, RU3), which indicates an increase in
the wrinkling in path LD3 and RU3 compared to LD1,
RUI (Figs. 4 and 5). The maximum displacement is
in the range of 0.05mm in this area. In this case, the
node displacement fluctuations in the outer areas of
path No. 3 (LD3, RU3) are more than the inner areas
(LD1, RU1, LD2, and RU2).

In general, the results show that the displacement
fluctuations from the ideal state in the group of paths
LD1-3 (Fig. 4) and RUI1-3 (Fig. 5) indicate that the
displacement fluctuations occur in wider areas in the
plate’s lower left corner paths (LD1-3). This actual-
ly indicates the more critical wrinkling condition in
the lower left corner of the plates, which is caused by
increased changes in the shape of the bipolar plates’
microchannels flow path in this area (in other words,
the existence of a more complex flow channel com-
pared to the upper areas) resulting in augmentation of

the wrinkling.
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Fig. 5. The wrinkling of the right corner of the fabricated sample under non-lubricated conditions.

In the following, the effect of a lubricant on the wrin-
kling and displacement deviation compared to the
ideal condition was investigated. The results are
shown in Fig. 6 and Fig. 7 for the upper right corner
and lower left corner areas, respectively. According
to the obtained results, the nodes deviation and dis-
placement values have increased in all nodes com-
pared to the condition without the use of lubricant.
In fact, the maximum displacement deviation from
the ideal state in this case is in the range of 0.065
mm, which indicates an increase the wrinkles com-
pared to the state without using lubricant. Also, in
both areas, the displacement fluctuations (compared
to the ideal state) is more significant in outer path
(RU3, LD3) indicating the increase in the areas that

are wrinkled. Also, similar to the case without the
use of lubricant, the displacement fluctuations in-
tensity in the lower left corner is higher, which in-
dicates an augmentation in the severity of wrinkling
in lower are of the sample. Therefore, according to
the results, despite the positive effect of lubrication
process on the thickness distribution, it could lead
to raising the wrinkling phenomenon. On the other
hand, the wrinkling of the metallic bipolar plates
could have destructive effect on welding process of
metallic bipolar plate. Hence, the process parame-
ters should be select such that the delicate balance
being considered between the positive effect of lu-
brication condition on thickness distribution and

their negative impact of wrinkling.
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4. Conclusion

The present study evaluated the forming of the metal-
lic bipolar plate using a lubricated stamping process.
An appropriate finite element model is proposed. The
results can be summarized as follows:

A friction factor of 0.1 leads to the most accurate re-
sults in determining the thickness distribution. Fur-
thermore, the largest thinning percentages in the mod-
ified conditions were found to be 27.02%, 30.40%,
and 26.00% in the longitudinal, diagonal, and trans-
verse directions, respectively, indicating that the di-
agonal direction is the most critical one under lubri-
cated conditions. Lastly, the effect of a lubricant on
the wrinkling of metallic bipolar plates margin was in-
vestigated. According to the results, the deviation and
displacement of the nodes from the ideal state in the
lubricant condition increase compared to the non-lu-
bricant condition in all nodes, indicating an increase

in wrinkling when using a lubricant.
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