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Abstract: In molten carbonate fuel cell (MCFC) systems, it is known that the shape of corrugated
plates has a significant influence on performance, durability, and cost. A corrugated plate with
a repeating open trapezoidal-shaped slot supports membrane electrode assembly and provides
a gas flow channel. To increase the efficiency of the MCFC, the slot between the corrugated and
center plates has a relatively large contact length. However, increasing the contact length of the slot
increases the risk of necking or fracture generation at the corner of the slot. Therefore, we focus on
the development of forming technology of corrugated plate which has large contact length of slots
without any necking or fracture. To this end, numerical simulation was conducted to determine
the appropriate process and tool design. In the simulation, to capture shear fracture during the
forming process of slots, the normalized Cockroft–Latham ductile fracture model was used. The
critical value for slitting and fracture was evaluated by comparing the deformed shapes in the slitting
plane obtained from experimental and simulation results. Based on simulation results, a reasonable
design concept of the two-stage forming process was suggested to increase the contact length of the
slot without necking or fracture. In addition, the experiment results confirmed the validity of the
proposed forming process and tool design.

Keywords: molten carbonate fuel cell; corrugated plate; contact length of slot; tool design; two-stage
forming; ductile fracture

1. Introduction

Molten carbonate fuel cells (MCFCs) are in the spotlight as a new energy source to
replace fossil fuels because they are thermally and electrically efficient and environmentally
friendly. Unlike low temperature fuel cells, which can use platinum electrodes, MCFCs
can use non-precious metals such as nickel as electrode catalysts since they operate at high
temperatures of 650 ◦C and above. However, there is a limitation in finding materials for
the corrugated plate of MCFCs which needs both high corrosion resistance and mechanical
strength for use at high temperatures [1,2]. For this reason, stainless steel is usually used as
a material for the corrugated plate of MCFCs.

MCFC stack is composed of hundreds of cell packages consisting of bipolar plates and
membrane electrode assemblies, as shown in Figure 1. The anode and cathode corrugated
plates form a bipolar plate with a center plate. To increase the power density of such a
cell, the thickness of the bipolar plate should be minimized. Therefore, thin plates with
micrometer thickness are used as bipolar plates.

The corrugated plates that support membrane electrode assemblies have a repeating
open trapezoidal pattern to provide channels for gas and water flow, as well as a path for
electrolyte flow between the cathode and anode [1–4]. Enhanced fuel cell efficiency can be
achieved by enlarging the area of the flow channel of a unit slot for a substantially high
gas flow rate and by increasing the contact length between the electrode components and
the slot [4,5]. However, the forming process of metallic bipolar plates limits the depth of
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the flow channel because bipolar plates can be damaged during the forming process if
the conditions are excessively extreme [6]. Such damage is especially acute for corrugated
plates with micrometer thickness because slitting and forming must be simultaneously
performed to produce the open trapezoidal pattern, and the corner of the slot would be
vulnerable to fracture owing to concentrated deformation during the forming process.
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Therefore, the prediction of deformations in the slitting process, which entails shear
deformations, is essential for designing the forming process of the MCFC corrugated plates.
Among the earlier studies on shear deformation, Li et al. [7,8] performed an experimental
study on the formation of burrs and fractures during the shearing of aluminum sheets.
Theoretical and experimental studies on the blanking processes of aluminum, copper,
and bronze were carried out by Ghosh et al. [9]. Further, there have been several efforts
to clarify the phenomena related to the shear deformation by combining finite element
(FE) analysis and ductile fracture criteria. The first FE analysis of shear deformation was
performed by Taupin et al. [10], who conducted an FE analysis of the blanking process
using the fracture model and element deletion method suggested by McClintock [11]. In
addition, Fang et al. [12] simulated the blanking process of aluminum based on the Cockroft-
Latham ductile fracture model [13]. Klingenberg and Singh [14] performed an FE analysis
of punching/blanking processes by applying the Tvergaard–Gurson model [15–17] and
predicted ductile fractures caused by the formation and growth of voids. Ghosh et al. [18]
applied the Tvergaard–Gurson model, the Cockroft–Latham model, and a shear failure
model to the analysis of the slitting process of an aluminum alloy and compared the
simulation results with experimental ones. Recently, Meng et al. [19] compared the accuracy
of different models [13,20–22] of shearing and blanking in the micro-forming of a plunged
part using pure copper sheets. Research on the forming process of an MCFC corrugated
plate was conducted by Lee et al. [4] and Yang et al. [5]. They adopted a three-stage forming
process to avoid the local concentration of deformations and to prevent fracture. Although
many studies have focused on process design based on FE analysis and experimental
results, there are only a few reports on increasing the contact length of the slot of the
corrugated plates to enhance the electrical efficiency.

Thus, in this study, a three-dimensional FE analysis of one-stage and two-stage form-
ing processes was conducted based on a ductile fracture model to increase the contact
length of the slot for the corrugated plate. The Cockroft–Latham model, which is known to
be appropriate for shear and tensile deformation analysis among ductile fracture criteria,
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was employed in the FE analysis. To obtain the critical damage value used in the FE
analysis, slitting experiments were performed to form an open trapezoidal-shaped slot.
The slitting experiment was performed at different forming heights. The slitting plane
of the slot at each forming height was analyzed using optical microscopy. The critical
damage value was determined by comparing the deformed shapes of the slitting plane
obtained from experimental and simulation studies. Based on the critical damage value, FE
investigations of various parameters such as punch and die corner radii, forming height,
and slot angle were performed to determine the appropriate process and tool design for en-
larging the contact length of the slot without any necking and fracture. Finally, a corrugated
plate was formed using the suggested forming process and tool design. The experimental
observations were compared with the simulation results to confirm the validity of the
proposed forming process and tool design.

2. Determination of Critical Damage Value

Experimental and FE analyses of the slitting process using different forming heights
were performed to determine the critical damage value. To this end, the slitting plane of
the slot obtained from the simulation using different critical damage values was compared
with the experimental one.

2.1. Experimental

AISI 310S stainless steel with a thickness of 300 µm was used in this study. The
experiments were carried out in a mechanical servo press (H1F80, Komatsu, Tokyo, Japan)
with a capacity of 80 tons, and stroke was controlled in the micrometer range. The punch
moved with a sinusoidal motion owing to the crank motion. During the forming process,
the press was operated from 15.7 mm/s in the vertical direction at the onset of forming to
0.0 mm/s at the bottom dead point, and the average speed of the punch was 7.9 mm/s.
During the experiment, a 30-µm-thick Teflon film was used to minimize the friction effect
between the punch and sheet metal. Initial designs of the punch and die and die-set in
servo-press used in the experiments were shown in Figure 2. The die-set composed a
punch assembly at the top and a die assembly at the bottom. The sheet metal is inserted
on the left side of the setup as shown in the figure. A progressive process consisting of
punching to creates a hole for the guide pin at each side of the sheet, subsequent two-stage
forming of the slot, and final cutting, was employed.
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The slitting experiments were conducted with various forming heights to analyze the
slitting plane and deformation pattern. Figure 3 shows the cross-sectional shapes of the
slots according to the forming height. Note that the cross-sections are perpendicular to the
longitudinal direction (y-direction) of the slots. The forming height of the slot is shown
in the figure. Notably, a rounded plane, a subsequent straight plane, and a tilted plane
were formed during slitting. These planes can be classified into three regions, namely,
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the rollover, burnish, and fracture regions in a slitting process with shear deformation [7].
The detailed deformed shape of the slot and the lengths of the rollover, burnish, and
fracture regions in the slitting plane are shown in Figure 3e,f, where H and C indicate the
forming height and clearance between the punch and die, respectively. A clearance of
19.1 µm was measured, which is lower than the designed clearance of 25.0 µm. The length
of rollover region is almost maintained during slitting because rollover generally occurs
as a consequence of the elastic and plastic deformations at the beginning of the slitting
process [10]. The length of the fracture region was measured to be approximately 85 µm.
This means that the fracture occurs at a forming height of approximately 215 µm.
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Figure 3. Cross-sectional shapes of slots according to forming height: (a) 86 µm, (b) 195 µm, (c) 334 µm, and (d) 408 µm;
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Figure 4 shows the cross-sectional shapes of the slots at forming heights of 1.63 and
1.97 mm. The deformations of the upper and lower parts of slots were almost symmetric.
The forming height has no direct effect on the deformed shape and length in the slitting
plane. In Figure 5, lengths of the rollover, burnish, and fracture regions are shown. The
lengths in the figure were measured at five points in the lower part of the slots along the
longitudinal direction. The hatch represents the lower and upper bounds of the lengths in
the slitting plane.
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2.2. FE Analysis

In the slitting process, a shear band is generally formed in the clearance between the
punch and the die. When a sufficient external force is applied to the sheet material, the shear
stress in the material exceeds the ultimate shear strength, resulting in the fracture of the
sheet material. In the FE analysis of the shear process, such as the slitting of materials with
good ductility, material fracture occurs in the center of the shear band because the element
is distorted and excessive shearing force is applied on the element. This phenomenon
does not correspond to the onset of fracture that occurs at the edge point of the punch and
die [23,24]. To avoid the aforementioned problem, the commercial finite element analysis
software FORGE (2011, Transvalor, Paris, France), which is capable of remeshing element
and element deletion, was used in this study. In the forming simulation, the normalized
Cockroft–Latham ductile fracture model [21,25,26], which is expressed in Equation (1),
was adopted to determine the criterion for fracture during the slitting process. During the
simulation, the element was deleted in the FE model when the damage accumulated in the
material exceeded the critical damage value D:

D =
∫ ε f

0

σ∗

σ
dε (1)

where ε f is fracture strain, σ∗ is maximum principal stress, σ is equivalent stress and ε is
equivalent strain.

As shown in Figure 6, a quarter model was used in the simulation to minimize
computation time. Symmetric boundary conditions were applied to the boundaries of
the quarter model. The tetrahedral element was utilized in the FE analysis, in which the
average element size was approximately 50 µm. To appropriately capture the fracture
initiation and propagation, an element of size 10~20 µm was used in the slitting region. A
Coulomb friction model with a coefficient of 0.02 was assumed. The punch and die were
considered as rigid bodies. The FE analysis was conducted with an average punch speed of
7.9 mm/s due to no significant effect of strain rate sensitivity on the deformation behavior
as indicated in [27].
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The flow stress for the numerical simulation was acquired from a tensile test based
on the ASTM standard. For the tensile test, specimens with a gauge length of 50.0 mm,
width of 12.5 mm, and thickness of 0.3 mm were prepared by cutting. The tensile direction
of the specimen was parallel to the rolling direction of the sheet material. The tensile test
was conducted using Universal Tensile Machine (R&B, Daejeon, Korea) with a capacity
of 10 ton with a testing speed of 0.05 mm/s at the room temperature. The displacement
was measured using a laser extensometer and converted into strain. In the simulation,
the stress-strain curve fitted by the Swift equation as expressed in Equation (2) was used.
Owing to the difficulties of the shearing test for sheet metal with submillimeter thickness,
the isotropy of a material was assumed and the von Mises isotropic yield function was
used in the simulation:

σ = 1407.4(ε + 0.038)0.42 (2)

Typically, a tensile test is used to determine the damage value [12,18,19,21]. However,
estimating the damage value from tensile tests is not reliable if the shear deformation is
dominant because the stress state of the shear deformation is different from the tensile test.
In other words, most of the deformed region of the shearing process is in a state of shearing
and compression, whereas those of the tensile test are in a state of tension [28]. Thus, the
critical damage value for the slitting process must be evaluated by comparing the slitting
planes obtained from the simulations and experiments [4].

The lengths in the slitting plane obtained from the FE results according to the critical
damage value are summarized and compared with the experimental results in Figure 7.
With an increase in the critical damage value, the length of the burnish region increased,
while the length of the fracture region decreased. Notably, the length of the rollover region
barely changes according to the critical damage value. A comparison of simulation and
experimental results revealed that the critical damage value of 3.6, which is significantly
reasonable because the lengths in the slitting plane obtained from the simulation were in
good agreement with the experimental results.

To verify the predicted critical damage value, the cross sections of the slot, which are
perpendicular and parallel to the longitudinal direction of the slot, obtained from the FE
analysis and experiments, are compared in Figure 8. The predicted lengths were in good
agreement with the experimental values, except for the length of the rollover region for
the upper slot. In Figure 8c,d, the deformed shape and thickness distribution of the slot
at a forming height of 1.63 mm were compared. The predicted thickness, particularly in
the inclined part of slot (266 µm), is good agreement with experimental results. Thus, it
was assumed that the extrapolated stress-strain curve by Swift equation well simulated
material behavior in the large strain range. The predicted thickness at the corner of the
slot was only 4% lower than the experimental value. It can be observed in Figure 8d that
necking occurred at the corner of the slot when the thickness reached 205 µm. For the
conservative design, a thickness of 200 µm at the corner of the slot was regarded as fracture
or necking in the simulation because of insufficient plate strength and numerical error.
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3. Tool Design for Increasing Contact Length of the Slot

Herein, FE analyses with a critical damage value of 3.6 were conducted to suggest
an appropriate forming process and tool design for increasing the contact length between
the corrugated plates and electrodes. It is crucial to increase the contact length because it
has a considerable effect on the efficiency of the current collection. Therefore, first, in the
one-stage forming process, the effect of design parameters on the formability and contact
length was investigated. Then, the two-stage forming process of a corrugated plate with
maximum contact length was designed based on the numerical results of the one-stage
forming process. Finally, the numerically obtained design for the maximum contact length
was experimentally verified.

3.1. One-Stage Forming Process

Although the most effective way to increase the contact length is to make a steep slope
of the slot, it causes necking or fracture at the corner of the slot. This can be avoided by
increasing the corner radius of the slot. However, this increased corner radius reduces the
contact length in other ways. Therefore, the effect of slope angle and corner radius on the
contact length and formability was investigated in a one-stage forming process. The slope
angles (A1) of 50◦, 60◦, and 70◦ and corner radii (R1p) of 0.6, 0.9, and 1.2 mm were selected
as design parameters. It can be seen that these values are higher than those in the initial
design (Figure 2a).

Figure 9 shows the deformed shape of the slot according to the slope angle and corner
radius. It was assumed that necking and fracture simultaneously occurred when the
thickness of the slot is smaller than 200 µm, which is two-thirds of the initial thickness
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(300 µm); This is because the fracture occurred rapidly right after necking in the tensile
tests of AISI 310S used in this study. Necking and fracture occurred in the case of a higher
slope angle and smaller corner radius.
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Figure 10 shows the effect of slope angle and corner radius of punch on the minimum
thickness and contact length of the slot in one-stage forming, where the definition of contact
length was given in the figure. The thickness of the slot increases with increasing corner
radius. In a case, when the slope angle is 50◦ and the corner radius is 1.2 mm, the maximum
thickness at the corner of the slot was predicted to be 250 µm which is 21% higher than
that of the initial design at a forming height of 1.63 mm. In contrast, the contact length
slightly decreased with the increasing corner radius. The effect of the slope angle of the
slot on the contact length was more dominant than that of the corner radius. The contact
length is rapidly increased with increasing slope angle of the slot. For example, when the
corner radius and slope angle are 1.2 mm and 70◦ respectively, the slot exhibited maximum
contact length, except in the case with fracture and necking generation. However, this case
is vulnerable to necking and fracture generation because the minimum thickness of the slot
was adjacent to the critical value.
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3.2. Two-Stage Forming Process

The two-stage forming process is comprised of slitting-preforming and final forming.
Figure 11 shows the design parameters used in the simulation of the two-stage forming.
Based on the FE simulation results of one-stage forming, a slope angle of 70◦ for final
forming was selected to increase the contact length of the slot, even though this higher
angle might accelerate the necking or fracture regardless of the corner radius of the punch.
To prevent necking or fracture at the corner of the slot caused by the high slope angle at the
final forming, a lower slope angle and forming height were selected for slitting-preforming
compared to the final forming. Here, the corner radius of slot was fixed at 1.2 mm.
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(b) final forming.

In Figure 12, the deformed shapes of the slot in the slitting-preforming simulation are
compared according to the design parameter. In this figure, the columns with gray color
indicate the simulation results with tearing at the side of the slope. From the simulation, it
was found that the tearing of the slot is easily generated in cases with a small slope angle
and low forming height in the slitting-preforming stage. In other words, the tearing can
be expected when the slitting does not occur smoothly owing to the high material flow
resistance during slitting-preforming.
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Figure 12. Deformed shapes in the slitting-preforming simulation according to the slope angle and
forming height.
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The effects of the slope angle and forming height in the slitting-preforming on the
minimum thickness and contact length of the slot after the final forming are summarized
in Figure 13. The minimum thickness of the slot increases with the forming height in
the slitting-preforming stage. An increase in the minimum thickness of the slot prevents
potential fracture or necking at the corner of the slot. On the other hand, the effect of the
slope angle is negligible. As shown in Figure 13b, the contact length increased when the
slope angle increased in the slitting-preforming stage. In contrast, it decreased slightly
with the increasing the forming height. It can be seen that the contact length increased by
15–20% compared to the initial design.
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Figure 13. Changes in (a) minimum thickness and (b) contact length of the slot in the slitting-preforming process according
to slope angle and forming height.

Figure 14 shows the changes in the minimum thickness and contact length of the
slot according to the corner radius of the punch in the final forming process. In the final
forming simulation, a forming height of 2.0 mm and a slope angle of 65◦ were selected
in the slitting-preforming process because the preform after the first stage using these
parameters exhibits a relatively high value of minimum thickness and contact length of the
slot. It can be observed that the minimum thickness slightly increases with the increasing
corner radius of the punch, whereas the contact length decreases. Necking or fracture
occurred in a case with a corner radius of 0.6 mm. In other cases, no necking or fracture
was predicted. As shown in Figure 14, the risk for necking or fracture generation might
be increased when the corner radius of the punch is small due to the decreased minimum
thickness of the slot. For this reason, a 0.9 mm corner radius of punch was employed in
final forming experiments to improve the contact length of the slot without any necking or
fracture from a conservative view of design.
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Figure 14. Variations of (a) minimum thickness and (b) contact length of the slot in the final forming stage process with
respect to the corner radius of the punch.

3.3. Experimental Validation of Two-Stage Forming Process and Tool Design

The experimental work was conducted to validate the two-stage forming process
and tool design. The main parameters obtained from the simulation are as follows:
R2s-p = 1.2 mm, h2s = 2.0 mm, and A2s = 65◦ in slitting-preforming, R2f-p = 0.9 mm,
h2f = 2.05 mm and A2f = 70◦ in final forming. It can be confirmed from Figure 15 that
a slot without any necking or fracture was successfully produced in the two-stage forming
process, including slitting-preforming and final forming.
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Figure 15. Experimental results of the two-stage forming process: (a) slitting-preforming and (b) final forming.

The predicted and measured slot thicknesses after two-stage forming are compared in
Figure 16. The minimum thickness at the corner of the slot was experimentally observed to
be 222 µm, which is 74% of the initial thickness (300 µm). The maximum error between
the predicted and measured values was less than 5.2%. The predicted contact length
(1.24 mm) was overestimated by approximately 7.8% compared with the experimental
value (1.15 mm). The contact lengths (1.24 and 1.15 mm) obtained from the simulation and
experiment for two-stage forming were 38 and 28% longer than that (0.9 mm) of the initial
design, respectively. The variation in the contact length and thickness at the corner of the
slot in the experiments were ±57 and ±8 µm, respectively. Compared to other studies on
the formation of corrugated plates [4,5,29], the slot fabricated by two-stage forming has a
steep slot angle and a relatively large contact length at the same forming height.



Metals 2021, 11, 1112 12 of 13

Metals 2021, 11, x FOR PEER REVIEW 12 of 14 
 

 

The predicted and measured slot thicknesses after two-stage forming are compared 
in Figure 16. The minimum thickness at the corner of the slot was experimentally observed 
to be 222 μm, which is 74% of the initial thickness (300 μm). The maximum error between 
the predicted and measured values was less than 5.2%. The predicted contact length (1.24 
mm) was overestimated by approximately 7.8% compared with the experimental value 
(1.15 mm). The contact lengths (1.24 and 1.15 mm) obtained from the simulation and ex-
periment for two-stage forming were 38 and 28% longer than that (0.9 mm) of the initial 
design, respectively. The variation in the contact length and thickness at the corner of the 
slot in the experiments were ±57 and ±8 μm, respectively. Compared to other studies on 
the formation of corrugated plates [4,5,29], the slot fabricated by two-stage forming has a 
steep slot angle and a relatively large contact length at the same forming height. 

  
(a) (b) 

Figure 16. Comparison of contact length and thickness distribution of slot for two-stage forming: (a) 
FE analysis and (b) experiment. 

4. Conclusions 
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ing height were decreased, the tearing of the slot was observed. 

• In the final forming stage of the two-stage forming process, decreasing the corner 
radius of the final punch reduced the thickness and increased the contact length of 
the slot. Necking or fracture occurred when the corner radius was minimal. 
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Figure 16. Comparison of contact length and thickness distribution of slot for two-stage forming:
(a) FE analysis and (b) experiment.

4. Conclusions

In this study, three-dimensional FE analyses with a ductile fracture model were
conducted to determine the appropriate forming process and tool design related to the
increasing slot contact length of the corrugated plate for MCFCs. Based on the FE simulation
with the determined critical damage value, the two-stage forming and tool design were
suggested to increase the contact length of the slot. Further, it was experimentally verified
that the deformed shape was in good agreement with that obtained from the simulation.
The detailed conclusions are summarized as follows.

• The ductile fracture criterion was obtained by comparing the deformed shapes in the
slitting plane obtained from the simulation and experimental results.

• In the one-stage forming process, the contact length rapidly increased with the increas-
ing slope angle and decreasing corner radius of the slot, while the minimum thickness
decreased. Necking or fracture occurred when the thickness of the slot was less than
two-thirds of the initial thickness.

• In the slitting-preforming stage of the two-stage forming process, the minimum
thickness and contact length of the slot were increased by increasing the forming
height and slope angle, respectively. In contrast, when both the slope angle and
forming height were decreased, the tearing of the slot was observed.

• In the final forming stage of the two-stage forming process, decreasing the corner
radius of the final punch reduced the thickness and increased the contact length of the
slot. Necking or fracture occurred when the corner radius was minimal.
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