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In order to flatten the doubly-curved plate both in the longitudinal direction and in the transverse direction, a new levelling process

using skew-arranged roll sets was proposed. The effect of the levelling process using skew-arranged roll sets was investigated with
finite element analysis. Skew angle of the roll set determines the ratio of the bending moment in the longitudinal direction to the
bending moment in the transverse direction. The intermesh of the roll set determines the magnitude of the deformation. Sheets with
sheared protrusions, which were bent in both directions, were employed in experiments of the levelling process using skew-arranged
roll sets. In the finite element analysis and experiments, bending deformation in both directions was removed at the same time by using

the levelling process using two skew-arranged roll sets.

1. Introduction

A rolled sheet can be flattened by the continuous combined bending-
unbending process. During this continuous bending-unbending process,
the sheet is subjected to combinations of bending and inverse bending
with decreasing curvature.' The continuous bending-unbending process
is generally referred to the levelling process.

Some defects such as curl, gutter, middle waves, and edge waves,
which are due to the non-uniform distribution of residual stresses and
geometrical defects, are introduced in the conventional levelling
process.? Tension levelling is employed in the steel industry in order to
remove any shape defects for rolled strips.® In tension levelling, some
defects from the levelling process were reduced by the combination of
the bending deformation and the longitudinal tension deformation.*”

However, tension levelling is not appropriate for a doubly curved
plate. When such a sheet is bent both in the longitudinal direction and
the transverse direction, the sheet is deformed into a partially spherical
shape®’ Continuous bending-unbending in the longitudinal direction
cannot provide sufficient bending deformation in the transverse direction
to flatten the sheet in the transverse direction.

The levelling process performed both in the longitudinal direction
and the transverse direction can be the solution for the doubly curved
plate. However, the size of the levelling device increases as the length
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and width of the sheet increase. In addition, the levelling process both
in the longitudinal direction and the transverse direction is not
appropriate to the continuous process, which combines the forming
process with the levelling process.

In this study, a new levelling process using skew-arranged roll sets
was introduced in order to flatten the sheet both in the longitudinal
direction and in the transverse direction in a single pass. By using skew-
arranged roll sets, bending moments both in the longitudinal direction
and in the transverse direction are simultaneously applied to the sheet.

In the first part of this paper, the levelling process using skew-
arranged roll sets was investigated with the finite element method. For
simplification, an isotropic doubly curved plate was employed in the
analysis. In the parameter study, the effect of major parameters, such as
a skew angle and roll intermesh, was examined. In the second part of
this paper, the applicability of the levelling process using skew-arranged
roll sets was investigated through experiments of the doubly curved
plates. For an example of the doubly curved plate, a sheet with sheared
protrusions, which is used for the metallic bipolar plate in molten
carbonate fuel cells (MCFCs)®® and the metallic sandwich plate in
lightweight products,'® was chosen. The optimization was conducted
using the response surface method.""'? From the finite element analysis
and experiments, it was found that, the bending deformation both in the
longitudinal direction and in the transverse direction was simultaneously

@ Springer
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Fig. 1 Conventional levelling process using three rolls

flattened by using the levelling process with skew-arranged roll sets.

2. New Levelling Process using Skew-Arranged Roll Sets

2.1 Levelling process using skew-arranged roll sets

The conventional levelling process utilizes staggered pairs of meshing
rolls. The cylindrical rolls are aligned in parallel for the levelling process.
Many rolls are adjusted in order to flatten the sheet and remove the

residual stress from it.'>

The levelling process using three rolls is shown
in Fig 1. The roll intermesh (h) and the horizontal distance between
rolls (L) are the major variables in the levelling process.

In the conventional levelling process, a moment in the longitudinal
direction (levelling direction) is applied to the sheet. At the same time,
a moment in the transverse direction due to Poisson’s ratio is applied."
If the bending in the longitudinal direction is determined by the roll
intermesh, the bending deformation in the transverse direction is
determined by the Poisson’s ratio of the material. It is difficult to
control the moment in the longitudinal and the transverse directions
independently. For these reasons, the conventional levelling process is
not suitable to flatten the doubly curved plate effectively.

If the sheet is small, a doubly curved plate can be flattened by using
the levelling process both in the longitudinal direction and the
transverse direction. The residual stress and moment in the sheet can be
minimized by the levelling process in both directions. However, a
rolled sheet or a large sheet cannot be subjected to the levelling process
both in the longitudinal direction and the transverse direction.

In this work, a new levelling process using skew-arranged roll sets
was introduced to effectively flatten doubly curved plates. A schematic
figure of the levelling process using two skew-arranged roll sets is
shown in Fig. 2. By using the skew-arranged roll sets, bending moments
both in the longitudinal direction and the transverse direction are applied
to the sheet; and the moments are individually controlled by controlling
the skew angle and the roll intermesh.

2.2 Effects of the skew-arranged roll sets in the levelling process

In order to investigate the effect of the skew-arranged roll set, the
levelling process using one skew-arranged roll set was conducted by
finite element analysis. For this finite element analysis, a doubly curved
isotropic sheet was employed. The geometry of the doubly curved plate
was calculated using MATLAB (v2014a, MathWorks, Natick, MA,
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Fig. 2 Schematic figure of the levelling process for a doubly curved
plate using skew-arranged roll-sets
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Fig. 3 Simulation model of the levelling process using one skew-
arranged roll set

USA). The values of the curvature in the longitudinal direction (k) and
in the transverse direction (k,) are 0.001 mm™ and 0.0005 mm,
respectively. The size of the sheet is 500 mm (in the longitudinal
direction) by 100 mm (in the transverse direction). The thickness of the
sheet is 2.4 mm.

The simulation model is shown in Fig. 3. The elastic modulus of the
sheet is 200 GPa and the yield stress is 100 MPa. The flow stress of
the material is given by the relationship of 6=1000(0.01+¢,)"°. The
radius of the roll (R) is 15 mm, and the horizontal distance between the
neighboring rolls (L) is 30 mm.

For the finite element analysis of the levelling process using the
skew-arranged roll set, ABAQUS/Standard v6.10'° was employed. As
shown in Fig. 3, x-direction means the moving direction of the roll set
and the longitudinal direction of the sheet; and y-direction means the

transverse direction of the sheet. In order to describe the levelling
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Fig. 4 Results of the levelling process using one skew-arranged roll set
(h=0.6 mm, 6=45°)

process, the displacements of node A in the x-direction (uy) and y-
direction (u,) are fixed. The y-directional displacement (u,) of node B
is fixed in order to prevent the rotation of the sheet. The roll set moves
in the x-direction with a roll intermesh of h. The contact between the
sheet and the roll is assumed to be governed by Coulomb friction with
a frictional coefficient of 0.1. The deformed shape of the sheet was
measured after springback analysis.

In the levelling process using skew-arranged roll sets, the primary
process variables are the roll intermesh (h) and the skew angle (6). Case
studies were conducted in order to investigate the effects of the primary
process variables (h, 0). Fig. 4 shows the simulation result when h is
0.6 mm, 0 is 45°, R is 15 mm, and L is 30 mm. The results of the
levelling process were evaluated using the deflection along A;-A,
(longitudinal direction) and along Aj;-A, (transverse direction). In all
case studies, R is fixed at 15 mm and L is fixed at 30 mm.

2.2.1 Effects of the skew angle (0)

Fig. 5(a) shows the deformed shape of the sheet in the longitudinal
direction after the levelling process using the skew-arranged roll set
with respect to the skew angle (6) when h is 0.7mm. The initial
deflection of the sheet in the longitudinal direction (A;-Ay) is
31.08mm. After the levelling process with 6 of 15°, the deflection of
the sheet in the longitudinal direction is -19.91 mm. The deflection in
the longitudinal direction decreases to -3.35 mm with 6 of 45°. The
negative value of the deflection implies excessive bending deformation
in the longitudinal direction. As the skew angle increases, the bending
deformation in the longitudinal direction decreases.

In the levelling process with the skew-arranged roll set, deformation
mode changes when 0 is larger than zero. When 0 is 0°, the deflection
of the sheet in the longitudinal direction is 0.44mm. When 0 is 1°, the
deflection is -13.49mm. While the skew angle increases, the bending
deformation in the longitudinal direction increases. A skew-arranged
roll set (6>0) results in more stresses in the sheet to prevent the rotation
of the sheet; and more plastic deformation occurs in the longitudinal
direction occurs.

Fig. 5(b) shows the deformed shape of the sheet in the transverse
direction after the levelling process using skew-arranged roll set with
respect to the skew angle (6) when h is 0.7 mm. When the skew angle
(0) of the roll set is zero, the deflection in the transverse direction is not
changed as shown in Fig. 5(b). It means that deformation in the
transverse direction does not occur when 0 is 0°. When 0 is larger than
0°, the deflection in the transverse direction is different from the initial
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Fig. 5 Deformed shape of the sheet with respect to the skew angle (0)
along the (a) longitudinal direction (Aj-A;) (b) transverse direction
(As-Ay), and (c) maximum plastic strain in the x-direction and the y-

direction

geometry. As the skew angle increases, the bending deformation in the
transverse direction increases. The deflection in the transverse direction
is distorted as shown in Fig. 5(b). Near A;, large bending deformation
in the transverse direction occurs.

Fig. 5(c) shows the distribution of the maximum plastic strain in the
x-direction along A;-A, and the maximum plastic strain in the y-
direction along Az-A,. As 0 increases, the maximum plastic strain in
the y-direction increases. At the same time, the maximum plastic strain
in the x-direction decreases. These results imply that by controlling the
skew angle, the ratio of the bending moment in the longitudinal
direction to the transverse direction can be determined.

2.2.2 Effects of the roll intermesh (h)

Fig. 6(a) shows the deflection in the longitudinal direction (A;-Aj)
and in the transverse direction (As-A,) when the skew angle (0) is 45°.
As the roll intermesh (h) increases, the bending deformation of the
sheet in the longitudinal direction increases. The initial deflection in the
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(As-A4), and (c) maximum plastic strain in x-direction and y-direction

with respect to the roll intermesh (h)

longitudinal direction is 31.08 mm. When h is 0.6mm, the deflection in
the longitudinal direction decreases to 1.98mm. When h is 0.7mm, the
deflection in the longitudinal direction is -3.32mm. As the roll
intermesh (h) increases, bending deformation in the longitudinal
direction increases.

The effect of the roll intermesh (h) on the deflection in the
transverse direction (Aj-Ay4) is also shown in Fig. 6(b). The initial
deflection in the transverse direction is 0.25mm. When h is 0.6mm, the
deflection in the transverse direction decreases to 0.12mm. When h is
0.7mm, the deflection in the transverse direction decreases to 0.06mm
(1/4 of the initial deflection). As the roll intermesh (h) increases,
bending deformation in the transverse direction increases.

Fig. 6(c) shows the distribution of the maximum plastic strain in the
x-direction along A;-A, and the maximum plastic strain in the y-
direction along Aj;-A4. As the roll intermesh increases, the maximum
plastic strains both in the x-direction and the y-direction increase.

From these results, it can be inferred that by using the skew-

Top view

Roll set 2 Roll set 1

Fig. 7 Simulation model for the levelling process using two skew-
arranged roll sets

arranged roll set in the levelling process, bending deformation occurs
both in the longitudinal direction and the transverse direction; and the
bending moment in each direction can be controlled individually. The
skew angle of the roll set () controls the ratio of the bending moment
in the longitudinal direction to the bending moment in the transverse
direction. The intermesh of the roll set (h) controls the magnitude of the
deformation.

The problem of the levelling process using one skew-arranged roll
set is the unbalanced distortion of the sheet, as shown in Figs. 4 and
5(b). The deformation of the sheet due to the skew-arranged roll set is
not symmetric at the center. The equivalent plastic strain near Aj,
where the roll first contacts the sheet, is larger than on the opposite side
(Ay), because reaction forces in the transverse direction occur in order
to prevent the rotation of the sheet. Asymmetric distribution of plastic
deformation induces the distortion of the sheet as shown in Fig. 5(b).

The distortion of the sheet can be minimized by using two skew-
arranged roll sets, as shown in Fig. 2. In the levelling process using two
skew-arranged roll sets, two roll sets are not parallel. By controlling the
intermesh and the skew angle of the roll sets, the plastic deformation
of the sheet can be more symmetrically distributed.

2.3 Optimization of the levelling process using skew-arranged roll
sets

The simulation model of the levelling process using two skew-
arranged roll sets are shown in Fig. 7. In this process, the major process
variables are the skew angle of the roll 1 (6,), the skew angle of the roll
2 (8,), the intermesh of the roll 1 (h;) and the intermesh of the roll 2
(hy). A perspective view and top view of the simulation model are
shown in Fig. 7.

In the simulation model, the sheet is 500 mm (in the longitudinal
direction) x 100mm (in the transverse direction). The initial values of
the curvature in the longitudinal direction (k) and the transverse
direction (x,) are 0.001 mm™ and 0.0005 mm™, respectively. The
material properties of the sheet are identical to the sheet used in the
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simulation of the levelling process using one skew-arranged roll set.
The radius of the rolls (R) is 15mm and the distance between the roll
(L) is 30 mm.

In the previous studies,'® the optimized levelling condition was
found using the response surface method. The simulation result using
the optimized condition (6=47.03°, h;=0.49 mm and h,=0.60 mm) is
shown in Fig. 8(a). Unlike the levelling process using one skew-
arranged roll set, the plastic deformation is almost symmetric along A;-
A, and Az-A,.

The deflections of the sheet in the longitudinal direction and in the
transverse direction after the levelling process are shown in Figs. 8(b)
and 8(c), respectively. Prior to the levelling process, the deflection of
the sheet is 31.08 mm. After the levelling process using the optimization
levelling condition, the deflection of the sheet is 0.21 mm (1/151 of the
initial deflection). At the same time, the deflection in the transverse
direction also reduced to 0.020 mm (1/13 of the initial deflection). The

deflection in the transverse direction after the levelling process is shaped
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Fig. 9 Plastic strain distribution after passing first roll set and second
roll set (a) plastic strain in the x-direction along A;-A, and (b) plastic
strain in the y-direction along As-Ay

like an inverse ‘“W’, because the bending deformation did not occur at
the boundary of the sheet. By using two skew-arranged roll sets, the
sheet is almost straightened both in the longitudinal direction and the
transverse direction.

Fig. 9(a) shows the plastic strain distribution strain after passing the
first roll set and after passing the second roll set in the x-direction along
Aj-A,. After passing the second roll set, the plastic strain in in the x-
direction increases slightly. The second roll set has little effect on the
deformation in the longitudinal direction.

On the contrary, the second roll set has a significant effect on the
plastic strain distribution in the y-direction. Fig. 9(b) shows the plastic
strain distribution after passing first roll set and after passing second
roll set in the y-direction along Az-A,. After passing the first roll set,
the plastic strain in the y-direction is not symmetric at the center. It
results in the unbalanced distortion of the sheet. After passing the second
roll set, the plastic strain in the y-direction was changed to symmetrical
deformation. The bending deformation in the transverse direction and
the distortion of the sheet was minimized by using two skew-arranged
roll sets.

3. Experiments with the Levelling Process Using Skew-
Arranged Roll Sets

3.1 A sheet with sheared protrusions
In this work, a sheet with sheared protrusions was selected as an

example of the doubly curved plate, because manufacturing of the
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(a) Sheet with sheared protrusions

Fig. 10 Deformation of the sheet after cutting (a) Current collector after
springback (b) 200 mm in the longitudinal direction x 30 mm in the
transverse direction, and (c¢) 30 mm in the longitudinal direction x 200
mm in the transverse direction (Adapted from Ref. 21 with premission)

doubly curved plate is not a simple work.'”'® A sheet with sheared
protrusions is utilized for the current collector in molten carbonate fuel
cells (MCFCs).!"” A sheet with sheared protrusions is manufactured
from the three-stage forming process such as the slitting process, the
preforming process, and the final forming process.® In the slitting
process, the sheet is formed with sheared protrusions of low height. In
the preforming process, the sheet is stretched to the shape of the preform
in order to minimize local deformation. In the final forming process,
the sheet is formed with sheared protrusions of a taller height.

Owing to the residual stress induced during the three-stage forming
process, the sheet with sheared protrusions is bent with a specific
curvature in the direction in which the trapezoidal protrusions are
formed,® as shown in Fig. 10(a). The deformation modes of the sheet
after springback change with respect to the size of the sheet with
sheared protrusions. When the length in the longitudinal direction (i.e.,
the lengthwise pattern-aligned direction) is longer (Fig. 10(b)), the sheet
with sheared protrusions is bent in the longitudinal direction. When the
length in the transverse direction (i.e., transverse to the lengthwise
pattern-aligned direction) is longer (Fig. 10(c)), the sheet with sheared
protrusion is bent in the transverse direction. It means that springback
deformation of the sheet with sheared protrusions is biaxial bending
deformation of a rectangular plate.'

Lee et al.® designed the levelling process using three rolls for a sheet
with sheared protrusions. A sheet with sheared protrusions was flattened
in the longitudinal direction with three rolls. Figs. 11(a) and 11(b) show
the external geometries of the sheet with sheared protrusions measured
using an optical 3D scanner (ATOS III Triple Scan, GOM mbH). In
these experiments, the dimension of the sheet with sheared protrusion
is 530 mm in the longitudinal direction and 160 mm in the transverse

direction. Before the levelling process, the deflection in the longitudinal
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direction -20mm
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-60mm

-B0mm

/ -

(a) Before the levelling process
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(c) Trajectory of the sheet

Fig. 11 Results of the three-dimensional scanning (a) before the
levelling process (b) after the levelling process, and (c) Deformed
shape of the sheet in the transverse direction (B;-B,)

direction is 93.45 mm. After the levelling process, the deflection in the
longitudinal direction decreases to 1.04 mm.

The conventional levelling process has negative effect on the
deformation in the transverse direction. The deformed shape of the
sheet along B;-B, is shown in Fig. 11(c). Before the levelling process,
the maximum deflection in the transverse direction is 0.09 mm. The
bending deformation in the transverse direction is suppressed, because
the curvature in the longitudinal direction is the principal curvature.”'
After the levelling process, the sheet with sheared protrusion is bent in
the transverse direction, as shown in Fig. 11(c), because the moment in
the longitudinal direction is eliminated by the levelling process. The
deflection in the transverse direction increases to 0.76 mm.

The bending deformation in the transverse direction still remains after
the levelling process. The sheet is flattened only in the longitudinal
direction after the conventional levelling process. In order to straighten
the sheet with sheared protrusion both in the longitudinal direction and
the transverse direction, the levelling process using skew-arranged roll

sets was applied to the sheet with sheared protrusions.
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Fig. 12 Experimental set-up for the levelling process using two skew-
arranged roll sets

3.2 Experimental set-up

The experimental set-up for the levelling process using two skew-
arranged roll sets is shown in Fig. 12. The rolls in each roll set are
aligned in parallel. The lower rolls in the roll set are fixed and the
intermesh of the upper roll is adjusted by moving the upper roll. The
skew angle of the roll set (6, 6,) can be adjusted by rotating roll sets.
The roll sets can be skew-arranged to the desired skew angle.

The radius of rolls (R) is 15 mm and the horizontal distance between
rolls (L) is 30 mm. The radius of guide rolls is 15 mm. The guide rolls
can be skew-arranged idly. Six guide rolls are employed to move the
sheet in the desired direction (longitudinal direction). In the experiments,
the size of the sheet with sheared protrusions is 530 mm (longitudinal
direction) by 100 mm (transverse direction).

The sheet with sheared protrusions was considered as an orthotropic
plate. Material properties of the sheet with sheared protrusions were
obtained using finite element analysis where the simulation model was
constructed by using hexahedral mesh coarsening.”' Table 1 gives the
homogenized resultant material properties of the sheet with sheared
protrusions.

4. Levelling Process of the Sheet with Sheared Protrusions:
Results and Discussion

The main process variables are the skew angle of roll 1 (6,), the
skew angle of roll 2 (60,), the intermesh of roll 1 (h;) and the intermesh
of roll 2 (hy). As in the previous section, the skew angle of roll set 1
(0)) is fixed to 45° for the simplification of the experiment.

The experiments were designed using the response surface method."
From the preliminary experiments,'® the levels of three variables were
determined as described in Table 2. The results of the experiments were
evaluated using the ratio of the deflection in the longitudinal direction
(e1) and the ratio of the deflection in the transverse direction (e,). The
ratio of the deflection in the longitudinal direction (e,) is Az/z p where

Table 1 Homogenized resultant material properties of the sheet with
sheared protrusions (L means the longitudinal direction and T means

Transverse direction)
E. Er

(GPa) (GPa) Cur (GPa) i
13.21 5.83 1.4 0.22
(N'mm¥mm) ~ (N'mm%mm)  (N‘mm?*mm) (mm)

1163.25 406.61 116.75 24

Table 2 Design of experiments for the sheet with sheared protrusions

Case 0, () hy(mm)  hy(mm) lei] leal
1 40 2 35 0.077 0.490
2 40 1.5 3 0.304 0.190
3 40 2.5 3 0.010 0.342
4 40 2 2.5 0.108 0.420
5 45 1.5 2.5 0.124 0.526
6 45 1.5 35 0.402 1.458
7 45 2 3 0.072 0.424
8 45 2.5 35 0.454 1.640
9 45 2.5 2.5 0.015 0.360
10 50 1.5 3 0.013 0.490
11 50 2.5 3 0.072 0.482
12 50 2 2.5 0.077 0.536
13 50 2 35 0.097 0.490

Fig. 13 Experimental results: (a) Before the levelling process, (b)
Insufficient deformation (Case 2, 6,=40°, hj=1.5 mm, h,=3 mm), (c)
optimized result (6,=41°, hj=2.47 mm, h,=3.06 mm), and (d) Excessive
deformation (Case 8, 6,=45°, h;=2.5 mm, h,=3.5 mm)

Az, is the deflection in the longitudinal direction after the levelling
process and zp is the initial deflection of the sheet with sheared
protrusions in the longitudinal direction (93.4mm). The ratio of the
deflection in the transverse direction (e;) is Azy/zp where Az, is the
maximum deflection in the transverse direction after the levelling
process and zrp is the initial deflection of the sheet with sheared
protrusions in the transverse direction (0.76 mm).

In the optimization using response surfaces, terms such as 6,, h, hy,
85h,, 6,h,, hihy, 6,2 hy? and h,? are used. Using the response surface
method and the results of 13 experiments (Table 2), the optimization
result (6,=41°, h}=2.47 mm, h,=3.06 mm) was predicted to give

minimized values of |e| and |e,|.
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(b) Three-dimensional scanning result

Fig. 14 Optimized results: (a) The sheet with sheared protrusions after
the levelling process, and (b) three-dimensional scanning result after
the levelling process

For comparison with other cases, some experimental results are shown
in Fig. 13. Fig. 13(a) shows the initial sheet with sheared protrusion
before the levelling process. The deflection in the longitudinal direction
is 93.4 mm. When the bending deformation in the levelling process is
insufficient (Case 2, 6,=40°, h;=1.5 mm, h,=3 mm), the bending
deformation in the longitudinal direction remains as shown in Fig.
13(b). Fig. 13(c) shows the optimized result (6,=41°, h;=2.47 mm, h,=
3.06 mm). In this case, the sheet with sheared protrusions is straightened
both in the longitudinal direction and the transverse direction. When the
bending deformation is excessive (Case 8, 6,=45°, hj=2.5 mm, h,=3.5
mm), the sheet is distorted and bent as shown in Fig. 13(d).

In order to investigate the optimized results, the sheet with sheared
protrusions shown in Fig. 14(a) was measured using an optical 3D
scanner (ATOS III Triple Scan, GOM mbH) after the levelling process
using skew-arranged roll sets (6,=41°, h;=2.47 mm, h,=3.06 mm). The
three-dimensional scanning result is shown in Fig. 14(b). Before the
levelling process, the maximum deflection of the sheet with sheared
protrusions in the longitudinal direction (C;-C,) is 93.4 mm. After the
levelling process using skew-arranged roll sets, the maximum deflection
in the longitudinal direction is decreased to 1.39 mm (1/67 of the initial
deflection).

By using the skew-arranged roll sets, the doubly curved plate can be
flattened both in the longitudinal direction and the transverse direction.
Fig. 15 shows the deformed shape of the sheet with sheared protrusions
in the transverse direction (Cs-C,). The maximum deflection of the
sheet after the levelling process using conventional levelling process is
0.32 mm; and the bending deformation in the transverse direction
remains. After the levelling process using skew-arranged roll sets (6,=
41°, hi=2.47 mm, h,=3.06 mm), the maximum deflection in the
transverse direction decreases to 0.098 mm. The bending deformation
in the transverse direction was greatly reduced.

After the levelling process using two skew-arranged roll sets, the

flattened sheet with sheared protrusions is cut to the size of the unit cell

Result of the conventional

0.4-
_ 0.32 mm levelling process (Fig.11)
=} -
£ 034
Y
= 0.2
8
Z 04 0.098 mm
g
2 0.0] Using rotated
3 roll sets
0.1 T T - - -
0 10 20 30 40 50
Cs Lo

Transverse direction (mm)

Fig. 15 Deformed shape of the sheet with sheared protrusions in the
transverse direction (Cs-C,)

— Center Plate

Current collector —
(Sheet with sheared protrusions)

Fig. 16 Assembled unit cell of MCFCs

of MCFCs and assembled successfully, as shown in Fig. 16. By
flattening the sheet with sheared protrusions, uniform contact can be
secured. This contact can reduce the stress concentration on the fuel
cell and increase the long-term operation capability.

From the manufacturing viewpoint, the levelling process using skew-
arranged roll sets has a number of advantages. The forming process of
the metallic sheet can be integrated with the levelling process using the
skew-arranged roll sets. After the forming process of the metallic sheets
or plates, they can be bent either in the longitudinal direction or in the
transverse direction. Formed products move in the forming direction;
and the levelling process using skew-arranged roll sets can be directly
conducted after the forming process. By integrating the levelling process
and the forming process, the springback deformation occurring in the
forming process can be reduced both in the longitudinal direction and
the transverse direction by the levelling process.

In this work, the optimized levelling condition was found by using
the response surface method because determining the process variables.
The bending rigidity of the formed product depends on the forming

2223 and curvature after springback.?* In

process, the formed geometry
addition, variables of the levelling process using skew-arranged roll
sets such as roll intermeshes and skew angles are highly coupled. In
order to expand the applicability of the proposed levelling process, it is
necessary to find out the relationship between the skew angle of the roll
set (0) and the ratio of the bending moment in the longitudinal
direction. Also a new method for calculating optimized process
variables and the relationship among process variables and the formed

sheet is required.
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5. Conclusion

A new levelling process using skew-arranged roll sets has been
proposed in order to straighten a doubly curved plate. From the finite
element simulation, the effects of the skew angle and the roll intermesh
on the levelling process were investigated. The skew angle of roll sets
controls the ratio of the bending moment in the longitudinal direction
to the bending moment in the transverse direction. The intermesh of
roll sets controls the magnitude of the deformation. In addition, using
two skew-arranged roll sets results in minimized distortion of the sheet.

In the experiments, a sheet with sheared protrusions was selected as
an example of the doubly curved plate which is used in MCFCs as a
current collector. The optimized variables of the levelling process were
found using the response surface method. In the experiments, the
deflection both in the longitudinal direction and the transverse direction
decreased. The deflection in the longitudinal direction decreased from
93.4 mm to 1.39 mm. In addition, the deflection in the transverse
direction decreased from 0.32 mm to 0.098 mm. By using the levelling
process with two skew-arranged roll sets, the bending deformation in
the longitudinal direction and in the transverse direction was
simultaneously flattened.
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