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Abstract. This paper presents investigations on multi-stage deep drawing for producing a
flat and deep rectangular case, of which a cross section is high aspect ratio. Effects of a blank
shape on a formability was investigated for preventing a local thinning and a large ear by using
the finite element method (FEM) analysis. The multi-stage deep drawing was composed of four
stages. The first and the second stage were deep drawing and redrawing process, and the third
and the fourth stage were ironing process. The blank was the rectangle with the elliptic corners,
and the longitudinal length /» and the elliptic corner length r1b was changed. The local thinning
and the ear were reduced by appropriately setting /b and rib. In addition, the effect of the aspect
ratio on the formability was small. Therefore, the optimized blank could be applied for forming
the flat and deep rectangular case with various aspect ratio.

1 INTRODUCTION

Production of the electric vehicle (EV) is drastically expanding for achieving sustainable
developments, and manufacturing technologies of various components of the EV are important.
A lithium-ion battery case is one of the specific components of the EV. The battery case is a
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flat and deep rectangular container, which has a cross-sectional shape with high aspect ratio as
shown in Figure 1(a), because this shape is appropriate for a heat dissipation and a space saving.
High dimensional accuracy is required in order to apply this container to the battery case. In
addition, the aspect ratio of the cross-section should be increased for large capacity. The battery
case was generally produced by multi-stage deep drawing, impact extrusion and welding. The
impact extrusion is effective for mass production because the processing time is very short [1].
However, it is difficult to precisely control the wall thickness. The deep case without any
defects is easily produced by the sheet metal bending and welding [2], while it is difficult to
secure stable welding strength. Therefore, the multi-stage deep drawing is appropriate for
producing the battery case because it realizes high dimensional accuracy and lower processing
load compared to the impact extrusion, and mass production compared to the sheet metal
bending and welding.

Some forming defects, such as a crack, a wrinkle and ears, should be prevented on the deep
drawing. There are many research works about deep drawing, and process parameters had been
optimized [3]. For example, the wrinkles and the cracks could be prevented by appropriately
controlling the blank holder force [4,5]. The blank shape is also important for preventing the
crack and the ear, and it should be considered depending on the cup shape [6]. However, there
are few investigations for the multi-stage deep drawing of the flat rectangular cup, which is
used for the battery case.

The deformation style on forming the flat rectangular case is considered to be different from
that on forming the cylinder or the square cup. It is a combination of the bending and the deep
drawing as shown in Figure 1 (b). The middle portion in the longitudinal direction is simple
bending and unbending, while the deformation style at the edge portion is considered to be the
radial stretching with the hoop shrinkage. In the range between the middle and the edge, it is
considered that the deformation style change from the bending to the deep drawing. For forming
the flat rectangular cup without any defects, the deformation behaviour should be understood,
and optimum forming parameters should be investigated. In particular, the blank shape is
important for preventing the crack and reducing the ear.

In this study, the effect of the blank shape on the formability was investigated by using the
finite element method (FEM) analysis on the multi-stage deep drawing of the flat and deep
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Figure 1: Schematic diagram of forming flat and deep rectangular case
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rectangular case. The thickness distribution and the ear height were evaluated for each drawing
stage. After optimization of the blank shape, the effect of the aspect ratio was investigated for
clarifying the range in the application of the optimized blank shape.

2 METHOD

Figure 2 shows an analysis model of four-stage deep drawing for FEM. An elastic-plastic
analysis was carried out by using a commercial code “ELFEN” which was developed by
Rockfield Software Limited, Swansea. The model was three dimensional, and an explicit
scheme was adopted. The model was half by considering symmetry of the blank and the
rectangular case for shortening the analysis time.

Figure 3 and Table 1 show the blank shape and conditions for forming the case of which the
dimension is /cxwexhe as shown in Figure 1 (a). The blank was elastic-plastic, and the von Mises
yield criterion was adopted. The element shape was four-node tetrahedral. Adaptive remeshing
scheme was adopted for preventing distortion of the element. A grid, of which a size was 2x2
mm, was set to the blank surface in order to see the flow pattern on the analysis with the adaptive
remeshing. The blank shape was determined by the length /v, we, and the corner length 7iv, 7wb.
The blank shape was changed variously by changing /» and wsb, while /yb and /yb were constant.
I and wp was determined as follow,

I, =1, +2ah, (D)
b = Bron 2

where a and f are length factors for controlling /» and we. If @ is 1.0, the distance between the
blank end and the die hole in the longitudinal direction was the same as that in the width
direction. The blank corner shape was a circular arc in a case of o=1.0, otherwise it was an
elliptic arc.
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Figure 2: Schematic diagram of analysis model
(First stage) Figure 3: Blank shape



Shohei Kajikawa, Tomoya Takasan, Takashi Kuboki, Kenji Tamaoki,
Katsuyuki Onishi, Akira Gunji and Akira Yamauchi

Table 1: Conditions for blank for forming case which dimension is /:XwcxA.

Material Aluminum alloy 3003 (Elastic plastic)
Swift’s equation 0=218(,10.0026)"**°
Length ly [mm] [+2ah,

wp [mm] Wet2he
Corner length rib [mm] Srub

Fwb [mm] We/2+h.
Thickness # [mm] 2
Average length of 1 stage 0.60~0.70
element edge [mm] 2 stage 0.60~0.70

3 stage 0.45~0.55

4 stage 0.25~0.35
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Figure 4: Schematic diagram of cross section of tools

Figure 4 and Table 2 show the schematic of the detailed tool shapes and dimensions, and
Table 3 shows the working conditions. The punch and the die were rectangular shape which
corners were rounded. The blank was formed by moving the die, while the punch was fixed.
The force Fvh was loaded to the blank holder, and a minimum gap between the die and the blank
holder was #s by setting the spacer which thickness was #. Figure 5 shows the cross sectional
views for each stage. The blank was drawn and redrawn in the first and the second stages. After
the second stage, the side wall was ironed at the third and the fourth stages.

Thickness ¢ and height % of the formed case were evaluated. Ear height /ear was defined as
the following equation

hea.r = hmax - hmin (3)

where /max and /min are maximum and minimum height of the case. Short /ear leads to the scrap
reduction.
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Table 2: Tool dimensions for forming case which dimension is /:Xwexhe

Stage number

1 2 3 4

Die Length /4 [mm)] [-+16.5 I +1.31 1+0.41 L

Width wq [mm] wet+16.5 wet1.31 wet0.4t) We

Corner 7.4 [mm] 10 10 10 10

radius 7bd [mm] 14.9 4.3 2.5 2.0
Punch  Length /, [mm] 1+16.5-2¢ 1-0.71 1-0.71 1-0.7to

Width w, [mm] wet16.5-2¢ we-0.7ty we-0.7t0 we-0.7t0

Corner 7y [mm] 5 1.7 1.7 1.7

radius 7y, [mm] 12.9 2.3 2.3 2.3
Clearance ¢ [mm] to to 0.551 0.35¢%
Spacer thickness # [mm] t+0.5

Table 3: Working conditions

Blank holder force Fun [N] 2000
Friction coefficient Blank-Punch w, 0.22
Blank-Die yp 0.05
Blank-Blank holder ¢ 0.05
Stage Before processing In processing Product
Blank
1
2
3
4

Figure S: Cross sectional view during process
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3 RESULT AND DISCUSSION

3.1 Effect of blank length

The effects of the blank length /» on the formability in the first and the second stage was
investigated. Table 4 and Figure 6 shows the conditions and a quarter of the blank shapes with
the die shape for this investigation. The blank corner length 7ib was constant to 43 mm, of
which the length factor § was 1.0. Figure 7 shows the deformation of the grid after the first and
the second stage drawing when /b was 176 mm. The grid did not deform at the middle side in
the longitudinal direction. This suggests that the wall deformation was the bending and the
unbending by passing on the die corner, and then the wall was not stretched at the middle
portion. On the other hand, the grid largely stretched in the height direction, while it shrank in
the hoop direction at the edge side. Therefore, the edge side height was higher than the middle
side height. The deformation style at the edge side is similar to that of the deep drawing for

Table 4: Conditions for investigation on effect of

blank length _ 80
Target Length /. [mm] 137 g 70
case  Width w. [mm] 13.3 = 60 193 mm
- 176 mm
shape  Height 4 [mm] 36.35 g 50 210 mm
Blank  Length /, [mm] 159 (0=0.30), £ 40
_ 2 [,=159 mm
176 (0_0.54), 8 30 st die .
185(a=0.66), o 20 4th die
193 (a=0.77), 0 ¥
202 (¢=0.89), 0
210 (a=1.00) 0 20 40 60 80 100 120
Width wy [mm] 86 Coordinate x [mm]

Corner _rip [mm] 43 (f=1.00) Figure 6: Effect of blank length /, on blank shape
length  rw[mm] 43 (B=1.00)

|Grid area

(a) Initial blank shape

(¢) 2nd stage

Figure 7: Deformation of grid in first and second stage (a=0.54, f=1.00)
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forming the cylindrical or the square cup. From this result, it was confirmed that the
deformation style on forming the flat rectangular case is the combination of the bending and
the deep drawing.

Figure 8 shows the appearances of the cases with the distribution of the thickness ¢ after the
first and the second stage drawing. The distribution of # changed by the blank length /», and a
local thinning occurred at the punch shoulder at the edge side. In addition, the height /4 at the
edge side changed with the change of /v. In the case that /b was too short such as /b=159 and 168
mm, a folding occurred in the second stage, because 4 was too low at the edge side after the
first stage as shown in Figure 8 (a). On the other hand, % at the edge side increased with an
increase in Jb.

Figure 9 shows the effect of the blank length /» on the minimum thickness #min. fmin decreased
with the increase in /b in the first stage. This is because the drawing load was high due to large
flange shrinkage in the hoop direction at the edge side as shown in Figure 7, which led to the
local thinning at the punch shoulder. This local thinning of the first stage affected the thickness
distribution of the second stage. In the second stage, fmin also decreased with the increase in /»
as shown in Figure 9, and the thin area was large on the side wall as shown in Figure 8 (d).

Figure 10 shows the effect of the blank length /v on the ear height /ear. In the first stage, Aear
changed with the edge side height, while the middle side height was almost constant. When 7
was 159~176 mm, the edge side height was smaller than the middle side height. Then, /ear
decreased with the increase in /» as the edge side height increased to the middle side height. On
the other hand, the edge side height was larger than the middle side height when /b was 185~210
mm. Then, /ear increased with the increase in /v, because the edge side height increased although
the middle side height was constant. In the second stage, the folding occurred as the edge side
height was too low under the condition of /=159 and 168 mm. When /b was larger than or equal
to 176 mm, the edge side height got larger due to the radial stretching with the shrinkage in the
hoop direction, and then /ear increased with an increase in /b. From the above result, the
appropriate blank length /o was 176 mm, which a was 0.54, for preventing the folding, the local
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Thickness
t [mm]
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stage

2nd
stage

Fol(llng

[TTTTTTTT]

(a) [,=159 mm (b) /,=176 mm (¢) [,=193 mm (d) 7,=210 mm
Figure 8: Case appearances with thickness ¢ distribution for each blank length /, (f=1.00)



Shohei Kajikawa, Tomoya Takasan, Takashi Kuboki, Kenji Tamaoki,
Katsuyuki Onishi, Akira Gunji and Akira Yamauchi

2 50
gl8 T 1st stage
E1.6 __ 40 t
5 14 r g 2nd stage
212 K 30
ﬁ 1 I~ =
1 <
£08 t \ “ 220 |
06 o
z 2nd stage S
£ 04t 10
s 02 1st stage
O 1 1 1 O 1 1 1
150 170 190 210 230 150 170 190 210 230
Blank length /, [mm] Blank length /, [mm]
Figure 9: Effect of blank length /, on minimum Figure 10: Effect of blank length /, on ear height
thickness /min after first and second stage (5=1.00) hear Of case after first and second stage (8=1.00)

thinning and the ear. However, the blank volume at the edge side should be decreased more
for reducing the ear, because the edge side height was larger than the middle side height in the
case that /b was 176 mm as shown in Figure 8 (b).

3.2 Effect of blank corner length

The effects of the blank corner length r1b on the formability was investigated. Table 5 shows
the conditions on this investigation. The blank length /» was constant of 176 mm (Length factor
0=0.54), which was optimum when the blank corner was the circular arc (Length factor f=1.0).
Figure 11 shows the blank shapes with the die shape in this investigation. The blank corner
shape was the elliptic arc, and the blank volume decreases with the increase in 7.

Figure 12 shows the appearances of the cases with the distribution of the thickness 7 after the
first, the second and the fourth stage. The distribution of # changed by the blank corner length
rb. The area of the local thinning, which occurred at the edge side punch shoulder, decreased
with the increase in 71 after the first stage. In addition, the edge side height decreased with the
increase in 7 after the first stage, which lead the difference of the ear shape after the fourth
stage.

Figure 13 shows the effect of the blank corner length r1b on the minimum thickness #min. fmin
slightly increased with the increase in 7 at the first and the second stage, but these changes
were small. On the other hand, the ear height /ear drastically changed by rib as shown in Figure
14. After the first stage, sear was minimum when 71, was 54 mm. On the other hand, the optimum
b for preventing the ear changed to 64 mm after the second stage, because /ear increased with
the edge side height increasing due to the radial stretching with the hoop shrinkage by the
redrawing. As for the third and the fourth stages, which were ironing process, /ear increases in
each stage, while the optimum 71, was constant of 64 mm. Therefore, it was important to prevent
the ear occurrence at the drawing and redrawing process before the ironing process.
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Table 5: Conditions for investigation on effect of

blank corner length 80
Target Length /. [mm] 137 _ 10
case Width w, [mm] 13.3 g 60
shape  Height 4. [mm] 36.35 = 50
Blank  Length /, [mm] 176 (0=0.54) g 40
Width wp [mm] 86 £ 30
Corner rp[mm] 43 (5=1.00), g 20
length 54 (p=1.26), O 10
64 (f=1.49), 0
74 (6=1.72),
84 (5=1.95) Coordinate x [mm]
rwh [mm] 43 Figure 11: Effect of blank length 71, on blank shape
(a=0.54)
Thickness ¢ [mm]
Ist 21
stage '
4 i
‘ 0.5
2nd ' [‘m; ]1
stage '
0.9
f [mm]
2.2
4th
stage
0.6

(@) rp=44 mm (b) r;,=64 mm (©) ;=84 mm

Figure 12: Case appearances with thickness distribution for each blank corner length 7y,
(0=0.54)
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Figure 13: Effect of blank corner length r, on Figure 14: Effect of blank corner length ry, on ear

minimum thickness #min after each stage (0=0.54) height /., after each stage (a=0.54)

3.3 Effect of aspect ratio

The effect of the aspect ratio /c/w. was investigated for clarifying the range in the application
of the optimized blank shape, which was determined by length factor a and f. Table 6 shows
the conditions on this investigation. /c/w. was changed by changing the target length /c of the
case while target width we was constant. The blank length /b was changed along with /lc/wc,
while the length factors a and S were constant. a and 5 were 0.54 and 1.72 based on the previous
investigations. The blank shape was ellipse under the condition of /=89 mm, and it was
rectangle with elliptic corner under the condition that /c was 103~274 mm.

Figure 15 shows the change of the case appearances when the aspect ratio /c/we was varied.
The effect of /c/we on the thickness ¢ distribution and the ear shape was very small. The effect
of on the minimum thickness fmin and the ear height /ear was also small as shown in Figure 16
and 17. From this result, the optimized length factor a and £ could be applied to forming the
flat rectangular case with the cross section which aspect ratio is extremely high. On the other
hand, the optimized a and f is not applied to the condition that /c/w. is lower than 6.7, because
the blank length is shorter than the length of double length of ri. Therefore, a further
investigation is needed if the flat rectangular case, which lc/wc is lower than 6.7, is needed.

Table 6: Conditions for investigation on effect of aspect ratio

Target case shape Length /; [mm] 89, 103, 137, 172, 206, 240, 274
Width w. [mm] 13.3
Height 4. [mm] 36.35

Blank Length /, [mm] 128, 142, 176, 211, 245, 279, 313 (0=0.54)
Width wp [mm] 86

Corner rib [mm] 64 (5=1.49)
length rep [mm] 43

10
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Figure 15: Case appearances after 4th stage with thickness ¢ distribution for each aspect ratio //w.
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thickness fmin after each stage height A, after each stage
(0=0.54, p=1.72) (0=0.54, p=1.72)

4 CONCLUSIONS

This paper presents the effects of the blank shape, such as the longitudinal length and
the corner shape, on the four-stage deep drawing for forming the flat and deep
rectangular cup, which the aspect ratio of the cross section is extremely high.

The blank shape was the rectangle of which the length and the width are /» and wb, and
the corner shape is elliptic arc of which the longitudinal and the width length are 71
and rwb. The effect of /b and 71b on the thickness and the ear height was investigated by
the finite element analysis in this study.

The local thinning and the large ear occurred when the blank length /v was too large,

11



Shohei Kajikawa, Tomoya Takasan, Takashi Kuboki, Kenji Tamaoki,
Katsuyuki Onishi, Akira Gunji and Akira Yamauchi

or the corner length 7ib was too small. On the other hand, the edge side height became
low and the folding occurred when the blank length /b was too short, or the corner
length rib was too large.

- The optimum blank length /» was determined as the distance between the blank end the
fourth die hole end in the longitudinal direction was 0.54 times of that in the width
direction. The optimum corner length 71 in the longitudinal direction was 1.72 times
of the corner length rwb in the width direction.

- The effect of the aspect ratio of the case cross section on the formability was small
under the condition that the aspect ratio was 6.7~20.6. Therefore, the optimized blank
could be applied for forming the flat rectangular case with various aspect ratio.
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