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Abstract: The technological developments of this study represent a core component of x-EV battery cells. In recent years, the devel-
opment of x-EV-component technology has become very important in the automobile industry because of the reduction in energy
resources and environmental problems. An EV battery pack has several modules composed of numerous pouch-type cells. The target
product for this technological development is a current collector, which is a core component of a cell. A current collector consists of a
positive electrode and negative electrode, and serves to store and release electrochemical energy. The elemental materials used for the
anode and cathode current collectors are aluminum and copper, respectively. Mass-production press technology is required to respond
to the demand for current-collector parts. Therefore, this study presents a near-net-shape one-finish compounding cold-forging method
to reduce manufacturing costs and mass-production defects.
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1. Introduction Battery Cell

The world has recently transitioned to a carbon-neutral society
in response to climate change. Accordingly, we are currently de-

veloping a high-battery x-EV as an eco-friendly vehicle alterna- + Current Collector(-)

tive. In particular, considerable effort is being made to develop Figure 1: Current collectors of the positive and negative elec-

high-quality, flawless mass-production technology for core parts trodes of a battery cell

to secure an advantage in terms of increasing demand and price

competitiveness. 2. Current-Collector Production Process

The target product for this technological development is a cur: 21 Current Collector
rent collector, which is a core component of battery cells [1]. A . L .
The current collector of an electric vehicle is an important de-

current collector consists of a positive electrode and negative . .

vice that transfers electrical energy from an external power
electrode, and serves to store and release electrochemical energy. . .

source to the vehicle. Because stable and efficient power transfer
The raw materials of the positive- and negative-electrode current . . . . . .

is essential during driving, shape accuracy is required. The shape
collectors are aluminum and copper, respectively [2]. The de- o o

of the current collector, which is the part to be studied, is shown
mand for this technological-development product is expected to . )

in Figure 2. It has a rectangular shape with a rounded center, and
exceed 12,000,000 EA annually; therefore, developing a technol- . . . .

the dimensions of the positive and negative parts are the same.
ogy that can produce the expected product quantity and reduce ) . ) . .

During forging, a protruding boss portion and dummy portion are
manufacturing costs is essential. Figure 1 shows the positions of .

formed on the upper and lower surfaces, respectively. After forg-
the current collectors of the positive and negative electrodes of a . .

ing, the boss part must be machined, and the dummy part and
battery cell.

burr must be removed.
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Figure 2: Dimensions and shape of current collectors

2.2 General Production Process

Most forging companies produce current collectors using tra-
ditional production methods because they supply them in small
amounts when needed. During the production process, cold forg-
ing and trimming are performed after the raw Al materials are
cut, as shown in Figure 3. The upper boss should be machined
after the forging process, and mechanical processing should be
performed after the trimming process to remove the lower
dummy and side burr.

The existing method increases the production cost of the parts.
Because the demand for battery cells will increase rapidly in the
future, production and price competitiveness cannot be secured
if they are produced using existing methods.

In addition, a pipe is generated in the boss part because of the fail-
ure to properly consider the metal-flow characteristics of aluminum
when forming the existing process (Figure 4(a), (b)). This is because

of the upward metal flow when forming the boss part. To prevent

this, the dummy part must be made in the opposite direction [3].

(a) Cutting (b) Cold forging (c) Trimming (d) Machining

Figure 3: General production process for current collector

(a) Pipeline (Al)  (b) Pipeline (Cu)

(c) Defects in the case of a large dummy part

Figure 4: General production process for current collector
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However, if the dummy part is too small, an internal pipe is formed;
if it is too large, problems such as noise generation and tool-life re-

duction occur (Figure 4(c), (d)).

3. One-finishing Compound Forging

3.1 Concept of One-Finishing Compound Forging

In this study, we propose a semi-finishing compound cold-
forging method based on a semi-finishing combination to prevent
mass-production defects in current collectors. The core of the
proposed method is to perform the raw-material cutting, forging,
and trimming processes simultaneously. Then, the final current
collector is produced by machining the boss and lower dummy
parts. The concept of the one-finishing compound-forging
method is shown in Figure 5.

When the raw material is added, the upper and lower tools then
descend, and the material is cut. The upper pin is maintained at a
constant height, and the forging process is performed by lowering
the upper and lower tools. Finally, the material is extracted. This
process is performed continuously, and a side burr is hardly gen-
erated by semi-structured forming without a trimming process.

In the existing process, a cutter and two sets of dies are re-
quired; however, in the development process, only one die set
can be formed. However, to mass-produce high-quality parts
without defects with the proposed method, the flow characteris-
tics of the material compared to the weight of the input material
must be understood. As shown in Figure 6, the flow direction of
the material varies greatly with and without dummy parts. There-
fore, in this study, the optimal dummy-part shape was determined
by applying the material-flow control method based on the

weight of the input material [4]-[6].

(c) 3™ step

(d)4™ step

Figure 5: Concept of one-finishing compound forging
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(a) Pipeline defect
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(b) Dummy part
Figure 6: Metal flow of dummy part
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Figure 7: Concept of dummy-part design

3.2 Dummy Part of Current Collector

In this study, to apply the net-shape cold-forging method, a re-
verse design was performed by setting the shape of the final forg-
ing to 4 mm. As described above, the shape determination of the
dummy part is important for forming the current-collector part.

As shown in Figure 7, the (D outer diameter of the dummy part,
@ height of the dummy part, and 3 angle of the dummy part are

important variables that determine the dummy shape.

4. Design of Dummy Part
Forming analysis was performed to determine the optimal
shape of the dummy part that could be formed without defects.
The objective function included the forming load, contact areas
of the boss and dummy parts, and height of the boss part. Under
the filling conditions inside the punch and die, a lower forming
load is better. The boss part satisfied the shape requirements if it

was 6.5 mm or greater.

4.1 Design Parameter and Orthogonal Array

In this study, the design variables that determined the shape of
the dummy part were the clearance, outer diameter of the dummy
part, and angle of the dummy part (Figure 8). The set variables
were those that had an important influence on burr generation

and the metal flow of the boss and dummy parts.

Clearance

Diameter of the dummy Angle of the dummy

Figure 8: Design parameters

Table 1: Design parameters

- Parameters Design
Clearance [mm] | Outer Diameter Angle
1 0.01 75 50
2 0.02 8.0 55
0.03 8.5 60
Table 2: Orthogonal array for FE-simulations
Parameters Design
Ne. Clearance [mm] Outertle)rlame- Angle
1 0.01 7.5 50
2 0.01 8.0 55
3 0.01 8.5 60
4 0.02 7.5 55
5 0.02 8.0 60
6 0.02 8.5 50
7 0.03 7.5 60
8 0.03 8.0 50
9 0.03 8.5 55

Punch

Workpiece

Die

Figure 9: Three-dimensional modeling for FE-simulation

The level of clearance was set to 0.01, 0.02, and 0.03 mm, and
the outer-diameter levels of the dummy part were set to @ 7.5, @
8.0, and @ 8.5. The dummy-part angles were set to 50°, 55°, and
60°. The height of the dummy part was analyzed under the same
conditions. In this study, the FE (Finite Element) simulation was

performed using an L9 orthogonal-arrangement table.

4.2 FE-Simulation

To perform a forming analysis on the dummy shape, three-di-
mensional modeling was performed on the tools and material
shapes, as shown in Figure 9. The analysis was conducted using
a 1/4 cross-section. Figure 10 shows the forming process for the
boss and dummy parts. The forming velocity was 1 m/s.

Table 3 lists the analysis results based on the orthogonal-ar-
rangement table. Regarding the forming load, No. 1 was the high-

est and No. 9 was the lowest. The contact area of the boss part used
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Table 3: Results of FE-simulations for each case

Parameters Design Results of FE-simulations
Boss
No | Clear Di- An- Forming Con- Dummy Bst
ance am- el Load tact Contact Height
eter [ton] [mm2 [mm2] [mm]
]
1 0.01 7.5 50 178 350. 254 7.10
2 0.01 8.0 55 138 326. 255 7.10
3 0.01 8.5 60 114 306 254 6.92
4 0.02 7.5 55 156 341 254 7.10
5 0.02 8.0 60 121 308 253. 7.10
6 0.02 8.5 50 113 306 253 6.96
7 0.03 7.5 60 115 309. 251 7.09
8 0.03 8.0 50 113 308 254. 7.04
9 0.03 8.5 55 103 303. 253. 6.77
o ’/" / " /
Yy '
e 455 » 4% » 4

Figure 10: Forming simulation of current collector
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<No.I :350.150mm>> <No.2 :326.166mm>> <No.3 : 306.104mm>>
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<No.4:341.385mm>> <No.5 : 308.786mm>*> <No.6 : 306.979mm>>
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<No.7 :309.111lmm>> <No.8 : 308.450mm>> <No.9 : 303.071mm>>

Figure 11: Contact area of boss part for each case

350.150mm?

254.957Tmm? 4

[ Underfilled

Figure 12: Contact area of boss part for each case

to determine the filling degree inside the tool was the highest for
No. 1 and lowest for No. 9. The contact area of the dummy part
was similar in all cases. The boss part was high in No. 1, No. 2,
No. 4, and No. 5, and the lowest in No. 9. However, in all cases,

satisfactory results of 6 mm or more could be obtained.

Mincheol Park

In all the cases, no pipeline, which is a dummy defect, oc-
curred. However, the larger the difference in the contact area of
the boss part based on the design variable and the larger the con-
tact area, the higher was the forming load. This was a natural re-
sult because the inside of the boss part was filled. That is, when
the clearance, outer diameter of the dummy part, and angle of the
dummy part were small, the inside of the tool was completely
filled by quickly filling the dummy part, and the metal flow pro-
ceeded to the upper boss part. However, this is unfavorable for
the life of the tool because of the rapid increase in the forming

load.

4.3 Application of ANN

In this study, an artificial neural network (ANN) was applied
to analyze the effect of the shape of the dummy part on the die
contact area and forming load of the boss part [7]. The influence
of the design parameters on the die contact area of the boss part
was analyzed by training the orthogonal array table in Table 3
(Figure 13).

The results obtained after training the neural network are
shown in Figure 14. As shown in the graph, as the clearance in-
creased, the contact with the boss part tended to decrease. More-
over, as the outer diameter of the boss part increased, the contact
of the boss part tended to decrease. Considering mechanical pro-
cessing, if the contact area of the boss part was 330 mm? or more,
the dimensional requirements of the boss part could be satisfied
after forging. As the contact area of the boss part increases, the

forming load increases.

G ANF -1 sysiom & Forming technology =, /F G ANF -1 systom & Froming tochnology = fj
= i T Sl T *ﬁ e | Sﬁ;
o — T L - — _— =

Figure 13: Training using ANN
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Figure 14: Predicted result for the boss-part contact area
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Figure 15: FE-simulation for selected conditions

(a) Die and punch (b) Field test

¥ N

(c) Current collector after field test

Figure 16: Test result of current collector in forming process

Therefore, considering the life of the tools, a clearance of 0.02
mm, boss-part outer diameter of 7.8 mm, and dummy-part angle
of 50° are advantageous. In this study, an analysis was performed
on this case, as shown in Figure 16. The analysis results were
similar to the predicted results for the contact area of the dummy

part, and the forming load was good at 150 t.

4.4 Field Test

Based on the forming analysis and neural-network prediction
results, a punch and die were produced using a clearance of 0.02
mm, an outer diameter of 7.8 mm, and a dummy angle of 50°.
Figure 16(a) shows the prepared punch and die shape, and Fig-
ure 16(b) shows the field test. After the final test, the shape of
the current collector after the forging process is shown in Figure
16(c). The test results showed that a good product shape was ob-
tained, and no defects, such as pipelines or incomplete filling,

occurred.

4. Conclusion

In this study, a mass-production press method was proposed to
respond to the demand for current collectors, which are a core
component of the battery cells of x-EVs. The proposed method
was a near-net shape one-finish compounding cold-forging

method, and the dummy-part shape was designed based on the

design variables. Consequently, the diameter, angle, and clear-
ance of the dummy part were identified, and the optimal combi-
nation of design variables applicable to the field was determined
through the application of neural networks. If the proposed forg-
ing method is applied, the mass production of various electric-
vehicle parts may be developed in the future. However, to verify
the reliability and mass-production applications of this study, ad-
ditional tests and FE-simulations should be performed in future

studies.
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