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Abstract: The battery performance of electric vehicles depends on the density and capacity of the
battery; thus, the battery cells must be assembled in as many layers as possible. Electric vehicle
batteries are typically composed of several cells which form modules connected by busbars, with
dozens of modules manufactured as battery packs. The ultrasonic metal welding (UMW) technology
is applied to such multilayered foil welding. This study analyzed UMW to ensure the weldability of
multilayered Cu foils and a Ni-plated Cu strip in lithium-ion battery cells through various approaches.
In UMW), the effect of the alignment on weld production and quality were examined through the
energy and mechanical performance of the weld by conducting comparative experiments on the
alignment of the horn and anvil. Additionally, the effects of UMW process parameters, such as
the welding pressure, amplitude, and welding time, were statistically analyzed. The weldability
evaluation and characteristic analysis were performed based on these variables. Furthermore, the
cross-sectional shapes and microstructure behavior of the Ni layers were analyzed based on the
weld quality.

Keywords: lithium-ion battery; ultrasonic metal welding; alignment; weldability; multilayered

1. Introduction

The demand for hybrid and electric vehicles with low carbon emissions has increased
rapidly in recent years as the environmental regulations corresponding to the reduction of
particulate matter and greenhouse gas emissions have been strengthened in the automobile
industry [1]. The powertrain system of electric vehicles uses an electric motor powered
by a battery, and the performance of the vehicles depends on the density and capacity
of the battery. Therefore, a battery manufacturing technology that connects numerous
cells is required to provide high-capacity batteries for electric vehicles. The batteries for
electric vehicles are typically manufactured by connecting several cells and a bus-bar to
form a single module, and dozens of modules are assembled into a battery pack [2]. Since
stable electrical conductivity and mechanical strength are essential for welding the battery
cells and the modules, a welding technology that can meet these requirements is essential.
Battery cells, which directly affect the battery performance, are connected to multilayered
foils and tabs. Materials such as Cu and Al, which present excellent electrical conductivity
and mechanical properties, are used as the main materials. Resistance spot welding, laser
welding, and the ultrasonic metal welding (UMW) have been used to weld the multilayered
foils with tabs similar to battery cell welding. Although resistance spot welding is advanta-
geous due to its speed and simple automation, it is unsuitable for Cu materials with high
thermal and electrical conductivity because the over-welded area is high [3,4]. Additionally,
it is difficult to produce sound welds using resistance spot welding owing to the thin Cu
foils [2]. Even though laser welding, which is specialized in automation, presents high
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production speed, the initial cost of the equipment is high, and it is difficult to ensure the
welding conditions for Cu materials with a high thermal conductivity, high reflectivity, and
low absorption rate. Furthermore, a large number of intermetallic compounds are formed
during fusion welding, which is difficult to control [5,6]. Conversely, the UMW process
is simple and advantageous owing to its low dependence on materials [7,8], and because
it allows wide welds in a short period by minimizing the formation of the intermetallic
compounds and energy loss at the contact part [9,10]. Therefore, this process has gained
widespread interest as a suitable technology for battery cell welding.

Various research groups have conducted studies on the process characteristics, weld-
ing phenomena, weldability evaluation, and welding characteristics of thin Cu plates to
expand the applicability of the UMW process. Luo et al. reported the weld formation and
mechanical interlocking of the interface in multilayered (four sheets) welding of Ni-plated
Cu materials [11]. Elangovan et al. analyzed the correlation between the welding strength
and welding conditions based on Taguchi’s robust design and an ANOVA analysis using a
pure 0.2 mm Cu sheet [12]. Yang et al. conducted a study on the correlation between the
tensile strength and microhardness corresponding to the welding energy and microstruc-
tural analysis obtained through complex dynamic recrystallization and grain growth at
the interfaces [13]. Additionally, Arimoto et al. performed an in situ observation of the
formation of weld bonding and a macroscopic plastic flow using a high-speed camera
with a combination of 17 layers of 7.0 um thick Cu foils and a 0.2 mm thick Ni-plated Cu
sheet [14]. Su et al. studied recrystallization behavior by analyzing the microstructures
and mechanical properties of pure Cu materials [15]. Das et al. investigated welding
quality through various analyzes using Al and Cu materials used for tab-to-busbar welding
combination [16], and compared mechanical strength, electrical resistance, and thermal
behavior [17]. Most related studies focused on single tab-to-tab or tab-to-busbar welding.
However, in actual welding, studies on the welding of high-density battery cells of a
foil-to-tab structure using multilayered foil are insufficient.

In this study, the UMW process is performed for 40 layers of multilayered Cu foils
and a thin Ni-plated Cu foil strip, which are applied to high-density lithium-ion battery.
The welding experiments were conducted using an 8 um thick multilayered Cu foil and
a 0.2 mm thick Ni-plated Cu strip. The welding characteristics are analyzed through
various approaches to ensure the weldability of multilayered Cu foils and Ni-plated Cu
strips, which are applied to the lithium-ion battery cells in the UMW process. The effect
of alignment on the weld production and quality is analyzed through the energy and
mechanical performance of the weld by performing comparison experiments based on
the alignment of the horn and the anvil in the UMW process. Additionally, the effects
of the UMW process parameters, such as the welding pressure, amplitude, and welding
time, are statistically analyzed. The weldability evaluation and characteristic analyses
are performed based on these variables. Furthermore, the cross-sectional shape and
microstructure behavior of the Ni layers are analyzed (FE-SEM: field emission scanning
electron microscope) based on the weld quality.

2. Experimental Procedure
2.1. Materials and Experimental Methods

In this study, 8 pm thick 99.99 wt.% pure Cu foils and a 0.2 mm thick nickel-plated
copper strip were used, which were applied to the cathode cell of an electric vehicle
battery. A UMW machine with a 3 kW maximum output power, operating at a frequency
of 20 kHz, was used as the welding equipment. A schematic of the UMW machine
is shown in Figure 1. The power source converts the AC power into high-frequency
electrical energy and then converts it into high-frequency mechanical vibration energy
using a converter when an alternating current (AC) power of 60 Hz is applied to the
power supply/controller. Subsequently, the mechanical vibration signal is amplified by
the booster and then transmitted to the welding material through a tool called a horn. The
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transferred welding materials are welded using the frictional heat generated by 20 kHz
ultrasonic vibration energy.

High frequency

electric energy - 1 [ | | 4@
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Power / Controller
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Figure 1. Schematic of ultrasonic welding system.

The welding test specimens, 20 mm in width x 50 mm in length x 8 pym and 0.2 mm
in thickness, as shown in Figure 2a, were used to perform the T-peel test for the weldability
evaluation. As shown in Figure 2b, the welding was performed by placing one layer of the
nickel-plated copper strip on the anvil side and 40 layers of Cu foils, which were arranged
to overlap on the horn side to which vibrations were applied. The horn and anvil used in
the experiment were fabricated as shown in Figure 2¢,d for the stable welding of the 40 Cu
foil sheets and the Cu-Ni strip.

Ni-plated Cu Strip 0.2 mm

o LAy

Cu foil 8 um

|

: Cu fail |
Anvil (40fsheet)|
|

50 mm

i
Ni-plated Cu strip
(1 sheet)

R 1

Figure 2. (a) Test sheet size; (b) joint type used in the experiment; (c) shape of tool horn; and (d)
shape of anvil.

The UMW process variables include the welding time, amplitude, and welding pres-
sure. This experiment was conducted under the conditions listed in Table 1 to derive the
welding lobe area of the target material.
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Table 1. Welding experimental conditions.

Variables Levels
Welding pressure (bar) 3,4,5,6
Peak-to-peak amplitude (um) 40, 45, 50
Welding time (s) 0.3,0.5,0.7,0.9

There is no international standard for the evaluation of the multilayered joints manu-
factured by ultrasonic welding, and the T-peel test was employed to measure the strength
of the joints. The weld strength was determined as the maximum load until failure on the
load-displacement curve. The equipment for the T-peel test consists of a motorized test
stand (MX2-500N, Imada, Aichi, Japan) and a digital force measurement gauge (DS2-500N,
Imada, Aichi, Japan). For the T-peel test, ultrasonic-welded samples were bent 90 degrees
in both directions by separating a tab and 40 sheets to form a T shape shown in Figure 3.
The 40 foils were held by the upper grip and a tab by the lower grip. The test was carried
out at room temperature with a crosshead speed of 50 mm/min.

(Unit: mm)

Figure 3. Schematic diagram of T-peel test method for weld performance evaluation.

For the cross-section analysis, the center of the horizontal line of the indentation mark
pressed with a horn was observed using optical microscopy and FE-SEM. The cross-section
was polished with SiC paper up to 4000 grit and diamond paste. The microstructure was
analyzed after etching for 1 min using the etchant by mixing distilled water, ammonium
hydroxide, and hydrogen peroxide in a volume ratio of 5:5:1.

2.2. Weldability Evaluation

Since the shape of the horn and anvil must be designed according to the material
combination for the UMW welding of multilayered foils, a clear establishment of the
welding standards is difficult. However, a total of 40 sheets of multilayered foil cathode
cells were welded using the UMW process in this study. The UMW experiments were
repeated with the current representative material combinations and welding standard
evaluated based on the experimental data. For the evaluation method, the evaluation
standards were divided according to the weld strength of the peak values (N) through the
T-peel test and the appearance condition. The evaluation standards were classified into
under weld, good weld, and over weld, which are listed in Table 2. As can be seen from
the Table 2, in the case of under weld, it shows weak maximum T-peel load of less than
40 N and shows the aspect of interfacial fracture. In the case of good weld and over weld,
interfacial fracture shapes are not seen, but unlike a good weld showing a maximum T-peel
load of 40 N or more, the measured strength values of the over weld were not constant,
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and the foil color was changed, which may give a problem to the material properties of the
foil such as electrical conductivity.

Table 2. Weld evaluation standards.

Weld Quality Under Weld Good Weld Over Weld
Maximum T-peel load <40 N >40 N N/A
Discoloration (Foil) X X o
j ‘/ . 4 {
Weld appearance ?il’j?sl..‘:‘ .

YNty
. 0

3. Results and Discussion
3.1. Alignment Effect

The upper parts of the horn specimen were clamped with a constant welding pressure
and then welded on the specimen through the friction of the mechanical vibration energy in
the UMW process. Table 3 shows the weld appearance and the cross section of the material
combination used in this study. In the case of misalignment, wrinkles are observed on the
weld surface due to the interference of the horn—foil contact and the anvil-tab contact, and
the weld cross-sectional shapes follow left-right asymmetry due to the misalignment of
the contacts between the horn and anvil. Conversely, very few wrinkles are observed on
the weld surface in the case of alignment, and the left-right symmetric weld is formed.
Additionally, a narrower welded area is formed in the case of misalignment when compared
to the case when it is aligned.

Table 3. Weld surface appearance and cross-section according to the horn alignment.

Misalignment Alignment

Horn-Foil Anvil-Tap Horn-Foil Anvil-Tap

Weld Appearance

Cross-section

Table 4 shows the fracture surface of the weld corresponding to the horn alignment
setup under the same welding conditions. The fracture surfaces of the weld are formed
under four different welding conditions depending on the alignment of the electrode. The
separation phenomenon is predominately observed in the case of misalignment due to the
fracture of the weld between the nickel-plated copper strip and the Cu foil. Conversely,
in the case of alignment, the fracture is observed only in the Cu foil and not in the weld.
Therefore, it is inferred that the fracture is observed in the Cu foil and not the weld, because
the strength of the weld is greater than that of the Cu foil.
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Table 4. Fracture surface of the weld according to horn alignment state.

Fracture Surface
Welding Time (s)

Amplitude Welding Pressure Misalignment Alignment
(um) (bar)
0.5 0.7 0.5 0.7
4
50
5

In the case of misalignment, as shown in Figure 4a, since the horn is asymmetrically
set up, less welding (output) energy is generated in the area to be welded. Conversely, in
the alignment setup, as shown in Figure 4b, the welding energy is large since the area to
which the horn is welded is relatively larger than in the case of misalignment.

(@)

(b)

Figure 4. Schematic of (a) alignment and (b) misalignment.

Figure 5 shows a comparison of the power signal under the conditions of 4 bar
and 50 pm amplitude among the welding conditions listed in Table 4, and it is verified
that the power signal of proper alignment is higher than the misalignment power signal.
Essentially, in the case of the alignment setup, more energy is applied to the weld than in
the misalignment setup, which is involved in the creation of the weld. The comparison
made corresponding to the alignment state shows that the larger the area of the weld where
the horn is pressed, the higher the welding energy that is formed. Therefore, ensuring
sound weldability is essential.
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Amplitude: 50 um
Welding pressure: 4 bar

3000
—
s 2000 Alignment
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)
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o 1000fF
J Misalignnment
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Welding time (s)

Figure 5. Comparison of power signals of misalignment and alignment under the same welding conditions.

3.2. Weldability Evaluation

The weldability evaluation is performed without the misalignment of the horn and
the anvil, which can be classified as welding disturbance. Essentially, it is performed in
a state where there is no alignment error between the horn and anvil. The experimental
conditions, as listed in Table 1, are repeated twice with a full factorial design with a welding
pressure at four levels, amplitude at three levels, and welding time at four levels.

Figure 6a,b present the comparison of the relative magnitude and statistical signifi-
cance of both the Pareto chart and its main effects. In the Pareto chart effect of Figure 6a,
the effects of the welding pressure, A, and the welding time, C, are statistically significant
(o« = 0.05). Furthermore, the effect of A (welding pressure) is the largest, and the effect
of B (amplitude) is the least in the graph. For the main effect of each factor in Figure 6b,
the average strength increases with the increase in the welding pressure, but the average
strength is not significantly affected by the amplitude. Additionally, the highest average
strength is obtained at a welding time of 0.7 s.

Pareto chart of the effect
(response is strength, = 0.05)

2,011
@ Ak | Factor Name
A Welding pressure
ct | B Amplitude
C Welding time
ACF
c [ ]
& ABCF ]
At [
BCF
Bl
012345672829
Effect (a.u.)
Main effect plot for strength
Data means
®) 75, 750 751
Z 70k - Z w0t =70k
o L y 4 - = 65k A
g 65 g 65 g 65 -
c 60f . = 60 . = 60F ¥
2 551 5 55 Essf -
= £ £ g
% 50F % 50F 250
E 454 £ 45} gast ®
6 ‘5 Y
c 40F ¢ 40F S 40}
& &8 acl 5]
o 35- 3 35 & 354
= —_ . = | I = —_
3 4 5 6 40 45 50 03 05 07 09
Welding pressure (bar) Amplitude (um) Welding time (s)

Figure 6. (a) Pareto chart effect and (b) main effect through statistical analysis.
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Figure 7 shows the welding lobe region based on the average value of maximum T-peel
load based on the welding evaluation standards in Table 2. The under weld is mostly
observed when the welding pressure is three bars. The standard strength value is satisfied
for the welding time of 0.9 s, but the over weld is observed because of the discoloration of
the weld foils caused by the high welding energy. In the condition of the good weld, the
welding pressures are 4-6 bars, and the welding times are 0.3 s and 0.5 s. Additionally, the
over weld is observed in all the welding pressures and at the welding times of 0.7 s and 0.9 s.
Therefore, it was verified that sound weldability can be ensured in the region of the welding
condition for the welding pressure of 3 bars or more and the welding time of 0.5 s or less.

40
45 Under weld 3
50

40
45
50
40
45 Good weld
50
40
45
50

N

Welding pressure (bar)

— Over weld =

Amplitude (um)
|
ol

(o]

0.3 0.5 0.7 0.9
Welding time (s)

Figure 7. Weld lobe region.

3.3. Cross-Section Analysis

Table 5 shows the cross-sectional images corresponding to the weld quality compared
with the strength values. Under the weld condition, it is verified that the strength value
does not meet the standard due to unbonded region in the weld where the horn knurl is
engaged with the anvil. It is observed under the process conditions of low welding pressure
and welding time and is thus considered to be under-welded due to the insufficient welding
energy. In the over weld condition, thinning is observed in the weld where the horn knurl
is engaged with the anvil, and cracks exist on the slope of the outer sheets. Due to these
two phenomena (thinning and crack), it is determined that the strength value does not
meet the standard. Additionally, it is inferred that the thinning and cracking are caused by
the excessive energy produced by the welding involving excessive welding pressure and
welding time. Conversely, the defects such as gap, thinning, and cracking are not observed
in the weld where the horn knurl is engaged with the anvil in a good weld condition.
Therefore, it is concluded that the weld strength and appearance quality which satisfy the
quality standards are ensured by the formation of a weld of sufficient size.

Table 5. Cross-section images and T-peel strength according to weld quality.

Weld Quality

Weld Cross-Section Maximum Load (N)

Under weld

Good weld

Unbi

ounded region

s /A y X “ 267

: / =\ 38
,v‘:_w*;;&%‘xi’/

60.0
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Table 5. Cont.

Weld Quality

Weld Cross-Section Maximum Load (N)

Over weld

31.8

The weld where the horn knurl is engaged with the anvil according to the welding
quality is observed using FE-SEM, and the movement and distribution of the Nilayer coated
on the surface of the lower strip are analyzed through EDS (energy dispersive spectroscopy)
mapping (Table 6). The Ni-coated layer of the strip has a distinctly continuous interface
in the under weld, which indicates that there is no metallurgical bond between the foil
layers and the strip. In the Ni layer, the coating material of the lower plate is observed
all the way to the top of the weld in the over weld, which is considered as a driving
force for the occurrence of thinning due to excessive plastic deformation. The Ni layer
exists discontinuously by pushing and moving down to the lower part of the weld in
the good weld, indicating that there is a metallurgical bond between the foil and the
strip. The main purpose of nickel plating is to prevent corrosion and to enhance the
weldability of highly conductive materials [18]. This is because nickel has a higher thermal
and electrical resistance than copper [19]. For battery applications, the joints require high
conductivity because electrical energy should be transmitted. Therefore, when the nickel
layer is discontinuous at the interface, the electrical energy loss in the joint could be reduced.

Table 6. Ni and Cu distribution according to weld quality by EDS mapping.

Weld Quality

Image

Under weld

Good weld

Over weld
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Figure 8 shows the etched cross-sectional images illustrating the grain size and ma-
terial bonding corresponding to the welding quality. The etching solution is prepared by
mixing distilled water, ammonium hydroxide, and hydrogen peroxide in a volume ratio
of 5:5:1. Figure 8a shows the structure of the Ni-coated Cu base metal. The under weld
is separated by a coating layer between the foil and the strip, and there is an unbonded
region at the interface between the foils, as shown in Figure 8b. At the lower end of the
strip, a recrystallization zone is formed due to deformation and frictional heat produced
during the ultrasonic welding. The bond between the foil layers and the metallurgical
bond between the strip and the foil are formed in the weld as shown in Figure 8c. Overall,
the recrystallization zone expands, and the micronized crystal grains are observed. The
deformation and the Ni layer movement due to the excessive energy flow are shown in
Figure 8d.

Nickel-plated copper strip | Under weld

Unbomdtiiz

Figure 8. (a) Etched surface cross section image of Ni-coated Cu base metal. Etched cross-sectional
images according to the welding quality of (b) under weld, (c) good weld, and (d) over weld.

4. Conclusions

This study analyzed the welding characteristics through various approaches to ensure
the weldability of 8 um thick Cu foils and a 0.2 mm thick Ni-plated Cu strip, which were
applied to lithium-ion battery cells in the UMW process. The conclusions drawn from the
experimental results are as follows:

(1) In the UMW, it was proved that the horn alignment setup condition affects the
weldability by performing comparative experiments. A sound weld can be ensured
due to a high welding energy even under the same conditions by forming a higher
weld area where the knurl of the horn is engaged with the anvil in the horn-aligned
setup when compared to the case of misalignment.

(2) The experiment was conducted based on the designed experimental method, and the
weldability was analyzed using statistical techniques. Based on the analysis of the
Pareto chart and main effect, it was confirmed that the amplitude factor was almost
unrelated to the average strength, and that the welding pressure and welding time
factor correspond to the average strength.

(3) The welding lobe area was derived according to the weldability evaluation standards.
Consequently, sound weldability was ensured in the region of welding conditions
with a welding pressure of 3 bars or higher and a welding time of 0.5 s or lesser in the
used material combination.
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(4) The cross-sectional images corresponding to the weld quality and the behavior of
the Ni layer and microstructure were analyzed using FE-SEM. Consequently, it was
observed that no metallurgical bond was formed in the under weld due to unbonded
region in the weld where the knurl was pressed. The deformation and movement of
the Ni layer were observed in the over weld because of the thinning that occurs due
to the excessive flow of energy into the weld where the knurl was pressed.

(5) This study is a basic analysis of the welding of battery cell materials of multilay-
ered foils. The obtained research results can be effectively utilized in the welding
production of high-density battery cells and the development of UMW welding qual-
ity monitoring technology. The future scope of the study include the conduction
of research on the development of monitoring technology for the UMW process of
high-density battery cells.
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