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Abstract: The aim of this study was to characterize selected properties of joints made by single-sided serial
resistance spot welding of 0.15 mm thickness Hilumin connectors to the negative terminal of
LGDBHG21865 lithium-ion cylindrical battery cell. Welding process was performed using production
parameters to properly represent actual manufacturing conditions. Mechanical properties of the joints
were examined by means of tensile stress test and microhardness measurements while additional studies
include metallographic analysis of the joint cross sections by means of optical and scanning microscopy.
Energy dispersive spectroscopy was performed in order to determine surface distribution of elements
within the weld nugget. Studies confirmed suitable microstructure of welded joints, repeatability of the
welding process and proper selection of the welding parameters.
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Introduction

Recent changes in environmental laws are rising awareness of climatic changes puts pressure on
manufacturing industry to constantly develop new ways to electrify their product and production facilities.
Currently the only feasible way to achieve this is using battery powered devices. To achieve this goal cost-
effective methods of battery pack manufacturing need to be constantly developed. Most common type of
battery cells used for battery packs manufacturing are 18650 lithium-ion cylindrical cells. However, to meet
the requirements for larger nominal voltage, capacity and rated current cells of this type need to be
interconnected into larger battery packs with the use of joining processes such as laser welding, ultrasonic
welding, wire bonding and resistance spot welding[1]. Laser welding requires high initial investment and
extensive process development [2-4]. Ultrasonic welding requires high core pack rigidity due to forces
involved and generates large amount of heat [5-7] that can lead to cell damage. Wire bonding is very
susceptible to changes in battery pack geometry and state of the battery case surface [8,9]. Resistance welding
does not require relatively high initial investment [10,11] and allows for use of manual labor or high level of
automation depending on production needs. It requires no extensive process development, surface
preparation and in situ monitoring of the process does not require complicated measuring equipment [12],
[13]. Due to this it is the method most used for interconnecting of battery cells in small to medium battery
pack manufacturing.

Resistance spot welding is a thermoelectrical fusion welding process [14] which can be characterized by
three steps. At first joint materials are pushed together by the electrodes. Next the current flow is introduced
between two electrodes through the joined materials. This is associated with generation of Joule-Lenz heat
at the materials interface area, which is characterized by increased resistance. Generated heat leads to melting
and then blending of both materials. As the last step current flow is stopped and the joint is allowed to
recrystallize under pressure. This results in formation of a permanent connection between the joined
materials.
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Fig. 1. Current flow in process of one side series spot welding

One of resistance welding methods used in battery pack manufacturing is series spot welding. This
process occurs through passing of welding current between two parallel electrodes contacting one of the
welded materials. Current passes through the connector material to the substrate material resulting in
generation of heat on the electrode-connector interface and connector-substrate interface as shown on
Figure 1. This method is limited to thin connectors, but its main advantages are the ability to make
a connection with access to just one side of the joined materials and the fact that the weld is formed mainly
in the material on the electrodes side. This is crucial since battery shell melt through leads to its damage and
can result in cell thermal runaway and consequently a fire [15-16].

Materials and Methods

This study is focused on characterization of selected properties of one side series spot welded joints
between 0.15 mm Hilumin, which is a kind of nickel-plated DC04 steel, connector, and 0.3 mm thick negative
terminal of LG DB HG2 18650 battery cells. Materials and welding parameters have been taken from
production to properly illustrate a real manufacturing process. DC04 steel chemical composition can be seen
in Table 1. Battery shell material has not been specified by the manufacturer. The material most used in
battery shell production is also Hilumin or other brands of nickel-plated low carbon deep draw steel.

Table 1. Chemical composition of Hilumin [17]
C Mn P S Al Si B
Content 0.047 0.235 0.011 0.010 0.059 0.002 0.002
[wt. %] '

Table 2. Welding parameters and measured welding current

. . Current Current
Welding time Squeeze force
Parameter Squeeze [ms] Voltage [V] RMS [A] peak [A]
[ms] [N]
Value 30 140 21 28 1850 2250

Welding parameters have been presented in Table 2. Squeeze is a time that the materials are pressed
together before the welding current is activated. Process on the machine used in this study is regulated to
keep the set, constant value of welding voltage for the set amount of welding time. Squeeze force is set
manually by spring tensioner and was verified using AXIS FB1k tensimeter. Peak and RMS current are
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correlated with set voltage by Ohm’s law and were measured during the welding process with Miyachi
M-122A weld checker.

Machine used for welding was Poron FC-1200-5 as seen on Figure 1 (a) equipped with copper electrodes
Figure 1 (b). Welds were made on battery negative terminal in 2 lines as seen on Figure 1 (c).

1st weld

(b) (©

Fig. 2. (a) Welding head — general view (b) Electrodes, (c) Weld sequence on negative battery terminal

Electrodes were made of Wirbalit HF which is a CuCr1Zr alloy. Electrode material has been presented
in Table 3. Diameter of the electrodes tips was 1.2 mm and the distance between electrodes was 3.65 mm

center to center as seen on Figure 3.

Table 3. Wirbalit HF composition as per manufacturer specification [18]

Cu Cr Zr
Content [wt. %] 99.27 0.65 0.08
A

F_I
_|

Fig. 3. Welding electrodes geometry and dimensions.
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Metallographic observations and microhardness measurements were carried out on samples taken
perpendicularly to the cell height in such a way, to include both welds made during single weld cycle as in
Figure 4 (a).

(©

Fig. 4. (a) Sample cutout for mounting, (b) Sample orientation during mounting, (c) Mounted and polished sample

Samples for SEM were mounted in QATM Duroplast electroconductive hot mounting powder and
grinded using #80, 200, 400, 800, 1200, 2500 silicon carbide papers. Polishing was conducted using Struers
AP-A 1 um agglomerated alpha alumina powder on MD-Chem grinding disc. Sample prepared for SEM can
be seen on Figure 4 (c). Samples used for optical microscopy were cold mounted in Epidian 5 transparent
resin and prepared in the same way. Additionally, to ensure proper plane of cross section triangular marks
were cut in the samples at the depth of analyzed joints. The final step in the preparation of the spot-welded
samples was etching with 5% Nital.

To analyze the chemical composition of materials ThermoFisher Scientific Axia ChemiSEM Scanning
Electron Microscope was used. Optical microscopy was carried out on Olympus BX51M microscope using
Olympus Stream Essential software. Vickers microhardness was measured using Leitz microhardness tester
with 10p (0.01 kgf, 0.098 N) test weight.

Tensile strength was tested on 5000 N measuring sensor set to 500 N measurement range with speed set
to 2 mm/min. Cell was clamped in 3 jaw chuck while the connector was clamped using a spacer the width of
6 mm as seen on Figure 5.

Fig. 5. Sample clamping on tensile strength measuring machine
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Results and Discussion

Tensile stress test results
In order to confirm repeatability of the welding process tensile strength tests were performed on a group
of 10 battery cells.

Table 4. Results of breaking load measurement for spot welded joints on battery cells

Sample no. 1 10 11 12 15 16 17 21 22 23
Fmax [N] 145.3 197.2 190.5 155.5 168.5 190.3 185.7 173.0 200.8 184.7
Median [N] 185.2
Mean [N] 179.2
Std dev [N] 17.3
St dev [%] med 9.3

Tensile strenght test of spot welded joints

200
——BAO1
——BA10
150 ——BA11
= BA12
Q
© 100 ——BA15
2
———BA16
50 N . BA17
— .- —BA21
0 _ —BA22
3 ——BA23

Displacement [mm)]

Fig. 6. Tensile stress curves for spot welded joints on battery cells

Breaking load has been presented in table 4 while stress-strain curves have been presented in Figure 6.
Standard deviation of 9.3% in the force value indicates the repeatability of the welding process while
breaking load of 185.2 N (median) is on a satisfactory level. Force curves indicate highly ductile fracture with
multiple peaks representing failures of separate welds.

Pre fracture macro images seen on Figure 7 (a) have been compared with their corresponding post
fracture images on Figure 7 (b). This revealed that the fracture occurred in the connector, on the weld outside
boundary. This is a desired failure mode indicating a proper nugget formation.

(b)

Fig. 7. Macro images of welds before (a) and after (b) tensile strength tests
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Remnants of the welds have been ground flat to properly measure the surface area of the connection as
seen on Figure 8.
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Fig. 8. Weld cross sections measured on sample number 17

Results of weld surface area have been presented in Table 4. Records that are marked as N/A have been
ground too deep to properly measure the surface area and since have been excluded from the table.

Table 4. Results of post fracture weld surface area measurements

Sample no. 1 10 11 12 15 16 17 21 22 23
0.1010 0.3541 0.2748 0.3546  0.4048 0.4208 0.3496 0.2236  0.3592  0.1010
Weld 1 area [mm?2]
0.2257 0.3981 0.1985 0.3772 0.3141 0.4252 0.3420 0.3133 0.3665 0.2257
Weld 2 area [mm?]
0.2333 N/A 0.3700 0.3713 0.3963 0.4548 0.3647 0.2224 N/A 0.2333
Weld 3 area [mm?]
0.3528 N/A 0.3978 0.3566 0.3804 0.3273 0.3345 0.2809 N/A 0.3528
Weld 4 area [mm?]
Median [mm?] 0.3543
Mean [mmz] 0.3328
Std. Dev. [mm?] 0.0745
Std. Dev. [%] 21.0

Comparison of breaking load values and weld area cross sections revealed that sample number 1
deviates from the rest of the samples, but otherwise remaining samples are consistent. Median surface area
measured was 0.3543 mm? which indicates that the weld pool diameter was about half the value of the
electrode diameter. This positively evaluates the welding parameters and meets the desired specification.
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In order to properly examine the joint area metallographic cross sections of the selected weld samples

127,20um -

710,70um .

622,07um "
AN L

i v
Connector ;

were examined under an optical microscope. Observations revealed that the majority of the weld is formed
in the connector. Measurements seen on Figure 9 show, that the changes in the cell material structure reaches
between 95 and 127 um deep into the battery cell material from the interface. This ensures, that the welding
process does not damage the internal components of the cell.

A58

B
396,01um:

(d)

Fig. 9. Cross section measurements under optical microscope - x100

Weld pool size varies from 400 to 600 um in width and has a consistent height of around 105 um. Heat

affected zone (HAZ) is clearly indicated by the structural changes in both the connector and the battery cell
material with width varying from 600 to 700 pm. Nickel has been mostly expelled from the interface into the
boundaries of the joint. No fractures were observed in the analyzed samples.

Scanning Electron Microscopy (SEM) and Energy Dispersive Spectroscopy (EDS)

SEM imaging revealed changes within the weld area that can be seen on Figure 10 (a).

Os mig o Wi v det
XRP 2000x 104mm 1500k ETD

Fig. 10. SEM images of one of the samples. (a) pores visible in 200x magnification, (b) pores close up in 2000x

magnification
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The changes observed within the sample were located on the connector side of the weld in the boarder
of the Heat Affected Zone (HAZ). It can be seen on Figure 10 (b) that the structure of this area did not go
through the liquid phase during the weld process. To properly examine those changes area EDS was
performed. Results of EDS can be seen on Figure 11 (a) with Iron (b), Carbon (c) and Manganese (d)
distribution within the scanned area.

mag @ | W v det
2370x  104mm  15.00kV ETD

40 pm ——— : - . L F——40 pm —

(c) (d)

Fig. 11. Area EDS results of the changes (a) summary quantity map, (b) Fe count, (c) C count, (d) Mn count

Distribution map revealed that there are no additional elements in comparison with base material. This
proves, that the observed changes are porosities. To establish the source of this porosity base material of both
the connector and the battery case have been looked at in more detail as seen on Figure 12.

-

G. mag @ WD v e 3 WD i
(%} mag JQ? mag @ | WL HV det
B 2370 % 10.3 mm 1500 kv ETD S 2370 103 mm 1500kV  ETD

(b)

Fig. 12. (a) Base material of the Hilumin connector, (b) Base material of the battery cell

Spectrum analysis of elements in the green areas visible on Figure 12 revealed no additional elements
beyond iron and carbon. In addition, much more of the porosities were discovered in the battery case material
than in the connector material. Those porosities are metallurgical defects of the supplied material that
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concentrate on the border of the HAZ and thus should not be considered a welding defect. Spectral analysis
plots can be seen on Figure 13.
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Oev 5 keV 10 keV 15 keV

(b)

Fig. 13. Spectral analysis plots of the base material of the (a) connector and (b) battery case

In order to properly examine the distribution of elements within the weld nugget area and better
determine the behavior of nickel during the welding process area EDS was performed as seen on Figure 14.

T U N S F— 100 pm —
s 593 x 10.3 mm 15.00 kV ETD

(b)

© d)

Fig. 14. EDS analysis of the weld nugget area (a) summary quantity map, (b) Fe count, (c) C count, (d) Ni count

Results of EDS revealed nickel flow into the pool of molten metal within the weld nugget. Distribution
of nickel varies in this area. Areas where nickel diffused into the steel which are characterized by lower nickel
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concentration are localized within the weld nugget. Areas where nickel flowed into the base connector
material without much diffusion are visible mainly on the edges of the joint.

Line EDS was performed throughout the sample in a line intersecting the middle of the joined materials

interface.
| v | Soumm: t5oukv!] 1o

B %
® %
E
E 40 %

20%
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i} 1000 2000 pym 300.0 pm 4000 pmi 200.0 pm 00,0 pm T000 pm
LPl‘r91h
Fe —C Hi
(b)

Fig. 15. Line EDS (a) location, (b) linear distribution of elements

Results of line EDS confirmed the results of surface EDS. Elevated nickel content was observed mostly
on the material interface area and on the outer edge of the joint on the connector side.

Microhardness Measurements

Vicker Microhardness (HV0.01) distribution has been measured on one sample due to high repeatability
of the welds confirmed by tensile stress test results and metallographic investigations. Microhardness
measurements were conducted throughout the sample in one line intersecting the middle point of the
material interface as seen on Figure 16 This was consistent with the line spectral analysis seen on Figure 15.
Due to small dimensions of analyzed sample and irregular shape of the weld nugget associated with nickel
distribution within the sample additional measurement lines had to be abandoned.

o

Fig. 16. Microhardness distribution measurement line

Welding Technology Review — www.pspaw.pl Vol. 96, 2024 13



‘v PRZEGLAD SPAWALNICTWA
Iding

TECHNOLOGY REVIEW
Microhardness distribution has been presented in Figure 17. Significant raise in material hardness has
been observed in proximity to the material interface. Measurement conducted on the interface (green)
indicated lower hardness in this area, which is probably associated with local higher nickel content.

300.0
250.0
200.0
150.0
100.0

50.0

Microhardness HV 0.01

0.0

-500 -450 -400 -350 -300 -250 -200 -150-100 -50 0 50 100 150 200 250 300 350 400

Distance from the materials interface [um]

Fig. 17. Microhardness distribution graph
Those result in combination with previous tensile stress tests and metallographic analysis indicate, that
despite the grain growth occurring in the area of material interface its hardness did not increase enough to
make it prone to cracking. This can be associated with elevated concentration of nickel in this area and overall
this connection should be considered a good joint.

Conclusions

Results of tensile stress test confirmed the repeatability of the welding process. This combined with
microstructure analysis and EDS allowed for positive verification of spot-welding parameters selection.
Process established in this study can be used as a baseline for further research on the topic of battery cell
resistance spot welding. Further research should implement additional numerical simulation of the spot-
welding process in order to better understand physical phenomena occurring within the weld area such as
process heat distribution and the effect of parameter changes on the welding process. Area of structural
changes in the heat affected zone of the battery cell material qualifies this process for studies of battery
welding on more complex surface such as the cylindrical battery cell crimp.
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