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Abstract

In an automotive battery pack, many Li-ion cells are connected to meet the energy and power
requirement. The micro-resistance spot welding (micro-RSW) process is one of the commonly
used joining techniques for the development of cylindrical cell-based battery packs, especially
for low to medium volume applications. This paper is focused on identifying the effect of
influencing parameters of the micro-RSW process and developing an optimized joining
solution to connect a 0.2 mm thin nickel tab to 18650 Li-ion battery cells. The effect of welding
parameters including weld current, weld time, squeeze time, pre-heat current, pre-heat time,
dwell time and hold time were investigated to optimize joint strength. Firstly, the welding pilot
runs were conducted between Ni connector and two different thicknesses (i.e., 0.3 mm ad 0.4
mm) of Hilumin coupons, representative of negative and positive terminals of 18650
cylindrical cells. Secondly, it was observed that the weld current had the most significant effect
on the weld strength followed by weld time. Finally, at the optimum parameter combination,
the live cell welding was conducted between the Ni tab and both positive and negative terminals
of LG HG2 18650 Li-ion cells and the joints were relatively strong, no intermetallic compounds
(IMCs) appeared. Weld microstructure studies provided insightful information on under-weld,
good-weld and over-weld characterization and correlated with the joint strength. In addition,
electrical contact resistance and temperature rise at the joint is equally important for electric
vehicle battery applications. The joint performance was evaluated by analyzing the change in
contact resistance and joint temperature rise when different amplitudes of current (i.e., 10 A,
20 A and 30 A) passed through the joints.

Keywords: Micro-resistance spot welding (micro-RSW), Li-ion cylindrical battery cell, Joint

strength optimization, Electrical contact resistance, Joint temperature.



1. Introduction

Electric vehicles (EVs) or Hybrid/Plug-in Hybrid Electric Vehicles (HEVs/PHEVS) have either
zero or lower tailpipe emissions than the traditional fossil fuel-based vehicles which make them
greener, cleaner, and better for the environment by reducing the emission of greenhouse gases
[1, 2]. Due to favourable attributes of Lithium-ion (Li-ion) batteries such as longer lifespan,
higher densities of energy/power, and portability, they are extensively used to build battery
packs for EVS/HEVS/PHEVs [3, 4]. Based on the energy/power/driving range requirements of
an automotive battery pack, a large number of Li-ion cells are connected within battery packs.
For example, cylindrical cells, one of the commonly used cell formats to build automotive
battery packs, are used by several automotive original equipment manufacturers (OEMS)
including Tesla, BMW and Hyundai HEVs [5]. Therefore, up to several thousand cylindrical
cells must be connected in series/parallel to create suitable battery packs for the required
voltage and amperage to deliver the power and driving ranges. In general, the cylindrical cell-
based battery pack is composed of several battery modules and those modules are built using
individual cells which need tab-to-cell terminal connections. Fig. 1 shows a configuration of
cylindrical cells to build the module from individual cells and several modules to build the
pack. These tab-to-terminal connections demand efficient and cost-effective joining processes
of which laser [6-9], micro-TIG [10] or resistance spot welding (RSW) [11, 12] process can be
used to weld a tab to the cell terminal. In general, the RSW is emerging as an attractive joining
solution due to its low maintenance and investment cost as well as meets the market demands

for low to medium volume applications, such as e-bikes, two-wheelers, or e-rickshaws [13].

The main joint characteristics which are to be satisfied for the battery tab and cell terminal
connections are the properties of the joint such as low electrical resistance and good mechanical
strength. Improper joint might result in higher electrical resistance which will lead to excessive
Joule heating [14]. Therefore, for low to medium volume applications (e.g., two-wheeler, e-
rickshaw and small EV battery pack), the aim is to choose the low-cost joining processes to
meet industrial needs of the OEMs as well as small and medium-sized enterprises (SMESs).
Additionally, the joining process should satisfy dissimilar materials joining needs. Therefore,
considering the aforementioned requirements, the RSW is one of the most suitable welding
processes [12], and additionally, it does not need high capital investment and skilled operators.
In the present work, the micro-RSW process is used for joining lithium-ion cells, typically used
for portable devices and vehicles applications [5, 11], due to low investment cost, shorter

process time, localized heat, low electrical contact resistance, and better corrosion resistance
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[5]. Micro-RSW usually requires a low weld current as well electrode force compared to that
of the normal resistance spot welding. Therefore, the amount of heat generated during the
welding process is small and does not affect cell components. In between all four micro-RSW
configurations (opposed, series, parallel and step) [13, 15], the series spot weld head is the only
feasible configuration for welding the tab to Li-ion cell terminals as the series weld doesn’t
require access to the bottom part as well as two weld nuggets are produced using two

electrodes.

In general, the battery tab materials shall be electrically and thermally conductive to minimize
power loss and maximize heat dissipation. There are various metals such as nickel, copper,
electrical grade steel, aluminum, which have good electrical and thermal conductivity and are
found to be suitable for the battery tab. The battery tab material is also selected based on
parameters such as cost, compatibility with cell terminal materials, corrosive properties,
welding process and good tensile as well as fatigue properties. Commercially available 18650
lithium-ion cell casings are mostly made of nickel-plated steel (e.g., Hilumin) [16] and 0.2 mm
nickel is selected as a tab material because of their good corrosion properties, good

compatibility/weldability with battery terminal material (i.e., nickel-plated steel).
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Fig. 1. Hierarchical steps to build battery pack from lithium-ion cells [3]

-~

/

In the work of Dong et al. [17], the electrode sticking mechanism and factors affecting the
sticking, including welding current, weld time, electrode tip coating, electrode force and
electrode spacing, were studied during micro-resistance welding of very thin nickel-plated steel
to nickel sheets in the assembly of a cell-phone battery package. They were found that electrode
sticking was caused by local metallurgical bonding between the electrode and the nickel-plated
steel sheet. They reduced electrode sticking by reducing welding current and weld time and
increasing electrode force and electrode spacing. Masomtop et al. [13] studied the effects of
influencing parameters in the series/parallel gap spot welding process and determine the

optimized parameters setting for spot welding between 18650 Li-ion battery cells and



Hilumin/Nickel sheet metal connectors. They concluded that a slot on the connecting tab can
make more electric current flow through the nuggets and for choosing the connecting tab
material, the temperature and the electric current using nickel tab is higher than using Hilumin
at the same stage of the maximum supply voltage. Although, Ni tab to Hilumin joints are
reported in the literature [13, 17], however, the process parameters weren’t optimized to
achieve high joint strength. Furthermore, the weld nuggets cross-section analysis was not
conducted to check the fusion zone morphology, which is essential for battery joining which
are included in the current study. Also, Rikka et al. [18] were conducted the micro-resistance
spot welding on their fabricated cylindrical lithium-ion cell where they used nickel anode tab
to weld with the inner aluminium casing of the cell. They have adopted Taguchi's design of
experiment for micro-RSW parametric optimization of high electrically conductive nickel-to-
aluminium joints. They were concluded that the aluminium casing can be used to fabricate
high-energy density cylindrical lithium-ion cells for EV applications. In another work, micro-
RSW of 0.2 — 0.5 mm thickness Kovar, steel, and nickel using different types of power supply
were investigated by Ely and Zhou [19]. The effects of process parameters (welding
current/pulse energy, electrode force, and welding time/pulse width) on joint strength and
nugget diameter were studied. They have concluded that the Kovar and steel are readily micro
resistance welded because they require lower welding current and show decreased electrode—
sheet sticking. Whereas, micro resistance welding of nickel is relatively problematic because
the nickel requires higher welding current or pulse energy and shows increased electrode—sheet
sticking. In another study by Kumar et al. [20], micro-RSW was used to join ultra-thin Inconel
718 to stainless steel 410 and they observed that welding current and welding time were the
most influential parameters affecting the joint strength. Similar to this, Baskoro et al. [21]
studied the effects of micro-RSW parameters on the quality of weld joints on aluminium thin
plate AA 1100. They have used an alternating current (AC) RSW machine for welding
purposes and found for the tensile shear test that by increasing the electrode force, the load rate

would be decreased.

Within the scope of the literature review, it was observed that the in-depth analysis of micro-
RSW joining of 0.2 mm Ni connecting tab to 18650 battery cell terminals within a battery
module assembly has not been fully investigated. A detailed analysis is needed for micro-RSW
joints in terms of joint strength and electrical contact resistance. In addition, the temperature
rises at the micro-RSW joint due to the application of a charge/discharge current is also

necessary to avoid undesired outcomes such as joint failure or thermal runaway [22].



Therefore, this paper addresses the following objectives:

e To determine the preferred micro-RSW process parameters to achieve the maximum
joint strength for nickel tab to cylindrical cell terminals

e To investigate the joint microstructure, analyse defects and correlate to the joint
strength

e To correlate electrical resistance of micro-RSW welded coupon combinations with the
temperature rise at the joint due to the application of charge/discharge current.

e To estimate the safe value of passing current to live cell welded battery for industrial

application.

The remainder of this paper is arranged as follows: Section 2 provides the details of the
experimental set up and procedure including materials, micro-RSW joint preparation, and set-
ups for mechanical, electrical and thermal characterization; the results and discussions are

made in Section 3; and conclusions are drawn in Section 4.
2. Experimental setup and procedure

The focus of the present work is to join the nickel tab to LG HG2 18650 cylindrical cell
terminals. As the thicknesses of the cylindrical cell negative and positive terminals are 0.3 mm
and 0.4 mm respectively, experimental investigations were conducted in lap joint configuration
to weld 0.2 mm Ni tabs to 0.3 and 0.4 mm Hilumin [23] (equal to the thickness of the cell
terminals) and corresponding chemical compositions are given in Table 1. Thereafter, joint
strength, metallurgical analysis with electrical and thermal performances were conducted.

Subsequently, the optimized process parameters were utilized to weld the Ni tab to live cells.
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Fig. 2. Schematic diagram of 0.2 mm Ni tab to 0.3/0.4 mm Hilumin micro-RSW

In this study, a 0.2 mm Ni slotted tab (upper tab) was welded to 0.3 mm and 0.4 mm Hilumin

(lower tab) in a lap joint configuration as shown in Fig. 2 with the specimen dimensions. The



slot was used to direct the current flow between tab and battery terminal avoiding shunting

current path within the parent Ni material [13].

Table 1. Details of materials used in this study [24, 32]

Material Thickness (mm) Chemical composition (wt.%o)

Hilumin / 18650 0.3/0.4 C=0.047, Mn =0.235, P =0.011, S=0.010 Al =
Li-ion battery 0.059, Si =0.002, Bo = 0.0019 Fe-balance
CAN material

Nickel (Ni) 0.2 Ni > 99, Mn < 0.35, Cu <0.25, Si <0.35, C<0.15,
S <0.01, Fe < 0.40, other balance

Typically, the tab without a slot needs higher current amplitude, resulting in a burn mark in the
middle area between two weld spots and high wear of electrode tips [25, 26]. Micro-RSW was
conducted using a MacGregor RSW machine having maximum output current flow of 6000
Amps DC with current/voltage/power control mode (Make: MacGregor; Model: M31 Smart
Series). A 3.0 mm diameter domed-shaped electrodes were used and they were made of
aluminium dispersed copper (Cu content around 98.9%) without water or air cooling as the
application was intended for micro-RSW for thin sheet. Electrode’s superior strength retention,
thermal and electrical conductivities (80% IACS i.e., International Annealed Copper Standard)
were higher than conventional copper alloys which made them more suitable for the micro-
RSW process [27, 28]. For the electrode tip geometry, the domed electrode tip was better than
the other electrode tip geometries (e.g., flat and tapered) in terms of the electrode’s life span
and oxidation [13].
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Fig. 3. Schematic diagram (a) welding set up and (b) welding current profile [where, ST=

Hilumin

squeeze time, RT- rise time, PHC= pre-heat current, PHT= pre-heat time, FT=fall time, DT-
dwell time, WC= weld current, WT= weld time, HT= hold time]



The schematic diagram of the welding setup and the welding current flow profile is given in
Fig. 3(a) and (b) respectively. Electrode sticking tests were performed on coupons and an
electrode force of 2300 g was applied on each electrode when the electrode force decreased
from 2300 g the electrode sticking was observed due to high contact resistance between the
electrode tip and upper surface of the top sheet. Also, if the electrode force was too low,
excessive heat production can lead to the formation of a few local metallurgical bonds at the
beginning of the welding cycle but are not sufficient to cause a measurable sticking force [17].
The limits of welding parameters (e.g., weld current, weld time, squeeze time, pre-heat current,
pre-heat time, dwell time and hold time) were selected based on the pilot experimental trials.

The RSW process parameters were optimized in two stages.
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Fig. 4. Resistance and temperature at joint measurement (a) schematic diagram and (b) actual

experimental set-up [32]

Firstly, the significant process parameters and their limits were identified using a hybrid
Taguchi’s-analysis of variance (ANOVA) analysis with 2 nuggets welding. Secondly, a full
factorial design of experiment (DOE) with 4 nuggets was conducted to optimize the obtained



significant process parameters, namely, weld time and weld current in terms of maximum load
(i.e., peak load obtained from the load vs grip displacement plot from lap shear test) to achieve
a good quality weld. The 4 nuggets weld was advantageous to improve the electrical
conductivity and mechanical strength by increasing the contact area between the connecting
tab and battery cell terminal. Subsequently, peel strength was also evaluated for the live cell
welds at optimized parameters as peel also commonly occurred in failure mode. Lap shear tests
were conducted on an Instron 3367 test frame with a 1 kN load cell and a crosshead speed of 2
mm/min. Whereas, the peel strength of the live cell welded samples were conducted using
ZWICK Z100 tensile testing machine equipped with a climate chamber for avoiding any
accident due to electrolyte leakage. For microstructural evaluation, a precision cutter Isomet
500 was used to cut the specimens to minimize deformation formed during cutting. Cut
specimens were then mounted in Bakelite and mechanically polished using #1200 SiC paper,
9 pum, 3 um and 1 um metadi supreme diamond suspension and 0.05 um colloidal silica.
Specimens were etched using 2% Nital for 4 seconds to reveal the microstructure.
Consequently, microstructure examination (weld bead geometry) was analysed under an
optical microscope (Make: Nikon; Model: LV150N). Field emission scanning electron
microscope (FE-SEM) equipped with an energy dispersive X-Ray analysis (EDX) system was
used for microstructural analysis. For measurement of the resistance of the welded coupons
specimens, the four-point probe measurement technique [29-32] was applied in order to reach
a high level of accuracy. For example, Hu et al. [33] used the same techniques for measuring
the contact resistance of the faying surface of the resistance spot welding process. Similarly,
Brand et al. [12] and Solchenbach et al. [34] also used the four-point probes method for
calculating the electrical resistance of the welded joints. In the present work, the same method
was adopted to measure the electrical contact resistance and corresponding temperature rise.
Electrical current was passed through the welded Ni to Hilumin and the voltage drop was
measured across the weld as shown in Fig. 4(a) schematically. Resistance was calculated by
application of Ohm's law (V =IR), from the induced voltage due to the application of the
current. When the current was supplied, resistive heat loss (I?Rweld) increased the temperature
at the welded location. To measure the rise in temperature a thermal camera was used. The
actual configuration of the testing setup is given in Fig. 4(b). A polyamide tape, also known as
Kapton tape, was used to cover the welded area (i.e., thermal camera temperature
measuring/focused area) to set the emissivity close to 1 and eliminate the effect of changing
emissivity due to temperature increase. The emissivity from black paint and polyamide tape

are almost the same. In addition, Kapton tape has a wider temperature range that can be used
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for hot surfaces within its upper-temperature limit. A similar approach was used by Kumar et
al. [32] on the top of the measuring surface to set the emissivity close to 1 for various
combinations of laser welded samples. The increase in temperature at the weld was essential
to evaluate because of safety. The tab was connected to the battery cells casing (contained
electrochemically active material) where temperature-sensitive materials inside the cell limit
the maximum heat input (Fig. 1). Therefore, a thermal camera (make: Optris PIX Connect;
model: Xi400) was fixed on the top and focused on the weld during the resistance measurement
displayed in Fig. 4(a). A rigid fixture was used to ensure an identical positioning of the voltage

measuring pins with respect to the samples.

3. Results and discussions

3.1. ldentifying significant micro-RSW process parameters

In this experiment, RSW welding of 0.2 mm Ni tab to 0.3 mm Hilumin with two nuggets was
conducted in the lap joint configuration. The process parameters selected from the welding
schedule (Fig. 3b), for investigation were WC, WT, ST, PHC, PHT, DT and HT and their limits
are presented in Table 2, whilst RT and FT were fixed at 1 ms. The limiting value of the process
parameters was selected by initial screening experiments. Thereafter, Taguchi design matrix
was developed for the experimental trials within the limiting value of the process parameters
and the ANOVA technique was used to find the significance of input parameters in terms of
percentage contribution on response. Taguchi design matrix and the measured values of
average maximum load (ML)/peak load and associated standard deviation were given in Table
3. Each experiment was performed three times and the average values of ML are reported.

Table 2. Process parameters used to produce the welds

Parameters (notation), unit Levels
1 2 3
Squeeze time (ST), ms 50 100 150
Pre-heat current (PHC), A 800 1000 1200
Pre-heat time (PHT), ms 0.5 1.5 2.5
Dwell time (DT), ms 3 6 9
Weld current (WC), A 1200 1600 2000
Weld time (WT), ms 2 5 8
Hold time (HT), ms 100 200 300




The weld quality was arbitrated based on ML value. The maximum and minimum peak loads

were obtained from sample no. 9 (578.13 N) and sample no. 4 (36.41 N) respectively. The

RSW welded samples of experiments no. 4 and 9 were given in Fig. 5(a) and (b) respectively.

The results obtained from the analysis-of-variance (ANOVA) were plotted in the pie chart

format as shown in Fig. 6(a). From Fig. 6(a), it was found that the weld current (66.22%) has
the most significant effect on the ML followed by weld time (27.99%). Fig. 6(b) shows the

effect of RSW process parameters in ML using mean effect plots. It is evident from Fig. 6(b)

that ML increases significantly with increasing weld current and weld time, whilst other

parameters such as ST, PHC, PHT, DT, WC, WT and HT have insignificant effects on ML.

Table 3. Process parameters and their levels as per Taguchi’s design

EXxp. Parameters Response
no. | ST PHC | PHT | DT | WC | WT | HT ML (N) + SD
(ms) | (A) | (ms) | (ms)| (A) | (ms) | (ms)
1 50 800 0.5 3 1200 | 2 100 80.13 £8.41
2 50 800 0.5 3 1600 | 5 200 307.15 £ 16.43
3 50 800 0.5 3 12000 8 300 527.26 + 36.54
4 50 1000 1.5 6 |1200] 2 100 36.41 +7.01
5 50 1000 1.5 6 1600 | 5 200 305.89 + 17.09
6 50 1000 1.5 6 2000 ]| 8 300 543.84 +30.21
7 50 1200 2.5 9 [1200] 2 100 80.14 +£9.91
8 50 1200 2.5 9 |1600| 5 200 351.93 £26.04
9 50 1200 2.5 9 12000 8 300 578.13 + 12.68
10 100 800 1.5 9 |1200] 5 300 117.23 £25.67
11 100 800 1.5 9 1600 | 8 100 350.27 £ 10.59
12 100 800 1.5 9 12000 2 200 280.09 + 6.82
13 100 1000 2.5 3 1200 | 5 300 123.09 £ 18.42
14 100 1000 2.5 3 1600 | 8 100 401.21 £12.30
15 100 1000 2.5 3 12000 ] 2 200 298.36 £ 5.01
16 100 1200 0.5 6 |[1200] 5 300 135.73 £5.28
17 100 1200 0.5 6 1600 | 8 100 366.10 +21.48
18 100 1200 0.5 6 2000 ] 2 200 260.15 +22.04
19 150 800 2.5 6 1200 ] 8 200 158.95+7.97
20 150 800 2.5 6 |1600 | 2 300 154.01 £0.75
21 150 800 2.5 6 2000] 5 100 421.43 +£5.26
22 150 1000 0.5 9 |1200] 8 200 152.12 +12.68
23 150 1000 0.5 9 11600 | 2 300 145.11 £ 14.10
24 150 1000 0.5 9 12000] 5 100 404.25 + 25.14
25 150 1200 1.5 3 1200 | 8 200 159.51 +£10.11
26 150 1200 1.5 3 1600 | 2 300 158.91 £7.02
27 150 1200 1.5 3 12000] 5 100 441.89 +£5.28
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Fig. 5. RSW welded samples (a) experiment no. 4 (minimum ML) and (b) experiment no. 9
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Fig. 6. (a) percentage contribution of process parameters and (b) effect of process parameters

on maximum load (ML)

Therefore, the WC and WT would be considered as a process parameters for the further design
of experiment study, and other parameters will be fixed at a level value in which the maximum
mean value was obtained (Fig. 6b). In the case of high WC and WT, more energy is available
to melt the materials. Due to the increase in heat input, the weld nugget size was increased and
subsequently, produced deeper penetration depth and wider interface width which resulted in
higher joint strength.

3.2. ldentifying the effects of the significant process parameters

This section describes in detail the effects and optimization of RSW process parameters (weld
current and weld time - most significant process parameters) through the mechanical,
microstructural and statistical approaches to weld the negative and positive terminals of live
cells. The selection of process parameters was done based on the foregoing pilot studies and
their significance. The design of experiment was made considering full factorial design for both
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the 0.2 mm Ni to 0.3 and 0.4 mm Hilumin joints considering 4 nuggets. The selected process
parameters and their limits for welding the 0.2 mm Ni to 0.3 mm Hilumin were given in Table
4. Weld current (WC) and weld time (WT) were considered as varying process parameters and
other parameters (ST, PHC, PHT, DT and HT) were kept constant. Each experiment was
performed three times and experimental runs with their corresponding average values of ML
are reported in Table 5. Finally, the optimization was conducted using a full factorial design.
The minimum and maximum load were obtained from experiment no. 1 (WC= 1400 A; WT=
4 ms) and 36 (WC= 2400 A; WT= 14 ms) respectively. In addition, the expulsion phenomenon
does not appear in the limiting range of process parameters (i.e., WC and WT), which is
recommended for the micro-RSW process. The welding cross-sections were examined at
relatively low magnification such that the whole weld zone geometry could be observed. The
cross-sectional images of the weld nuggets for the minimum (experiment no. 1) and maximum
(experiment no. 36) load samples were shown in Fig. 7(a) and (b) respectively. Several
researchers [35-37] agreed that the performance of the micro-RSW weld was strongly
influenced by the size of the nugget and the nugget mechanical properties, in which case
welding failure occurred. Both the nugget size and mechanical properties of the welds were
directly affected by welding parameters, such as welding current and welding time, as shown
in previous sections. Fig. 8 shows the mean effect plots and response surface plots to determine
the effect of input parameters on ML. From Fig. 8(a), it was found that the WC has the most
significant and positive effect on maximum load followed by WT. Fig. 8(b) shows the
interaction effect of WC and WT on ML. It was found that the ML was increased with
increasing WC and WT, and the ML was maximum at a higher value of WC and WT. This
effect is caused by the increase in the nugget diameter with weld current and weld time, as
shown in Fig. 9. This is due to the fact that the high heat input applied at the faying surface for
the higher value of WC and WT, resulting in a large nugget diameter and thus, a good joint.
Fig. 9 shows the failure mode, from the results of the static peel tests for the lower, intermediate
and higher values of WC and WT (i.e., Exp. no. 1, 13, 15, 23, 31, 33, 35 and 36). From Fig. 9,
nugget diameters lie between (0.585 — 1.78 mm), minimum nugget diameter was obtained for
exp.no. 1 and maximum for exp. no. 36. The failure modes observed in the tests can be divided
into three categories interfacial failure modes (i.e., Fig. 9a), pull-out failure mode (i.e., Fig. 9c
— h) and both modes of failure (i.e., Fig. 9b). The interfacial failure mode occurs for nugget
diameter 0.585 mm (Fig. 9a) while pull-out failure mode happened for nugget diameters above
1.05 mm (Fig. 9c — h). For nugget size 0.648 mm (Fig. 9b) both modes of failure coexist.
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Table 4. Process parameters and their limits

Varying Levels Fixed process parameters

parameters 1 2 3 4 5 6 ST=50 ms; PHC= 1200 A;
WC (A) 1400 | 1600 | 1800 | 2000 | 2200 | 2400 | PHT=2.5ms; DT=3 ms; HT=
WT (ms) 4 6 8 10 12 14 100 ms;

Table 5. Process parameters and their limits as per full factorial design used to produce weld

EXxp. no. WC (A) WT (ms) ML (N) + SD
1 4 389.65 +4.08
2 6 466.03 +42.21
3 1400 8 493.86 +11.57
4 10 675.83 +39.25
5 12 560.96 +28.16
6 14 633.09 +21.21
7 4 497.05 £26.16
8 6 690.55 +29.83
9 1600 8 77571 £39.47
10 10 778.72 +23.36
11 12 759.06 +43.39
12 14 745.47 +£11.79
13 4 655.37 + 35.08
14 6 857.18 +24.54
15 1800 8 796.33 +70.22
16 10 798.71 +£17.02
17 12 889.06 +24.90
18 14 984.97 +42.04
19 4 772.34 +36.80
20 6 892.95 +16.42
21 2000 8 937.45 +13.70
22 10 1012.05 +30.13
23 12 1071.90 +13.41
24 14 1081.92 +28.34
25 4 819.52 +34.99
26 6 890.43 +99.26
27 2200 8 1001.60 =+ 38.70
28 10 1059.92 +10.34
29 12 1076.64 +£11.20
30 14 1081.71 +13.49
31 4 890.12 +£47.33
32 6 928.79 + 69.88
33 2400 8 1007.87 +53.12
34 10 1053.57 £4.48
35 12 1065.43 +3.80
36 14 1082.26 +0.43
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Fig. 7. Cross-sectional view of the weld nugget (a) for the minimum load (experiment no. 1)

and (b) maximum load (experiment no. 36)
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Fig. 8. Effect of process parameters (a) mean effect plots for ML and (b) response surface
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Fig. 9. Variation of failure mode with process parameters (a) WC= 1400A, WT= 4ms (b)
WC= 1800A, WT= 4ms (c) WC= 1800A, WT= 8ms (d) WC= 2000A, WT= 12ms () WC=
2400A, WT= 4ms (f) WC= 2400A, WT= 8ms (g) WC= 2400A, WT= 12ms and (h) WC=
2400A, WT= 14ms
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Hilumin

(b) (d)

Fig. 10. Micro-RSW sample and an area of molten and subsequently solidified metal at (a, b)
WC= 1800 A; WT=8 ms and (c, d) WC= 2000 A; WT= 12 ms

In order to achieve the reliability of the welds, the welding parameters should be adjusted so
that pull-out failure mode is obtained during testing. The pull-out failure modes were observed
for the parametric combination above 1800 A weld current and 8 ms weld time, as is illustrated
in Fig. 9. Therefore, the WC of 1800 A and weld time of 8 ms was considered as the lower
limit of the optimum parameter setting. Mostly, a small increase/decrease in the maximum load
was observed (Table 5) above the parameter combination of 2000 A weld current and 12 ms
weld time. This might be associated with the minor change in diameter of the nugget with
increasing weld current and weld time. Hence, the WC of 2000 A and WT of 12 ms were
selected as the upper limiting value of the optimized parameter to achieve the maximum ML
value. Also, there was a tendency for top surface burn, spatter, and porosity for the higher
values of WC and WT. Thus, the ‘preferred-weld’ process parameters range for the 0.2 mm Ni

to 0.3 mm Hilumin joints were determined as WC of (1800 — 2000 A) and WT of (8 — 12 ms).

Fig. 10(a, b) and (c, d) show the micro-RSW welded samples and a cross-sectional image of
molten and subsequently solidified metal at the lower (WC= 1800 A; WT= 8 ms) and higher
(WC= 2000 A; WT= 12 ms) value of preferred parameters set respectively. In addition, the
temperature at the joints during welding increases with increasing WC and WT, and in the case
of live cell welding, high temperature produced at cell terminals can accelerate ageing and
promote solid electrolyte interface growth leading to premature failure [38-40]. Also, bending
of the cell terminal material is not ideal for battery application as it can produce cracks leading

to electrolyte leakage or potential thermal runaway. This emphasises the importance of
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controlling WC and WT for low thermal input. It can be observed in Fig. 10(d) that very small

bottom material bending was obtained as compared to Fig. 7(b) for experiment no. 36.

Similarly, 0.2 mm Ni to 0.4 mm Hilumin (cell positive terminal representative material) sheets

were welded and analyzed. The measured value of ML obtained from the universal testing

machine (Instron) from the welded samples at different values of WC and WT were given in

Table 6. The limiting value of the process parameters for 0.2 mm Ni to 0.4 mm Hilumin was

decided on the basis of the optimized results obtained from the 0.2 mm Ni to 0.3 mm Hilumin

combination. The WC and WT were varied for 6 and 2 different levels respectively. The

minimum (935.75 N) and maximum (1255.40 N) values of ML were obtained for experiments

no. 1 and 12 respectively.

Table 6. Process parameters and their limits and the measured value of maximum load

EXp. no. WC (A) WT (ms) ML (N) £ SD
1 1800 935.75 £ 10.37
2 1900 1000.64 + 17.68
3 2000 8 1009.88 + 46.01
4 2100 1135.37 £ 16.40
5 2200 1132.83 £ 35.62
6 2300 1109.50 + 38.28
7 1800 1048.95 + 11.60
8 1900 1101.18 £ 11.76
9 2000 12 1136.79 = 16.47
10 2100 1222.15+8.71
11 2200 1245.29 + 39.68
12 2300 1255.40 +£12.32

1300 —e—WT=12 ms
1250 -
1200 -
= 1150~
g 1100
1050
1000 -
950 -
900

WC (A)

1800 1900 2000 2100 2200 2300

Fig. 11. Effect of weld current (WC) on maximum load (ML) whilst weld time were fixed at

8 and 12 ms
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WC=2300A; WT=12ms

WC= 1900A; WT= 8ms

Fig. 12. Failure mode with process parameters (a) WC= 1900A, WT= 8ms (b) WC= 2100A,
WT=12ms and (c) WC= 2300A, WT= 12ms

Hilumin

(a) (b)

Fig. 13. Micro-RSW sample and their cross-sectional view at (a) WC= 1900 A; WT= 8 ms
and (b) WC= 2100 A; WT=12 ms

Also, no expulsion phenomenon has appeared in the limiting range of WC and WT. The
combined effect of WC and WT is shown in Fig. 11. From Fig. 11, it was found that the ML
was continuously increasing with WC and WT. A small increase in the maximum load was
observed (Table 6) above the parameter combination of 2100 A weld current and 12 ms weld
time. Also, the pull-out failure modes were observed for the parametric combination above
1800 A weld current and 8 ms weld time, as is illustrated in Fig. 12. Therefore, from Table 6,
the optimized value of WC and WT required for the good-weld were (1900 — 2100 A) and (8
— 12 ms) respectively. Also, it can be observed from the weld cross-sectional view at the lower
(WC= 1900 A; WT= 8 ms) and higher (WC= 2100 A; WT= 12 ms) value of the good-weld
parameter set (Fig. 13a and b) that almost no bending of bottom sheet was obtained.

17



3.2.1. 90° peel load test at optimized parameter

It is important to evaluate the peel load which also defines the mechanical properties of the
RSW joint. Because in the live cell joining configuration 90° peel load would also be applied.
Hence, the peel load of the RSW joints of 0.2 mm Ni to 0.3/0.4 mm Hilumin was measured as
per the set-up described in Section 2. The samples for the peel test were prepared at the
optimized parameter determined from the 0.2 mm Ni to 0.3/0.4 mm Hilumin joints. The
measured value of maximum peel load and nugget diameter with associated standard deviation
is given in Table 7. Fig. 14 shows the variation in maximum peel load and nugget diameter
with optimized process parameters. The maximum nugget diameter and peel load was obtained
for P2 (WC= 2000 A; WT= 12 ms) and P4 (WC= 2000 A; WT= 12 ms) for respective stack-
up combinations. Because at a higher value of WC and WT, increase in heat input, the weld
nugget size increased and subsequently produced deeper penetration depth and wider interface
width consequentially more joint strength.

Table 7. 90° peel load and nugget diameter of 0.2 mm Ni to 0.3/0.4 mm Hilumin weld

Type Process parameters Maximum peel Nugget
load (N) £ SD | diameter (mm)
0.2mmNito 0.3 | WC=1800A; WT=8ms (P1) 125.51 + 11.23 0.82 £0.05
mm Hilumin WC= 2000A; WT= 12ms (P2) 15442 + 431 1.17 £ 0.06
0.2mmNito 0.4 | WC=1900A; WT=8ms (P3) 147.57 £11.36 0.96 £ 0.04
mm Hilumin WC= 2100A; WT= 12ms (P4) 159.27 £12.16 1.16 £ 0.02

T T T u T T T 1.4
180 - _Maximum peel load (N) [l Nugget diameter(mm)‘ |
— 160 - -1.2 .
Z S
.g 140 - L 1.0 é
S 120 i :0:
o -0.8 ©
o 100 I S
o 8
E 80+ -0.6 ©
g L ®
£ % 04 B
S 40- - >
20 ] 0.2
- -0.0
P1 P2 P3 P4
| 0.2 mm Nito 0.3 mm Hilumin | | 0.2 mm Ni to 0.4 mm Hilumin |

Process parameters

Fig. 14. Maximum peel load and nugget diameter at P1 (WC= 1800 A; WT=8 ms), P2 (WC=
2000 A; WT=12 ms), P3 (WC= 1900 A; WT=8 ms) and P4 (WC= 2100 A; WT= 12 ms)
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3.3.  Analysis of electrical contact resistance

The specimens produced at optimized condition parametric conditions, as defined in section
3.2, were chosen for the resistance and temperature inspection. Each resistance test was
performed three times and average values of resistance are reported. The electrical contact
resistance was determined from the measured induced voltage across the micro-RSW joint
using the voltage measuring pin as per the test set-up described in the experimentation (Section
2). Fig. 15 shows the variation of resistance with time for 0.2 mm Ni to 0.3 mm Hilumin joints
at process parameter P1 (WC= 1800 A; WT=8 ms) and P2 (WC= 2000 A; WT= 12 ms) at 30
A current. The curves from the P1 and P2 parameters at 30 A current joints were almost
congruent i.e., the insignificant effect of process parameters on resistance. The change in
resistance was measured for 180 s at different amplitudes of current (i.e. 10 A, 20 A and 30 A)
passed through the joints and the resistance after 180 s was shown in Table 8. Sufficient voltage
measurements (i.e. total= 180, captured at 1s interval) could be taken within the test time to
eliminate the effects of drift during the measurement cycle. From Fig. 15, it can be noted that
after an initial fast rise the resistance only slowly increases within the period of applied current.
When the current is increased the rate of rising in the resistance also increases. When the
current was passed through the welded specimens, resistive heat loss generated heat increased
the resistance of the joint and worked as a positive feedback loop [41]. As shown in Table 8,
the resistance measured from the 0.2 mm Ni to 0.4 mm Hilumin is lower than the 0.2 mm Ni
to 0.3 mm Hilumin joints for all amplitude of the current (10A, 20A and 30A).

1.04 4 |——WC= 1800A; WT= 8ms WC= 2000A; WT= 12ms]|

1.02 -
1.00 -
0.98 -
0.96 -
0.94
0.92
0.90 -
0.88 -
0.86 -
0.84
0.82

Resistance (mQ)

0 I 2|0 I 4|0 I 6|0 I 8|0 I1(|)0I1éol1:10|1(|50|1£|50|
Time (s)
Fig. 15. Joint resistance of the 0.2 mm Ni to 0.3 mm Hilumin joints at P1 (WC= 1800 A;

WT=8ms) and P2 (WC= 2000 A; WT= 12 ms) for 30A supply current
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This is due to the fact that the resistance of a thin sheet is greater than the resistance of a thick
sheet because a thin sheet has fewer electrons to carry the current. The relationship between
resistance and the area of the cross-section of a sheet is inversely proportional [42]. For
example, the lowest contact resistance was measured for the 0.2 mm Ni to 0.4 mm Hilumin
weld at P4 parameters for 10A supplied current. Whereas, the maximum contact resistance was
obtained for the 0.2 mm Ni to 0.3 mm Hilumin weld at P1 parameters for 30A supplied current.
For 0.2 mm Ni tab to 0.3 mm Hilumin joints at the P1 parameter, the value of resistance at the
beginning was around 0.82 mQ irrespective of the applied current. At the end of 180 s of the
current application, the resistance increased to 0.84 mQ for 10 A, 0.89 mQ for 20 A and 1.02
mQ for 30 A, about 2.4%, 8.5% and 24% increase in resistance respectively. Similarly, for 0.2
mm Ni to 0.4 mm Hilumin weld at P4, the value of resistance at the beginning of the
measurement was around 0.74 mQ, and at the end of 180 s, the resistance increased close to
0.77 mQ for 10 A current, 0.82 mQ for 20 A current and 0.94 mQ for 30 A (i.e. increased by
about 4%, 11% and 27%) respectively. There is only a small change in resistance in each
combination, a few microohms, but these values are too low to impact performance
significantly. Adthough—the—resistance—variation—is—teo—smal—a—fewmicro-chms—in—each

alaalalla alalillaTa Q\/Q naca Q QA _Q amaea O\A alll a' a N ala a ava) Aarmanece
v, v \/ v/t i \/ Y v i v i , v

impact.
Table 8. Joint resistance measurement of RSW joints
Resistance after 180 s (m€2)
Supplied 0.2 mm Ni to 0.3 mm Hilumin 0.2 mm Ni to 0.4 mm Hilumin
current (A) WC= 1800A; WC= 2000A; WC=1900A; WC= 2100A;
WT=8ms (P1) | WT=12ms (P2) | WT=8ms (P3) | WT=12ms (P4)

10 0.84 £ 0.01 0.80 £ 0.02 0.78 £ 0.03 0.77 £ 0.03

20 0.89 £ 0.01 0.89 £ 0.03 0.81 £ 0.02 0.82£0.01

30 1.02 £0.03 1.01+£0.01 0.95+0.03 0.94 + 0.02

3.4. Analysis of joint temperature rise

As electrical contact resistance is temperature dependent [43], it is necessary to describe the
electrical resistances variation with respect to temperature. Due to the effect of Joule heating,
the current-carrying micro-RSW samples warm up during the cycle of the current flow (i.e.
representative of the charge-discharge cycle of the vehicle) [32]. The subsequent temperature
rise was captured when currents of 10 A, 20 A and 30 A passed through the joints for 180 s
each. Fig. 16 shows the variation of rising in temperature with time for 0.2 mm Ni to 0.3 mm
Hilumin joints at process parameter P1 (WC= 1800 A; WT=8 ms) and P2 (WC=2000 A; WT=
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12 ms) at 30 A current. From Fig. 16, an insignificant effect of process parameters on
temperature was observed. Table 9 shows the rise in temperature of joints after 180 s at
different amplitudes of current (i.e., 10 A, 20 A and 30 A). All results were measured from a
room temperature of 24°C. The joint temperature rises for the 0.2 mm Ni to 0.4 mm Hilumin
joints were lower than the 0.2 mm Ni to 0.3 mm Hilumin joints for all amplitures of current.
Although the top sheet (0.2 mm Ni) is common for both the joints but the electrical resistance
for the 0.4 mm Hilumin is lower than the 0.3 mm Hilumin resultant lower resistance was
obtained for the 0.2 mm Ni to 0.4 mm Hilumin combination [43]. For example, the temperature
rise for 0.2 mm Ni tab to 0.3 mm Hilumin joints at P1 parameters, 26.1°C for 10 A, 37.4°C for
20 A and 63.6°C for 30 A, whereas the temperature rise for 0.2 mm Ni tab to 0.4 mm Hilumin
joints at P3 parameter, 24°C for 10 A, 30.2°C for 20 A and 54.2°C for 30 A. Subsequently, the
temperature and resistance were consistent with the effect of Joule heating (I2Ryye14). In this
experiment, the welded coupons were exposed to the environment. In service, however, the
welded joints would be enclosed within the confines of the battery box and expected to reach
higher temperatures. Although commercial battery packs have an active or passive thermal
management system (TMS), these are mainly designed to focus on the surface cooling of the
cells [32]. The rise in joint temperature is recognized as one of the critical stress factors which
could affect battery performance. Exposing the battery cells to high temperatures can accelerate
ageing and promote solid electrolyte interface growth leading to premature failure [38, 39].
The results presented here indicate the significance of selecting the estimated value of pass
current to minimize the detrimental effects of high joint temperature on Li-ion battery i-e., Li-
ion battery can safely operate at 45°C [38, 44]. For example, the maximum rise in temperature
for the 30 A current after 180 s for both the 0.2 mm Ni to 0.3 and 0.4 mm Hilumin joints were

more than 45°C which is not suitable for Li-ion battery safe operation.
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50 -
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0 30 60 90 120 150 180
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Fig. 16. Temperature measurement of the 0.2 mm Ni to 0.3 mm Hilumin at P1 (WC= 1800

A; WT=8ms) and P2 (WC= 2000 A; WT= 12 ms) for 30A supply current

Table 9. Rise in temperature at RSW joints

Temperature after 180 s (°C)
Supplied 0.2 mm Ni to 0.3 mm Hilumin 0.2 mm Ni to 0.4 mm Hilumin
current (A) | WC= 1800A; WC= 2000A; WC= 1900A; WC= 2100A;
WT=8ms (P1) | WT=12ms (P2) | WT=8ms (P3) | WT=12ms (P4)
10 26.1+0.1 26.1+0.2 2400 2400
20 374+0.7 38.0+0.5 30.2+0.6 31.0+0.5
30 63.6 +0.2 63.4+0.8 54.2+0.1 53.9 £0.8

3.5.  Analysis of 18650 live cell welding

After completing the optimization for micro-RSW coupon samples of 0.2 mm Ni joined to
0.3/0.4 mm Hilumin, the optimized process parameters were used to weld the live cell positive
and negative terminals. A pictorial view of the welded live cell at process parameters P2 and
P4 is shown in Fig. 17 showing two Ni tabs successfully welded. The weld quality of the tab
to live cell was evaluated by 90° peel load. The measured value of 90° peel load obtained from
the welded live cells was given in Table 10. It is evident from the 90° peel load value that high
strength joints can be achieved for the tab to cell terminals. In addition, there was only a small
difference (about 7%) in 90° peel load value was obtained between the 0.2 mm Ni to coupons
(0.3/0.4 mm Hilumin) and live cell welding, which validated the applied approach and
optimization method. Also, the cross-sectional images of tab to cell terminal welding were
conducted to check the weld penetration. Fig. 18(a) and (b) showed a cross-sectional image of
the tab to live cell negative terminal joints at parameters P1 and P2 respectively. Whereas, tab
to positive terminal joints cross-section at parameter P3 and P4 was given in Fig. 18(c) and (d)
respectively. It can be observed in Fig. 18 that no bottom surface (negative and positive
terminal) penetration and very small bending (especially in the case of P4, i.e., Fig. 18d) were
obtained which is ideal for battery application because full penetration can produce cracks
leading to electrolyte leakage or potential thermal run away. In addition, the weld quality was
evaluated on the basis of the formation of the intermetallic phases in the micro-RSW joint as
well. The weld joint conducted at parameter P4 has been selected for the IMC study because
the thickness of the diffusion/fusion layer would be maximum because of P4 parameter has
maximum WC (2100 A) and WT (12 ms) among all other parameters set (P1, P2 and P3) [45].
The SEM morphologies and enlarged image of the weld joints of the tab to positive terminal

joints at parameter P4 are shown in Fig. 19(a), (b) and (c) respectively. The energy dispersive
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X-ray (EDX) analyser of the scanning electron microscope (SEM) was used to determine the
composition of the compounds formed along the white lines L1, L2 and L3 shown in Fig.
19(b). Fig. 19(d) shows the EDX line scan (i.e., L1, L2 and L3) results, which shows the
changes in concentration of the Ni and Fe, and the weld interface layers were pointed out in
the figure. A curve overlap means that intermetallic compounds were generated in the welded
joints [32, 46]. For example, the curve overlapping (i.e., fluctuation in the Ni and Fe
distribution curve) near the weld interface does not exist in Fig. 19(d), indicating that no
intermetallic compounds were formed. It is worth noting that the line scan analysis of the joint
interface with L1, L2 and L3 shows that the atomic concentrations of Ni and Fe transition
smoothly, and there is no transition plateau, indicating that only interdiffusion of the two
elements occurs at the interface. At the same time, from enlarged pictures of weld (Fig. 19c),
no obvious reaction layer was found at the interface, which confirms that the generation of
intermetallic compounds at the Ni and Hilumin joint interface can be avoided under these

experimental conditions (P1 - P4) [45].

Fig. 17. Live cell welding of the negative and positive terminal at P2 (WC= 2000 A; WT= 12
ms) and P4 (WC= 2100 A; WT= 12 ms) respectively

Table 10. 90° peel load of 18650 live cell terminals welding

Type Process parameters Maximum peel
load (N) £ SD
0.2 mm Ni to WC= 1800A; WT=8ms (P1) 119.93 £ 5.58
Negative terminal | WC= 2000A; WT= 12ms (P2) 153.25 +3.12
0.2 mm Ni to WC=1900A; WT=8ms (P3) 137.73 £3.93
Positive terminal | WC= 2100A; WT= 12ms (P4) 172.91 + 8.86
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Fig. 18. Cross-sectional view of weld nuggets of tab to live cell joint at (a) WC= 1800 A;
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Fig. 19. (a) SEM image of the tab to positive terminal joints at WC= 2100 A; WT= 12 ms, P4
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(b) enlarged view of the weld region (c) the enlarged view of blue box region in figure 19a

and (d) EDX line scanning results of figure 19b
4. Conclusions

This work was conducted to study the effects of micro-RSW process parameters and optimize
them. The obtained parameter setting can be used as a reference for welding 0.2 mm Ni
connecting tabs on LG HG2 18650 Li-ion battery cells to create battery packs, in practice, if
the geometry or materials of the connecting tab is changed, changes in parameter setting is
likely to be necessary to achieve optimal welding results. From the foregoing analysis and

discussion, the following conclusions were drawn:

e Micro-RSW has been demonstrated as a viable low production cost joining technique
for joining the Ni connecting tabs and 18650 Li-ion cells for battery pack

e From ANOVA analysis, it was found that the weld current had the most significant and
positive influence on the maximum/peak load followed by weld time. Whereas the
process parameters like squeeze time, pre-heat current, pre-heat time, dwell time and
hold time had insignificant effect on the maximum load.

e The optimized process parameters limits for the maximum load (maximization) were
evaluated by full factorial design of experiment and weld current of (1800 — 2000A),
(1900 — 2100A) and weld time of (8 — 12 ms) were required for the 0.2 mm Ni tab to
negative and positive cell terminals joining, respectively. Additionally, the fixed
parameters were squeeze time of 50 ms, rise and fall time of 1 ms, pre-heat time of 2.5
ms, dwell time of 3 ms, hold time of 100 ms and pre-heat current of 1200 A.

e In the lap-shear examination, the maximum load obtained from the four nuggets joints
was about two times more than the joints having two nuggets.

e The specimens were tested at 10A, 20A, and 30A input current through each specimen
for 180s. The increase in resistance is higher at 30A as compared to 10A and 20A
considering the temperature rise due to resistive heating.

e Due to Joule heating, the joint temperature rise was acquired when a current was
conducted through the joints. The maximum temperature variation range for both 0.2
mm Ni to 0.3/0.4 mm Hilumin joints was between 53.9°C to 64.6°C with 30A current
passed for 180 sec and 30.2°C to 38°C at 20A and 24°C to 26.1°C at 10A. The thermal
results are in line with electrical results verifying the proportionality between increased

resistance and corresponding temperature rise.
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e From joint temperature rise measurement, the estimated value of pass current can be
estimated to minimize the detrimental effects of high joint temperature i.e., Li-ion
battery can safely operate.

e No intermetallic compounds were generated at the Ni and Hilumin joint interface under

the optimized parametric conditions.

A systematic study was conducted in this work to optimize the micro-RSW process parameters
for connecting the Ni tab to 18650 cells in a battery pack. Further, the optimized welded cells

can be used for charging, discharging, internal resistance and capacity analyses as future work.
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