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a b s t r a c t

The production of batteries often involves the joining of multilayered foils to a conductive

tab. In the present study, a solid state spot welding method, the refill friction stir spot

welding (refill FSSW), was employed for welding multilayered commercially pure

aluminum (CPeAl) foils to 2024-T3 Al alloy sheets (tab). Defect-free welds with high lap

shear strength (LSS) are obtained. In the stirred zone (SZ), 2024 Al alloy is only found within

the shoulder refill region, which is greatly refined due to dynamic recrystallization. Unlike

overlap joints in thicker sheets, a thermo-mechanically affected zone also forms above the

SZ in the probe refill region. “Stop-action” experiments have been conducted to describe

joint formation. The presence of the 2024 Al alloy tabs resulted in significant changes to

material follow behavior and the formation of microstructural zones not previously

observed in conventional refill FSSW overlap welds in thicker sheets. Most welds failed in

SZ pull-out mode during LSS test. The cracks initiate at the interface between the upper

sheet and the first layer of the multilayered foils and then propagate upward and cir-

cumferentially outside the SZ. Welds of multilayered Al foils produced by refill FSSW show

low contact resistance. The decomposition of electrochemically active materials in batte-

ries can be avoided by maintaining a minimum distance from the spot-weld. The produced

welds with flat appearance, high mechanical properties, and potential to meet industry

requirements imply that refill FSSW is a promising welding technique for battery

production.

© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

In the late 20th century, governments started implementing

regulatory actions to reduce greenhouse gas emissions and

promote the development of electric and hybrid vehicles to

restrain climate change [1]. Since then, there has been an

upsurge in the investment in electric transportation [2],

allowing electric vehicle technology to progress and become

more appealing to the general public. However, electric au-

tomobiles still need to improve some key features, such as

limited range, long refueling time, and high production cost

[3]. Most of these limitations can be attributed to the battery

technology used and their production.

Most electric vehicles use lithium (Li)-ion batteries, and

the cells can be classified into three types: pouch, prismatic

and cylindrical [4]. The pouch cell presents the highest

packaging efficiency (95%) among battery packs mainly due

to its configuration, which uses conductive foil-tabs welded

to electrodes rather than metallic cylinders and glass-to-

metal electric feed through [5]. The joining process of a bat-

tery pack with a pouch cell configuration consists of three

levels: cell, module, and pack. At the cell level, as illustrated
Fig. 1 e Schematic illustration of the cell level of a po

Fig. 2 e Microstructure of the BMs, (a) 2024 Al al
in Fig. 1, there are alternating cathode (Li compound) and

anode (graphite) foils separated by an electrolytic solution

that allows for ion mobility. The Li metal foil is placed on

copper (Cu) and aluminum (Al) current collectors [6], which

are then welded to a tab, followed by case sealing. The cells

are joined at the module level, and then these modules are

joined at the pack level [7]. Accordingly, the welding of

multiple layers of Cu and Al is essential for battery

production.

For economical and quality reasons, a high degree of

automation of the cell welding process is needed. Although

mechanical joining provides the highest strength and ease of

disassembly, this technique adds additional parts andmass to

the cell and is more susceptible to corrosion [8]. Therefore,

welding processes such as laser beam welding (LBW), resis-

tance spot welding (RSW), and ultrasonic welding (USW) have

been developed to weld multilayered Al and Cu to a con-

ducting tab in battery pouches [9]. However, these techniques

possess attributes that still limit their widespread usage in

battery production [10]. Since Al and Cu are characterized by

low resistivity, increased electrical current and time are

needed to obtain high-quality welds by RSW, which may

become cost-prohibitive. Additionally, severe heat is
uch cell battery, the position of weld is marked.

loy, (b) CP-Al foils (stacked before welding).
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Fig. 3 e Side and top view of the overlap configuration used for LSS test. For contact resistance measurements the same

configuration is used, except that the length of the 2024 Al alloy sheets is reduced to 50 mm.

Table 1 e Chemical composition of the BMs (2024-T3 and
CP-Al) used in the present study, in wt.%.

BMs Al Cu Mg Mn Fe Si

2024 Al alloy 92.93 4.72 1.33 0.57 0.26 0.19

CP-Al 99.20 0.07 0.02 0.01 0.42 0.28
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generated due to its intrinsic fusion welding feature, resulting

in extensive deformation [11].

LBW is a low heat input process and can overcome some

drawbacks of RSW. However, LBW also involves bulk melting

of the materials being welded. The resulting weld is therefore

susceptible to metallurgical related issues leading to porosity,

solidification cracking and extensive formation of interme-

tallic compounds in the case of dissimilar materials configu-

rations which badly affect mechanical properties of the weld

[12].

USW shows significant advantages to these techniques due

to its solid-state nature. However, vibrations from USW can

damage the inside of the pouch cell, especially in welds with

many layers, which require a longer welding time, and when

the conductors inside the pouch have also been ultrasonically

welded [13]. Additionally, metallographic analyses of USW

welds showed small spots of connection between the mate-

rials, generally limited to the area immediately below the

sonotrode/horn, compromising the electrical conductivity of

the weld [14].

Refill friction stir spot welding (Refill FSSW) is an alter-

native process for welding multilayered Cu and Al in bat-

teries. It produces a spot-like overlap connection between

materials without melting and usually with superior me-

chanical properties [15e17]. This process is performed

using a three-piece tool system, consisting of a clamping

ring, an adjustable shoulder, and a probe. For a detailed

description of this process please refer to [15,18,19].

Although refill FSSW has been successfully used for joining

two or three sheets stacks of similar or dissimilar materials

[19e21], currently, there are no results published reporting

on the application of the process to multilayered and

extremely thin sheets (foils). The present study aims at

filling this knowledge gap.

The present study assesses the feasibility of joining

multilayered commercially pure Al (CPeAl) foils by refill

FSSW, taking into account microstructural evolution and
the resulting mechanical properties. Additionally, in-

dicators related to the integrity of the assembly, i.e.,

maximum temperature reached during welding and contact

resistance, have been measured to offer a reference for the

evaluation of a possible industrial application of refill FSSW

on battery production.
2. Materials, equipment and experimental
procedure

2.1. Base materials

Thin rolled 2024-T3Al alloy sheetsmanufactured by Alcoa Inc.

with a nominal thickness of 0.3 mmwere used in this study to

simulate the welding tab. Considering that the number of

current collectors typically welded in an electrode tab ranges

from 1 to 100 layers, with individual thickness of 10e30 mm [4],

50 CP-Al foils prepared in the lab with a nominal thickness of

13 mmwere stacked and used to form amultilayered structure.

The chemical compositions of both base materials (BMs) are

presented in Table 1.

The microstructures of 2024-T3 Al alloy and CP-Al

are depicted in Fig. 2(a) and (b), respectively. The 2024 Al

alloy is composed of the Al matrix with Al2Cu (q) and Al2-
CuMg (S-phase) particles with an average size of 1e2 mm,

while CP-Al presents the Al matrix with a-AlFeSi particles of

1e2 mm.

https://doi.org/10.1016/j.jmrt.2021.06.017
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Table 2 e Investigated parameter combinations.

Weld No. Rotation speed Plunge speed Plunge depth Welding time Average grain size of SZ (mm)

RS (rpm) PS (mm/s) PD (mm) WT (s) Shoulder refill Probe refill

Weld-1 1100 2.1 0.7 0.67 6 ± 4 8 ± 3

Weld-2 1700 2.1 0.7 0.67 6 ± 1 3 ± 1

Weld-3 1400 1.7 0.7 0.82 4 ± 1 6 ± 1

Weld-4 1400 2.5 0.7 0.56 5 ± 3 3 ± 1

Weld-5 1400 2.1 0.3 0.29 12 ± 2 7 ± 2

Weld-6 1400 2.1 0.5 0.48 8 ± 1 6 ± 2

Weld-7 1400 2.1 0.7 0.67 5 ± 1 4 ± 1
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2.2. Welding procedure

All the welds were produced using a Harms & Wende RPS100

welding machine. Refill FSSW is performed with the adjust-

able shoulder plunge variant [22] with a fixed welding force of

14.8 kNwithout air cooling. The refill FSSW tool wasmade of a

hot-work steel grade (Uddeholm Hotvar). The elements of the

tool have the following diameters: clamping ring ¼ 17 mm;

shoulder ¼ 9 mm and probe ¼ 6 mm. For mechanical testing,

both BMsweremachined to a length of 100mmand awidth of

25.4 mm, and then positioned in an overlap welding configu-

ration as shown in Fig. 3. The investigated configuration

consists of 50 foils of CP-Al between two 2024 Al alloy sheets

with an overlapping distance of 25.4 mm. For contact resis-

tance measurement the same set-up was used, only that the

2024 Al alloy sheets were machined into specimens with a

length of 50 mm each.

The parameters investigated in the present work are

plunge depth (PD), rotation speed (RS), and plunge speed (PS).

The optimized weld parameter combination, i.e.,

PD ¼ 0.7 mm, RS ¼ 1400 rpm, PS ¼ 2.1 mm/s, which was ob-

tained based on the previous design-of-experiment, was

considered as the baseline. The “one-factor-at-a-time (OFAT)”

approach was further used to check the effect of selected

parameters on the weld performance in the present study.

Table 2 shows the weld notations and the corresponding

parameter combinations, in which PD varied from 0.3 to

0.7 mm (with fixed RS at 1400 rpm, PS at 2.1 mm/s), RS from

1100 to 1700 rpm (PD and PS were fixed at 0.7 mm, 2.1 mm/s,

respectively), and PS in the range of 1.7e2.5 mm/s (RS was

kept at 1400 rpm, PD was 0.7 mm).

During welding, an InfraTec ImageIR 8300 infrared camera

with the aid of IRBIS3 Professional software was used to

analyze the surface temperature. Dupli-Color Lackspray

Tuning Supertherm Black, a high-temperature resistance

spray, was used to paint the entire sheet and eliminate the

influence of reflectivity on the temperature measurement.

Measurements of three samples for every welding condition

were taken to obtain an average temperature of the sheet

surface through infrared analysis.

2.3. Weld characterization

2.3.1. Macro- and microstructure analysis
The samples were prepared according to standard metallo-

graphic procedure [23]. Optical microscopy (OM) sampleswere

anodized using BARKER solution at 25 V for 75 s and then
observed by Leica SM IRM OM under polarized light. Addi-

tionally, the FEI Quanta 650 field-emission scanning electron

microscope (FE-SEM) equipped with EDAX electron back-

scattered diffraction (EBSD) detector was used to obtain

detailed information of selected regions. EBSD data was ac-

quired at 15 kVwith a step size of 0.25 mmand analyzed by TSL

OIM 7.3 software. A 15� criterion was used to define low-angle

and high-angle grain boundaries (LAGBs versus HAGBs), and

the grain orientation spread (GOS) of 3� [24] was the threshold

value for dynamic recrystallization (DRX), i.e., in DRXed and

unDRXed grains.

2.3.2. Mechanical testing
Since 2024 Al alloy is susceptible to natural aging, all me-

chanical testing were conducted within 24 h after welding.

The Struers Durascan hardness-testing machine was used

to determine Vickers microhardness, applying a load of

100 g dwelled for 10 s with 0.2 mm distance between in-

dentations. To assess global mechanical properties, lap

shear strength (LSS) testing was conducted using a Zwick/

Roell testing machine at room temperature with a constant

displacement rate of 2 mm/min. Three samples were tested

for each welding condition to calculate the mean value and

error. For selected welds, digital image correlation (DIC)

was used to capture full-field, out-of-plane deformation of

the sheets during the LSS test and to support the failure

analysis. The digital images were recorded at 7 Hz and

analyzed by the GOM ARAMIS system.

2.3.3. Contact resistance measurement
The contact resistance of theweldswas analyzed to assess the

quality of the weld regarding current conductivity. It should

be mentioned that there is no specific standard for measuring

the contact resistance for spot joints, a customized configu-

ration, see Fig. 3, was developed. The anode and cathode leads

were connected to the edges of upper and lower sheets,

respectively, allowing the current to pass through the weld.

Three measurements were made for every sample.
3. Results and discussion

3.1. Weld surface appearance

A typical weld surface produced by refill FSSW for the multi-

layer configuration, Weld-7, is shown in Fig. 4(a). The weld

appearance is shiny and smooth; no superficial defects, such

https://doi.org/10.1016/j.jmrt.2021.06.017
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Fig. 4 e (a) Surface appearance of Weld-7 (see Table 2). (b) Surface height variation.
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as lack-of-refill, keyhole, detached material, are found. The

sound weld appearance is beneficial in terms of corrosion

resistance and current conduction. In addition, the surface of

the weld is flat around the spot-welding region, and the

overall height variation is below 0.1mm, see Fig. 4(b). It should

be mentioned that the observed regions with significant

height variation, which locate far away from the spot weld,

are not formed due to refill FSSW. In fact, the original 2024 Al

alloy sheets had already been slightly bent after machining

due to the small thickness, i.e., only 0.3 mm.

3.2. Macro/microstructure of the welds

3.2.1. Grain morphology
Fig. 5(a) illustrates the cross-section of theweld producedwith

the optimized parameter combination, i.e., Weld-7, see Table

2. The weld displays a defect-free macrostructure, with no

lack-of-refill or voids. For the other welds obtained, the de-

fects as unbonded regions are identified at the interface be-

tween 2024 Al alloy sheet and CP-Al or between the CP-Al foils.

For completeness, the effects of welding parameters on the

macro-features of welds are summarized in the

Supplementary Figs. S1eS3 and Tables S1eS3. The detailed

observation of grainmorphology of the optimizedweld,Weld-

7, indicates that, similar to other refill FSSW welds in thicker

materials, see Fig. 5(b), the macrostructure of a multilayered

weld presents three metallurgical zones: the heat-affected

zone (HAZ), thermo-mechanically affected zone (TMAZ), and

stirred zone (SZ). However, a comparison between Fig. 5(a) and
Fig. 5 e Cross-section of (a) Weld-7, see Table 2, (b) a typical refi

with the thickness of 0.6 mm. Themarked regions 1 and 2 belon

EBSD.
(b) indicates that the relative positions of these zones are

different, especially regarding the TMAZ, which can be sub-

divided into TMAZ-1 and TMAZ-2.

The TMAZ-1 of the multilayered weld, see Fig. 5(a), is in

similar location compared to that of the refill FSSW in

thicker sheets. It does not surround the entire SZ continu-

ously, but fades under the probe refill region, giving rise to

the formation of HAZ-2 in the 2024 Al alloy lower sheet. The

microstructures of the marked regions 1 and 2, see Fig. 5(a),

which are within the TMAZ-1, are shown in Fig. 6(a) and (b).

The region 1 is located along the interface between 2024 Al

alloy upper sheet and CP-Al foils. Both BMs have experienced

plastic deformation introduced by refill FSSW. The typical

“hook” feature, is identified, which implies weak bonding

between 2024 Al alloy and CP-Al here and is the initiation

position of failure during LSS test, as discussed in Section

3.3. The region 2 is located at the depth of 0.6 mm, where the

enhanced interlayered mixture between CP-Al and 2024 Al

alloy exists. The overall morphology of TMAZ-1 is similar to

the TMAZ of the refill FSSW in thicker material sheets as

shown in Fig. 5(b).

The TMAZ-2, which is the newly formed zone, appears

above the SZ in the probe refill region. This is an unexpected

observation and gives reason to believe that a discontinuous

deformation exists between the upper 2024 Al alloy and the

multilayered CP-Al foils. To future understand the underlying

differences in microstructure between TMAZ-2 and the SZ,

EBSD analysis is used to characterize the marked areas 3 and

a-d in Fig. 5(a).
ll FSSW weld on thicker sheets, i.e. 7075-T6 Al alloy sheet

g to TMAZ-1. The regions 3 and a-d are further analyzed via

https://doi.org/10.1016/j.jmrt.2021.06.017
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Fig. 6 e The microstructure of marked (a) regions 1 and (b) region 2 in Fig. 5(a), which locate within TMAZ-1.
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Fig. 7(a) and (b) show the EBSD maps of 2024 Al alloy and

CP-Al BMs, respectively. The 2024 Al alloy shows a bimodal

microstructure due to the rolling process and presents an

average grain size of 16 mm. The CP-Al grain morphology is

inhomogeneous, and since the foil is very thin, there is mainly

only one grain over the thickness. Region 3,marked in Fig. 5(a),

represents the shoulder refill region of the SZ, and the corre-

sponding EBSD inverse pole figure (IPF) is shown in Fig. 7(c).

This region shows the mixture of 2024 Al alloy and CP-Al. The

SZ suffers high strain rates and high temperatures due to se-

vere plastic deformation during refill FSSW, supporting dy-

namic recrystallization. Compared to the BMs, the SZ grains

are heavily refined. However, unlike CP-Al, which only shows
Fig. 7 e EBSD maps of (a) BM 2024 Al alloy, (b) BM CP-Al (differen

marked in Fig. 5(a). (d) Region 3, indicating the distribution of GO

an un-indexed region due to the existence of precipitate particl
limited development of DRX with unDRXed grains containing

substructure, the 2024 Al alloy shows a complete DRX micro-

structure, see Fig. 7(d); and the DRXed grains of 2024 Al alloy

are smaller compared to CP-Al.

The 2024 is anAleCu precipitate hardening Al alloy. The Cu

addition decreases the stacking fault energy of Al [25,26]

compared to the CP-Al, which is beneficial for the occurrence

of DRX [27]. Moreover, the existence of dispersed precipitate

particles as q and S, on one hand, generates favorable sites for

DRX [28,29], and on the other hand, inhibits the growth of

grains due to the pinning effect [30]. Additionally, since the

CP-Al BM consists of multilayered foils, the gap observed

along the interface between each foil before welding, see
t foils are illustrated above each other), and (c) Region 3, as

S < 3�, i.e., DRXed grains in blue. For (a), the black region is

es.

https://doi.org/10.1016/j.jmrt.2021.06.017
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Fig. 2(b) and Fig. 7(b), may decrease the plastic deformation. As

a result, in the shoulder refill region, e.g., Region 3, the DRX

fraction of the 2024 Al alloy is higher and the DRXed grains are

smaller compared to CP-Al.

The marked regions a-d in Fig. 5(a) along the centerline of

theweld are described in detail in Fig. 8 to analyze the variation

of microstructure along the depth in the probe refill region.

Fig. 8(a) shows the microstructure of the TMAZ-2 region.

The 2024 Al alloy upper sheet grains are deformed with

limited recrystallization due to the decreased strain

compared to the shoulder refill region of SZ. In the most

superficial area, layer 1, which is in direct contact with the

probe, fine DRXed grains are identified, with an average size

below 3 mm. The contact with the probe bottom surface

creates an adiabatic environment [31], in which the tem-

perature increases at the interface of the probe and 2024 Al

alloy sheet. Moreover, the rotation of the probe introduces

plastic deformation near the top surface of the 2024 Al alloy

sheet. Under the effect of thermo-mechanical interaction,

recrystallization occurs and, therefore, the thin layer 1

consists of DRXed grains. Further from the probe's bottom

surface, layer 2 is identified. Compared to the original rolled

microstructure, see Fig. 7(a), the grains are geometrically re-

deformed, presumably to meet the geometrical requirement

of the strain introduced by the movements of the probe and

the shoulder [32,33]. The LAGBs develop within the grain

interior. In some regions, the formation of newHAGBs due to

the continuous accumulation of LAGBs is identified, which
Fig. 8 e EBSD characterization of (a) Region a, (b) Region b, (c) R

geometrical direction of deformation is marked as black line, DR

DRX stimulated by precipitate particles is circled by yellow colo
results in the formation of DRXed grains. In addition, the fine

DRXed grains accumulate near the precipitate particles,

implying that DRX is related to dispersoids. Further away

from the probe's bottom surface exhibits layer 3. In this

layer, grains are only slightly deformed, presenting minor

formation of LAGBs and disappearance of DRXed grains.

Such features reflect the reduced plastic deformation

introduced by probe movement.

Fig. 8(b) shows the interface between TMAZ-2 and SZ. At

the bottom of TMAZ-2, the grain structure is similar to the

2024 Al alloy BM, presenting only slight elongation. The

initially rolled microstructure is nearly preserved, i.e., the

material does not undergo temperatures and significant

deformation and strain rates high enough to deform the

grains plastically and trigger recrystallization. A clear

boundary appears between TMAZ-2 and SZ, implying that the

2024 Al alloy upper sheet does notmixwith the CP-Al of the SZ

underneath the probe.

Fig. 8(c) shows the SZ in the probe refill region, which

consists only of CP-Al. The grains are more refined compared

to the shoulder refill region. However, the microstructure has

still not completely DRXed. The original grains of CP-Al have

been transferred into high aspect ratio fibrous grains with a

significant high fraction of LAGBs (>46%) due to severe strain

deformation. Although small voids are observed, the original

layered structure has disappeared, implying that a homoge-

neous mixture of the CP-Al foils occurred during refill FSSW

under the combined thermo-mechanical interaction.
egion c, and (d) Region d, as marked in Fig. 5(a). For (a),

X due to LAGBseHAGBs transition is circled by cyan color,

r.
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Fig. 9 e Macrostructure of the weld produced by “stop-action” with a plunge depth of (a) 0.3 mm, (b) 0.5 mm and (c) 0.7 mm

and a retract depth of (e) 0.5 mm, (f) 0.3 mm. The yellow arrows indicate the maintained boundary between the 2024 Al alloy

and the SZ. The white arrows indicate a disconnected 2024 Al alloy island from the shoulder refill region.
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Fig. 8(d) shows the interface of SZ and HAZ-2, represented

by the boundary between CP-Al and the 2024 Al alloy lower

sheet. The 2024 Al alloy shows slight grain growth but no

significant DRX is observed.

3.2.2. Material flow and joint formation mechanism
As mentioned above, the existence of the TMAZ-2 region is

special to refill FSSW of multilayered Al foils. To reveal the

joint formation mechanism, a “stop-action” technique [32,33]

has been carried out. In the stop-action experiments, the refill

FSSW process was interrupted during the plunge stage at

different depths, i.e., 0.3, 0.5, 0.7 mm as well as the retraction

stage at the depths of 0.5, 0.3 mm. A water-ice mixture was

then immediately poured on thewelding region to “freeze” the

microstructure.

Fig. 9(a)e(c) show the macrostructure of multilayered

welds inwhich thewelding processwas stopped at 0.3, 0.5 and

0.7 mm plunge depth, respectively, while the Fig. 9(d)e(e)

illustrate the macrostructure of welds obtained at 0.5 and

0.3 mm retracting depth.

From the stop-action experiments, it is observed that the

upper 2024 Al alloy sheet remains attached to the bottom of
the probe during refill FSSW and is not significantly contrib-

uting to the deformation below the probe refill region. A

definitive boundary is maintained between the 2024 Al alloy

sheet and the SZ, see the yellow arrows. Combined with the

results of microstructure observation along the interface, see

Fig. 8(b), it is assumed that the 2024 Al alloy upper sheet

attached to the probemay only slide relative to the SZ of CP-Al

foils, i.e., there is no significant friction between the 2024 Al

alloy sheet and CP-Al foils here. This behavior is expected

since the 2024 Al alloy is characterized by increased me-

chanical properties compared to CP-Al. Moreover, regarding

plastic deformationwithin the probe refill region, only the soft

CP-Al is significantly affected.

Besides, according to the behavior below the shoulder refill

region of 2024 Al alloy during plunge stage, the 2024 Al alloy is

sheared, i.e., creating an “island” feature, see white arrow in

Fig. 9(a). As the shoulder progresses towards the pre-

determined plunge depth, this island is mainly compressed

downward and parts are moved inward to the SZ of the probe

refill region, see Fig. 9(b)e(c). During the retraction stage,

Fig. 9(e)e(f), the displaced island remains within the shoulder

refill region andmixes with plasticized CP-Al. Thus, a mixture
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Fig. 10 e Microhardness profile of Weld-7 produced by refill FSSW. (a) Along the horizontal direction, (b) along the vertical

direction.
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of 2024 Al alloy and CP-Al is observed only in the shoulder

refill region, see Fig. 8(c), while the probe refill region consists

only of CP-Al.

3.3. Mechanical properties

3.3.1. Microhardness
Considering the microstructure evolution within the welding

area, microhardness testing was conducted to evaluate local

mechanical property. The microhardness profiles in the hori-

zontal and vertical directions of Weld-7 are shown in Fig. 10(a)

and (b), respectively. For the horizontal direction, the micro-

hardness was determined at three different depths, i.e., at the

top, middle, and bottom of the weld, while for the vertical di-

rection, the datawasmeasured along thepositions 0 (centerline

of probe refill region), 1.50 and 3.75 mm (centerline of the

shoulder refill region) away from the center of the SZ.

The top of the weld corresponds to the mid-thickness of

the upper 2024 Al alloy sheet. The microhardness of 2024 Al

alloy BM is 136 ± 3 HV0.1, the similar hardness value is iden-

tified in the HAZ-1 with 135 ± 3 HV0.1 and in the TMAZ-1 with

139 ± 1 HV0.1. However, in the SZ of the shoulder refill region,

the microhardness varies from 40 to 150 HV0.1. According to
Fig. 11 e Variation of the LSS with the welding parameters, the

marked.
themicrostructure observation, see Fig. 7(c), this region shows

a mixture of deformed 2024 Al alloy and CP-Al; thus, the

microhardness varies between the hardness values of the two

BMs. In the TMAZ-2 region, the microhardness varies with a

standard deviation of 18 HV0.1. This variation in the TMAZ-2 is

related to the balance betweenhardening and softening: 1) the

partially preserved precipitation hardening due to the mod-

erate temperature and deformation experienced, and the

hardening resulted from dislocation formation as seen from

the significant increased LAGBs fraction in Fig. 8(a); 2) for-

mation of eutectic constituents, which deplete the alloying

elements of the matrix, resulting in softening.

Themiddle of theweld ismeasured along the foils of CP-Al.

In the shoulder refill region of SZ, hardness values ranging

from 40 to 150 HV0.1 are again observed, characterizing the

transition of CP-Al to 2024 Al alloy. According to the micro-

structural analysis, see Fig. 8(c), the 2024 Al alloy is not

transported into probe refill region of SZ; thus, the hardness

values here are only affected by CP-Al, which increases

slightly compared to CP-Al due to grain refinement from DRX,

see Fig. 8(c).

Regarding the bottom of the weld, it is found that the

hardness profile presents a near-constant hardness value
corresponding welding conditions listed in Table 2 are also
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close to the 2024 Al alloy BM, reflecting a minor effect from

refill FSSW.

When it comes to the variation of microhardness along the

thickness direction, see Fig. 10(b), in the probe refill region, the

microhardness decreases from the interface between TMAZ-2

and SZ and then keeps constant at the value of 36 HV0.1 within

the SZ, which only consists of CP-Al foils with sound inter-

mixture. Finally, the hardness increases again within the 2024

Al alloy lower sheet. However, for the shoulder refill region,

before reaching the lower sheet, with the increase of depth,

the microhardness decreases constantly due to the increased

fraction of CP-Al within the local region.

3.3.2. Lap shear strength and failure behavior
Fig. 11 summarize the effect of welding parameters on the

LSS obtained for the different welding conditions listed in

Table 2. The LSS is of main concern due to the vibration

loading and possible crash conditions, which are relevant for

automobiles. Since there is no related standard concerned

with the strength requirement for automotive application,

the measured LSS is thus analyzed based on the standards

for the aerospace industry [34], which demands higher

strength compared to the automotive industry. All the welds

produced in the present study provide LSS of up to 4.5 times

of the minimum average strength required for aerospace
Fig. 12 e SZ pull-out mode in Weld-7. (a) Fracture surface, the h

deformation after LSS test, (b) macrostructure of the failed Weld
application, which implies that the requirements of the

automobile industry should also be met. The increase of PD

can increase the LSS significantly due to the enhanced ma-

terial mixture, while the effect of RS is minor. The high PS of

2.5 mm/s will decrease the LSS due to the decreased heat

input.

Fig. 6(a) shows the existence of hook, which is similar to

that in the typical refill FSSWwelds. The hook generally has a

strong influence on the overall mechanical strength of the

weld [15,35,36] since the hook position usually is the crack

initiation site. However, regarding the multilayered weld

studied in this work, fracture analysis shows that the crack

only propagates at two sites, either the upper or the lower

2024 Al alloy sheet, resulting in “SZ pull-out” or “SZ shear”

fracture mode.

The SZ pull-out fracture mode occurred in most of the

tested specimens with varied process parameters. The frac-

ture appearance of the SZ pull-outmode is shown in Fig. 12(a),

in which an “eyebrow” shaped crack along the edge of the SZ

exists on the top surface of the upper sheet. The detailed

microstructure observation, see Fig. 12(b), shows that on the

loaded side of the upper sheet, cracks initiate along the

interface between 2024 upper sheet and the first layer of the

multilayered CP-Al foils and then propagate towards the SZ.

However, at the shoulder refill region, as shown in Fig. 7(c),
eight variation is also shown to illustrate the sheet

-7.
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Fig. 13 e The equivalent strain, i.e. von Mises strain distribution of Weld-7 (a) top surface of upper 2024 Al alloy sheet, (b)

bottom surface of lower 2024 Al alloy sheet during LSS test when the maximum force is reached.
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there is a mixture of 2024 Al alloy and CP-Al, and the micro-

hardness varies between 40 and 150 HV0.1, see Fig. 10. The

significant microstructure mismatch from TMAZ-1 to shoul-

der refill region of SZ as well as themicrohardness differences

between them result in crack path deviation. Thus, the crack

propagates in a circumferential direction along the SZ.

Concurrently, due to the nature of the lap shear testing

configuration, secondary bending occurs to align the sheets,

and the cracks also tend to propagate upward. The combined

effects of microstructure and secondary bending finally result

in the formation of eyebrow-shaped cracks on the loaded side

of the upper sheet. Regarding the bottom sheet, the initiation

of cracks is also observed. However, the cracks are short and

small, and stop outside the SZ.

The assumed initiation and propagation behavior of the

cracks are well reflected in the strain variation, as shown in

Fig. 13. Positionswith high strain correspond to the existence

and propagation of underlying cracks. On the loaded side of
Fig. 14 e SZ shear mode inWeld-5. (a) Fracture surface, the heigh

after LSS test, (b) macrostructure of the failed Weld-5.
the upper 2024 Al alloy sheet, strain concentration is iden-

tified outside the SZ, which extends circumferentially. On

the loaded side of the lower sheet, although strain concen-

tration also occurs, the strain value is rather small, con-

firming the limited development of cracks. Additionally, the

strain variation of the bottom surface of 2024 Al Alloy lower

sheet implies that minor circumferential propagation of the

cracks occurs, which is mainly related to the secondary

bending during LSS test.

The SZ shear fracturemode is only seen in samples welded

with 0.3 mm plunge depth, i.e., Weld-5, in the present study.

The surface appearance and cross-sectional macrostructure

are shown in Fig. 14(a) and (b), respectively. In the SZ shear

fracture mode, the cracks initiate at the interface between the

2024 Al alloy lower sheet and CP-Al foils and then propagate

through the SZ, resulting in the lower sheet's detachment. The

formation of SZ shear fracture mode is related to the weak

metallic bonding and lack of mechanical interlocking at the
t variation is also shown to illustrate the sheet deformation
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bottom region of the weld. The shoulder did not plunge deep

enough into the weld to promote atomic diffusion and to

plastically deform the 2024 Al alloy lower sheet.

According to Fig. 11, welds that failed in the SZ pull-out

mode show increased LSS compared to the welds that failed

in the SZ shear mode. To achieve high LSS, plunge depth

should be above a critical value that ensures bonding and

mechanical interlocking between CP-Al foils and the lower

sheet. Then propagation of initiated cracks on the loaded side

of the lower sheet can be prevented. Moreover, considering

the crack propagation route in the SZ pull-outmode, the small

voids due to unbonded foils at the SZ center, see Fig. 8(c), do

not significantly interfere with the LSS of weld.

3.4. Industry indicators

The previous presented results illustrate that refill FSSW can

produce defect-free multilayered foil welds with high me-

chanical performance. This section will assess the related

industry indicators, such as maximum surface temperature

and contact resistance, to evaluate the applicability of the

refill FSSW process to battery production.

In Li-ion cells, the electrochemically active materials are

in direct contact with the cell casing. The accelerated rate

calorimetry on various Li-ion technologies has shown that

electrochemically active materials' decomposition starts at

80 �C [37]. Considering the pouch type cell configuration, see

Fig. 1, the temperature achieved during welding of the

electrodes to the tab should be carefully analyzed to avoid

unwanted decomposition of the electrochemically active

materials.
Fig. 15 e Infrared images of maximum temperature measureme

combinations 1e7, indicated by images (a)e(g) in respective ord
The heat distribution on the top surface of the upper 2024

Al alloy was measured to simulate the position that would be

attained at the external conductor, the results are shown in

Fig. 15. This analysis provides insight into the safety of refill

FSSW without damaging electrochemically active materials

inside cell casing. The maximum temperature reached, and

the time needed to decrease the temperature below 80 �C in

different welding conditions are summarized in Fig. 16(a) and

(b), respectively.

According to the heat distribution shown in Fig. 15, for

refill FSSW, the heat is restricted within small regions near

the welding tool. In all tested welding conditions, the tem-

perature at a distance of 16 mm away from the welding re-

gion is kept below 80 �C. This implies that refill FSSW can be

safely used in battery cells as long as a minimum distance

from the weld to the cell casing is maintained, i.e., about

16 mm in the present study. The maximum temperature on

the top surface varies between 165 and 213 �C for the

different welding conditions, see Fig. 16(a). Additionally, the

maximum temperature is mainly affected by the PS and RS,

when the intermediate PS and RS are used, it reaches the

minimum value. The variation of the time needed to

decrease the temperature to 80 �C with the welding param-

eters shows the same tendency as the maximum tempera-

ture, see Fig. 16(b), and the minimum time needed is about

16 s. Considering that the maximum surface temperatures is

above 80 �C and the long exposure time at elevated temper-

atures at positions adjacent to the welding region, it is

important to define aminimum distance requirement for the

battery production. It should be mentioned that the mini-

mum distance of 16 mm, as presented in this study, can be
nts during welding of specimens produced with parameter

er. Parameter combinations are detailed in Table 2.
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Fig. 16 e (a) Maximum temperature obtained during refill FSSW process on top 2024 Al alloy sheet and (b) time to decrease

the temperature to 80 �C for the different welding conditions, i.e., Weld-1 to 7.
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further reduced by using a shoulder with a smaller diameter

or implementing a cooling system.

The variation of contact resistance for the different weld-

ing conditions is shown in Fig. 17. For comparison, the values

of welds obtained by RSW, LBW, and USW are also given [14].
Fig. 17 e The measured contact resistance for Weld-1 to 7.
For refill FSSW of multilayered foils, the average contact

resistance is insensitive to the variations of welding parame-

ters. All the values obtained are just a little higher than for

welds obtained by other welding processes. Additionally, the

contact resistance is smaller than the internal resistance of
Data on RSW, USW, and LBW was obtained from [14].
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conventional Li-ion batteries, i.e., 40 mU [38]. Hence, refill

FSSW does not cause any significant resistance heating of the

battery during charge or discharge of the cell.

Based on the above results of industry indicators, refill

FSSW can produce welds of CP-Al multilayered foils without

decomposing electrochemically active materials. Moreover,

the contact resistance of the weld is acceptable. Thus, refill

FSSW is a potential technique for welding battery.
4. Conclusions

In the present study, the feasibility of refill friction stir spot

welding (refill FSSW) of multilayered commercially pure Al

(CPeAl) foils for battery production is assessed. The micro-

structure, mechanical properties of the weld are investigated,

and the related industry indicators are measured. The

following conclusions are drawn:

(1) Refill FSSW is a feasible welding method for multilay-

ered Al foils. Defect-free welds with high lap shear

strength (LSS) are obtained.

(2) Similar to conventional refill FSSW weld, the multilay-

ered Al foils weld can be classified into heat-affected

zone, thermo-mechanically affected zone (TMAZ), and

stirred zone (SZ). The SZ in the shoulder refill region is

characterized by a mixture of 2024 Al alloy and CP-Al.

The SZ in the probe refill region only consists of CP-Al.

(3) A sub-TMAZ appears above the SZ in the probe refill

region. Stop-action experiments indicate that the for-

mation of this region is related to the adherence be-

tween the 2024 Al alloy upper sheet and probe as well as

to the “sliding” of the upper sheet relative to the SZ,

consisting of CP-Al foils.

(4) ThemultilayeredAlfoilweldmainlyfails intheSZpull-out

mode during the LSS test. The cracks initiate along the

interface between the 2024 Al alloy upper sheet and the

first layer ofmultilayered CP-Al foils, propagatingupward

and circumferentially outside the SZ. Defects, such as

unbonded Al foils within the SZ, do not significantly

interfere with the LSS of the weld in case of SZ pull-out

mode.

(5) The multilayered Al foil welds show low contact resis-

tance. To avoid decomposition of electrochemically

active materials in batteries, a minimum distance is

required between the weld and cell casing.

Overall, the multilayered Al foil welds produced by refill

FSSW show a flat appearance and good mechanical proper-

ties, which also meet temperature and contact resistance re-

quirements for industry production. Therefore, it is concluded

that refill FSSW is a very promising technique for welding

tasks in batteries.
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