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A B S T R A C T   

In this work, Laser wobble welding of Steel to Aluminium busbar joints was investigated for Li-ion battery pack 
applications. The effect of wobble amplitude on the properties of the weld was studied. It is observed that wobble 
amplitude significantly influenced the weld geometry, microstructure, mechanical strength, and electrical 
resistance. As wobble amplitude increases the weld depth reduces linearly and the severity of weld cracking was 
significantly reduced. Welds with an aspect ratio below 1, produce almost a crack-free microstructure. The 
optimum wobble amplitude was found to be 0.8–1 mm for the selected laser power density. Under optimum 
parametric conditions, the weld strength reaches 1 KN, equalling that of the thin steel sheet. In addition, the 
optimum welds showed a low volume of intermetallic phase formation which improved both electrical con-
ductivity and tensile strength. The results of this study facilitate an effective joining solution for a cost-effective 
aluminium busbar material to steel-cased cylindrical cells.   

1. Introduction 

Electric vehicles and energy storage systems require large, high ca-
pacity and durable Lithium-ion battery packs. For effective electrical 
and thermal management of Li-ion batteries, small-size Li-ion cells are 
preferred to large cells. Cylindrical format Li-ion cells offer many ad-
vantages for use in large battery packs including built-in safety features, 
availability in large quantities, high energy density and cost- 
effectiveness. The cells are interconnected through thin sheets of 
busbar-tabs (of typical thickness < 400 µm) in a process known as Tab 
welding [1,2]. Cylindrical cell cases are usually made of Interstitial-free 
(IF) steel due to its mechanical strength and formability. Laser Beam, 
Micro-TIG, Ultrasonic Wire Bonding, and Resistance Spot Welding 
techniques are all used for cylindrical Li-ion cell tab welding [3–5]. 
Laser welding, however, offers the unique advantages of high process 
speed, ease of automation, non-contact heat source, ability to weld 
dissimilar metals, low heat input, etc. [6]. 

The tab material is selected based on key factors such as electrical 
and thermal conductivity, weldability, and cost-effectiveness. Nickel 
(Ni), Copper (Cu), Aluminium (Al), and Nickel coated Interstitial-free 
steel (Ni-Steel), are the possible materials for busbar tabs. The thermo- 
physical properties of these materials are presented in Table 1. Cu 

delivers higher electrical and thermal conductivity compared to the 
others. In addition, Cu is compatible to weld with Steel as the Cu and Fe 
binary system does not form harmful intermetallics. However, Cu is 
expensive and requires plating to avoid oxidation. The high thermal 
conductivity and the variation in thermo-physical properties between Fe 
and Cu limit the joining operation to only a few welding methods like 
Micro-TIG, Ultrasonic and Laser. Al offers good electrical conductivity, 
roughly about 60% that of Cu but at a much cheaper cost. However, Al is 
less weldable with Fe due to the large variation in thermo-physical 
properties and metallurgical incompatibility. Both Cu and Al tab weld-
ing demand special joining methods due to their high thermal conduc-
tivity and high light-reflectivity. Some battery designs prefer Ni tabs for 
mechanically stronger joints, but Ni is expensive and electrically more 
resistive. The high electrical resistance of Ni can be compensated for 
with a large contact area and the use of thick busbars for efficient 
electrical and thermal performance. Ni coated steel (Ni-steel) tabs offer 
better weldability using various techniques and produce stronger joints, 
but the electrical resistance is five times higher than Cu. 

Thick busbars are required for large capacity battery modules to 
facilitate the conduction of high electrical current and the heat gener-
ated from the cells during the electrical charging/discharging cycles. Al 
is a light and economical material for busbars. Therefore, the welding of 
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the Ni-steel tab to an Al busbar could provide a cheap and effective 
solution for the manufacture of battery packs. Schmitz et al. have 
studied Ni-steel tab welding and achieved welds of good electrical 
conductivity [7]. Kampker et al. have suggested the Ni-Steel tab as a 
useful material in the design of battery packs for mass manufacturing 
[8]. However, welding thin Ni-steel tabs with a thick Al busbar is 
challenging as the Fe and Al show a large variation in thermo-physical 
properties such as melting point, thermal conductivity and coefficient 
of thermal expansion. Fe and Al are metallurgically incompatible and 
the resultant fusion-welds tend to form detrimental intermetallic com-
pounds (IMC). Table 2 presents the chemical compositions, crystal 
structures, hardness and Gibbs free energies of various IMCs formed in 
the Fe-Al binary system [9–11]. Of these IMCs, Fe2Al5, Fe4Al13, and 
FeAl2 are the Al-rich phases and FeAl and Fe3Al are Fe-rich. Al-rich IMCs 
are mechanically harder and more brittle than the Fe-rich as shown in 
Table 2. Fe-rich IMCs are preferred to Al-rich phases as they are less 
harmful and relatively tougher and ductile. However, the formation of 
Al-rich phases is thermodynamically more favourable to Fe-rich as 
observed from the Gibbs free energies. Fe2Al5 is thermodynamically 
more stable and first to form followed by Fe4Al13, FeAl2, FeAl and FeAl3 
respectively [12]. The typical IMCs are also electrically resistive which 
can cause energy loss due to Joule heating during the charging/dis-
charging cycles. Hence, the weld microstructure needs to be controlled 
precisely to mitigate the presence of IMC phases. Wang et al. reviewed 
the Al to steel dissimilar metal welding research works and observed 
that there are very few works that claim mechanically stronger welds 
applicable to critical applications [13]. 

Fe and Al dissimilar metal welds are prone to cracking. The various 
IMC phases formed during Fe-Al fusion welding have significantly 
different thermal expansion coefficients and undergo thermal stresses 
during heating and solidification of the weld. This causes thermal 
stresses in the weld pool which can result in cracking [14–18]. The 
mechanical strength of joints can be significantly affected by cracking 
and its severity. In busbar joints, the discontinuity of welds at these 
cracks is a concern as it may cause poor electrical contact. 

Laser beam welding has unique advantages of low heat input, high 
process speed, non-contact heat source, ease of automation etc. The 
joining of Al and Steel alloys in both butt and overlap configurations 
with a laser has been studied. In the butt configuration, due to the large 
difference in melting point of Al (660 ⁰C) and Steel (1500 ⁰C), the joint is 
made as welding-brazing with a filler metal. Mechanical failure of such 
joints occurs at the interface between the steel and weld pool showing 
cleavage fracture surfaces [19,20]. Offsetting the laser beam towards the 
steel side improves weld quality by mitigating the mixing of Al and Fe in 

the liquid phase and reducing IMC formation [21]. In overlap joints, the 
steel on top configuration is preferred to the Al over steel due to the high 
laser light reflectivity of Al and large melting point differences. Meco 
et al. demonstrated how conduction mode welding using a large size, 
defocused laser beam could be used. In this method, the laser beam 
partially melts the top steel layer and conducts heat through the weld 
interface to melt the Al [22]. In keyhole mode laser welding, the weld 
penetration depth was observed to influence the mechanical strength, 
cracking and chemical composition [15]. A similar observation was 
made with pulsed laser welding. An optimised set of process parameters- 
laser power, pulse duration and overlapping factor eases the severity of 
cracking [16]. Weld depth has been reported to influence weld micro-
structures in steel to Al dissimilar metal welding. Sierra et al. observed 
that maintaining weld depth below a limit, (in this case 500 µm) offers 
good quality, defect-free welds [15]. At low penetration depth, the 
welds did not show as much of a chemical compositional gradient due to 
the lesser amount of melting of Al. At higher weld depths, more melting 
of the Al occurs with consequently greater mixing of Al with Fe. Tor-
kamany et al. also arrived at the same conclusion but suggested main-
taining a minimum weld depth to produce sufficient keyhole induced 
weld joint [16]. Indhu et al. observed that the increase in depth of 
penetration enhances the tendency to form thick Al-rich intermetallic 
phases [12]. Yang et al. noticed that high penetration welds tend to form 
brittle, Al-rich IMCs while low penetration joints were inclined to pro-
duce less brittle, Fe-rich IMCs [23]. Cui et al. studied the dual laser beam 
welding of steel to Al and achieved defect-free welds by controlling the 
weld depth by modifying laser power ratio and inter heat source dis-
tance [24]. 

Busbar welds must have good electrical contact, mechanical 
strength, and thermal stability. However, it is observed in the literature 
that achieving mechanically stronger welds in Al to steel dissimilar 
welding is challenging due to the brittle nature of IMC phases formed 
and consequent weld failure. The reported research works were carried 
out on relatively thick sheets of Al and Fe alloys which facilitates the 
welding-brazing mode of joining. However, busbar joints require the 
joining of a thin (0.25 mm) steel tab to a thicker (3 mm) Al sheet. 
Conduction mode welding is not feasible for this configuration as the 
thicker, high thermally conductive Al dissipates the heat away. How-
ever, in the alternative keyhole mode welding process, controlling the 
mixing of Al into the weld pool is challenging. Due to the large variation 
in melting point and a thick portion of Al, the keyhole mode weld pool 
tends to show high mixing of Fe and Al. The chemical reactions of liquid 
Al with solid-state Fe and resultant microstructures have been discussed 
by Shahverdi et al. [10]. However, very few research studies have re-
ported on Al-Fe keyhole mode welding where liquid state chemical in-
teractions occur at a high solidification rate [15]. 

Single-mode lasers with superior beam quality offer high power 
density which is widely used for battery interconnect welding applica-
tions where high light-reflective metals such as Cu and Al are welded. 
Beam wobbling of the single-mode laser enables the precise spatial 
distribution of the laser energy to control the weld geometry and 
microstructure. In this study, for the first time, the feasibility of welding 
0.25 mm Ni-Steel tabs to 3.0 mm thick 1050 Al busbars using a single- 
mode laser with beam wobbling is reported. The influence of wobble 
amplitude on welds is explored by weld characterization in terms of 
microstructures, mechanical and electrical properties. 

2. Experimental methods 

2.1. Materials 

Hilumin® of thickness 0.25 mm was used as the tab material. Hilu-
min is an electro-nickel plated, diffusion annealed cold-rolled steel from 
Tata Steels, Europe. 1050 grade Al of 3 mm thickness was used as busbar 
material for its good electrical conductivity and ductility. The typical 
chemical compositions of these materials are shown in Table 3. The 

Table 1 
Properties of Copper, Aluminium and Steel.   

Copper Aluminium Steel 

Melting Point, ⁰C 1083 660 1515 
Density, g/cm3 8.92 2.8 7.9 
Electrical resistivity, *10-6 Ω.m 1.71 2.65 9.71 
Thermal conductivity, W/m.k 391.1 231 57.8 
Tensile strength, MPa 200–360 105–145 270–350 
Thermal expansion, *10-6 K− 1 16.9 24 12.1  

Table 2 
Fe-Al IMC properties.  

Phases Al at% Hardness, 
HV 

Crystal structure ΔG (KJ 
mol− 1) 

Fe2Al5 70–73 1000–1100 orthorhombic  − 19.64 
Fe4Al13/ 

FeAl3 

74.5–76.6 820–980 BC monoclinic  –22.87 

FeAl2 66–66.9 1000–1050 triclinic  − 17.0 
FeAl 23–55 400–520 Simple cubic (B2 

type)  
− 11.09 

Fe3Al 23–34 250–350 FCC  − 4.83  
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welds were made in an overlap joint configuration with the thin Ni-Steel 
on top and thick Al on the bottom. The welding and electrical contact- 
resistance measurement arrangement is shown in Fig. 1. Ni-Steel is 
overlapped on Al 1050 material for 25 mm length. The width and length 
of both materials are 25 mm and 75 mm respectively. The samples were 
clamped on four sides with a suitable toggle-clamping mechanism. 

2.2. Experimental procedures 

In this work, a single-mode IPG YLR-1070 Ytterbium fibre laser of 
wavelength 1.07 µm was used for welding experiments. The beam size is 
28 µm with beam parameter product, M2 of < 1.1. At this small laser 
beam size, the laser power density is in the order of 5 × 107 W/cm2, 
which is well above the conventional multi-mode, keyhole process 
regime. The high-power density laser offers efficient coupling of laser 
energy for highly light-reflective metals such as Cu and Al. An FLW-D30 
wobble head from IPG Photonics was used for the beam delivery and 
wobbling. Laser power, traverse speed, beam size (dlaser), focal position, 
wobble amplitude, wobble frequency (f), and shielding gas flow rate are 
the process parameters involved in the welding experiment. A 
clockwise-Circular pattern was selected as the wobble shape as it is a 
standard wobble pattern that facilitates good overlapping of spots. The 
purpose of this research is to systematically vary the wobble amplitude 
and to study the effect on the weld. A standard circular wobble pattern 
suits well for this study. The conclusions of this research work may apply 
to other wobble patterns such as the figure of 8, ∞, linear etc. However, 
the scope of this study is limited to a standard, circular wobble pattern. 
The wobble amplitude is the diameter of the circular wobble. Apart from 
wobble amplitude, all other parameters were kept constant. Wobble 
amplitude (aw) was varied from 0.2 mm to 1.2 mm in increments of 0.2 
mm. The wobble-controller maintains the set wobble frequency and 
adjusts the wobble velocity accordingly to cover the fixed wobble 
amplitude. A schematic of laser beam circular-wobbling is shown in 
Fig. 2. The overlapping of circular wobble path depends on the wobble 

amplitude, wobble frequency and traverse speed. The wobble velocity 
(vw) of the laser beam is given by the relationship in equation (1). 

vw = π × aw × f (1) 

The welding process parameters are shown in Table 4. The laser 
power density (laser power acting on the unit area) was maintained at a 
constant value of 5.74 × 107 W/cm2 for all the experiments. However, 
the energy density (power density × interaction time) varies as aw is 
modified. At constant wobble frequency, as aw increases, the wobble 
velocity is increased by the wobble-controller proportionately. Thus, the 
interaction of the laser beam with the material is reduced. The laser 
beam-material interaction time is given by the relationship in equation 
(2). 

ti = dlaser/vw (2) 

After laser welding, the weld surfaces were observed under a ste-
reomicroscope for any surface defects. Welds were sectioned in different 
locations along the weld line for metallography sample preparation. All 
the samples were polished and examined under the optical microscope 
to analyse the weld macrostructure and defects. A few selected samples 
were examined in a ZEISS Sigma, field emission SEM for weld micro-
structure and chemical composition analysis. Vicker’s micro-hardness 
profiles were taken across the selected welds using a Wilson Micro-
hardness tester from Buehler. The indentation load was 25gf for 10 s. 

The electrical contact resistance of welds was measured using a four- 
point probe method as given in Fig. 1. The direct current of 10A was 
supplied through the outer probes and the potential difference was 
measured by the inner two probes. The inner probes were kept at a 
constant distance of 30 mm across the weld. The DC resistance was 
calculated from the measured voltage. The welded samples were me-
chanically tested for lap-shear strength in an Instron UTS machine with a 
30 KN capacity. The gauge length was maintained as 75 mm. For each 
set of parameters, 3 samples were tested. The schematic of a mechanical 
test sample and the actual testing condition are shown in Fig. 3.a, and b. 

Table 3 
Typical chemical composition of IF steel and Al 1050 grade.  

Al 1050 Mn Fe Cu Mg Si Zn Ti Al    

<0.05 <0.4 <0.05 <0.05 <0.25 <0.07 <0.05 Balance   
Hilumin C Si Mn P S N Al Nb Ti Fe  

0.002 0.01 0.15 0.01 0.01 0.0025 0.04 0.016 0.025 balance  

Fig. 1. Shematic of weld sample and electrical contact-resistance measurement arrangement.  
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A shim sheet of 3 mm thickness was used on the steel sheet side to 
balance the load as given in the schematic. The displacement rate of 5 
mm/minute was used in the mechanical test. The fractured weld sur-
faces were analysed under the scanning electron microscope to under-
stand weld failure mechanisms. The weld strength was determined by 
examining the ultimate strength, the failure modes and fracture surfaces 
as recommended by the AWS B4.0:2007 -Standard Methods for Me-
chanical Testing of Welds [25]. The welds which offer higher ultimate 
load, pull-out failure mode and ductile fracture surface are preferred. 

3. Results 

3.1. Weld macrostructure 

Fig. 4 shows the surface images of the welds. Surface cracks are 
visible on 0.2, 0.4-, and 0.6-mm wobble amplitudes, but welds of 0.8 to 
1.2 mm show mild spatter and almost no cracks on the weld surface. The 
cross-sections of the welds are shown in Fig. 5. The welds shown in Fig. 5 
are representative of the entire weld line. The wobbles of 0.2 and 0.4 
mm show severe cracking while 0.6 and 0.8 mm show mild cracks. 
Welds produced with wobble amplitudes of 1 and 1.2 mm show no 
cracks but have mild undercuts due to spattering. The cracking severity 
is significantly reduced as wobble amplitude increases. The weld 
cracking varies within the weld as cross-sections taken from other lo-
cations show variation in cracking severity. However, the tendency of 
decreasing cracking severity with increasing wobble amplitude is sus-
tained. The weld depth is measured from the weld interface to the weld 
root and weld-interface width is the mean width of the weld interface 
measurements from at least three cross-sections as shown for the wobble 
amplitude of 0.2 mm in Fig. 5. The measured weld depth and interface 
width are plotted for all the wobble amplitudes in Fig. 6. As the wobble 
amplitude increases, the weld depth decreases, and the weld-interface 
width increases linearly as shown in Fig. 6. The weld-interface width 

Fig. 2. Shematic of Laser beam circular wobbling.  

Table 4 
Welding parameters and their relationship.  

Laser 
power, W 

Traverse speed, 
mm/sec 

Focus, 
mm 

Wobble 
frequency, Hz 

Shielding gas, 
flow rate 

Wobble 
amplitude, mm 

Wobble velocity, 
mm/sec 

Interaction time, 
ms 

Energy density, 
J/cm2 

600 60 0 500 Argon, 8lpm 0.2 314  89.2 8.69E + 09 
0.4 628  44.6 4.34E + 09 
0.6 942  29.7 2.90E + 09 
0.8 1256  22.3 2.17E + 09 
1 1570  17.8 1.74E + 09 
1.2 1884  14.9 1.45E + 09  

Fig. 3. a) Schematic of a mechanical test sample, b) Lap-shear mechanical test.  
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(or the electrical-contact area) has a direct relation to the wobble 
amplitude in this process. The higher the amplitude, the larger the weld 
interface and vice versa. This is a major advantage of wobble welding as 
the weld interface width is precisely controlled which facilitates uniform 
electrical contact and consistent mechanical strength. The depth of weld 
penetration shows a negative linear relationship over wobble amplitude. 

3.2. Mechanical strength of welds 

Lap-shear mechanical test results are shown in Fig. 7. The charac-
teristic load versus elongation data is given for all the wobble amplitude 

settings. The ultimate strength of the weld (load max) indicates the weld 
strength. Also, the elongation length indicates the ductility of welds. As 
the wobble amplitude increases, the weld strength increases and reaches 
its highest point at a wobble amplitude of 1 mm and then reduces 
slightly. Welds of wobble amplitude 0.2 mm to 0.6 mm- behave similarly 
demonstrating considerable strength of 250 to 400 N load max but fail 
suddenly exhibiting brittle failure. Welds of 0.8, 1 and 1.2 mm wobble 
amplitude show high strength and longer elongation. Battery welds are 
expected to show reasonable mechanical strength but also to have some 
ductility. Therefore, from a mechanical standpoint, welds of wobble 
amplitude 0.8 to 1 mm, showing the strength of 1 KN are preferable to 

Fig. 4. Surface images of welds of wobble amplitudes 0.2 to 1.2 mm.  

Fig. 5. Weld macrostructures in different wobble amplitudes of 0.2 mm to 1.2 mm.  
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other welds of small wobble amplitude. 

4. Weld microstructure 

4.1. Scanning electron microscope images 

Weld microstructures were analysed for the selected low and high 
wobble amplitude welds. Fig. 8 shows the cross-section of the weld of 
0.2 mm weld amplitude. The back scattered electron (BSE) imaging 
helps to distinguish Fe, Al, and their IMC phases. The weld cross-section 
can be characterized as upper, middle and root sides as marked in Fig. 8. 
a. Severe cracks are seen on the top steel sheet side of the weld where Al 
and Fe mixing is highest. In the middle region from the Al surface to the 
root side, mild cracks are observed, and IMC phases are seen (Fig. 8. b). 
The root side of the weld shows the trail of the molten pool flow and 
from the image contrast, it can be predicted as Al with a small amount of 
Fe (Fig. 8. c). The results of the chemical composition analyses, shown in 
Fig. 8 indicate that the upper side of the weld is predominantly FeAl 
phase with 40–55 At % of Al. In the middle, Al-rich phases such as 
Fe2Al5, Fe4Al13 and FeAl2 are also observed along with FeAl phase. 
These IMC phases are observed mainly near the Al base metal with fine 
cracks. The root side microstructure is almost pure Al with the presence 
of only about 5 At % of Fe. 

The BSE image of the weld cross-section of a 1 mm wobble amplitude 

weld is shown in Fig. 9. The IMC phases are only observed at the root 
side. The top side of the weld demonstrates predominantly Fe solid so-
lution with more than 85 At % of Fe and around 10 to 15 At % of Al. At 
the weld interface, FeAl2 and Fe2Al5 phases are observed as a continuous 
line with a thickness of around 5–20 µm. A tongue like acicular Fe4Al13 is 
seen next to these phases. The thickness of the IMC layer is not uniform 
along with the weld interface. As shown in Fig. 9, the IMC layer thick-
ness is about 20 µm on area b (Fig. 9. B) and about 5 µm on area c (Fig. 9. 
C). The weld root has a large number of Al regions free from IMC phases. 
There are islands of Fe2Al5 which are not harmful as they are not directly 
connected to the weld interface. A minute crack is observed at the left 
side where high Fe and Al mixing occurs due to the molten pool flow. 
FeAl is observed in small quantities in this region. The chemical 
composition of the IMC phases in 1 mm wobble amplitude weld are 
listed in the table in Fig. 9. Overall, the weld of 1 mm wobble amplitude 
shows a much smaller Fe and Al mixing region and IMC layer thickness 
compared to the weld of 0.2 mm wobble amplitude. Small root side 
pores are also observed but their effect on weld strength and electrical 
conductivity may be insignificant. 

4.2. Microhardness 

Microhardness profiles of 0.2 mm wobble amplitude weld are shown 
in Fig. 10. The hardness values of the parent metals, Fe and Al, are 
around 120 HV and 30 HV respectively. The upper row shows the weld 
hardness profile of the steel sheet side. The heat-affected zone of the 
steel side shows the hardness in the range of 150–300 HV. The weld 
hardness is in the range of 300 to 500 HV. These hardness values 
correspond to FeAl and Fe3Al Fe-rich IMC phases. In the middle region, 
high hardness values are reported up to 900 HV0.025 which corresponds 
to Al-rich Fe2Al5 and Fe4Al13 phases. The root side shows relatively low 
hardness values as Fe and Al mixing is widely distributed. 

Fig. 11 shows Microhardness profiles of 1 mm weld. The upper layer 
shows the weld hardness values around 250 HV while the parent metal 
hardness is about 120 HV. The Al-Fe weld interface hardness reaches 
700 HV and shows the highest hardness in the Al-Fe mixed region. The 
root of the weld shows hardness values in the range of 30–40 HV and in 
some locations it reaches 100 to 180 HV. The top and bottom hardness 
profiles are almost flat showing consistent microstructures. The weld 
interface Microhardness profile shows much variation indicating 
microstructural changes alongside the weld interface. 

4.3. Fracture surface analyses 

All the weld fracture surfaces were analysed after the lap-shear 
mechanical test. The welds fail either in weld-interface mode or pull- 
out failure mode. In weld-interface mode, the weld fails before the 
parent material as the weld is weaker than the substrate. In pull-out 
failure mode, the weld is stronger than the substrate and failure oc-
curs around the weld pool leaving the weld nugget on the parent metal. 
Welds of 0.2- and 0.4-mm wobble amplitudes fail in the weld-interface 
mode where the failure occurs across the weld. The part of the weld 
nugget is left on the steel sheet and the Al fracture surface shows a 
depression as shown in Fig. 12. a, and b. Cracks are visible on the 
fracture surface and cleavage mode failure surfaces as seen in Fig. 12 b. 
The energy dispersive X-ray spectrum (EDS) corresponds to 50 to 65% 
Al. which shows that the failure is associated with IMC phases. The weld 
nugget left on the steel sheet shows cracks transverse to the weld di-
rection Fig. 12 c and d. The weld of 0.6 mm shows partial weld-interface 
failure while part of the weld fails in the pull-out failure pattern and the 
remainder fails in weld-interface mode- Fig. 13 a-c. The pull-out failure 
mode is a preferred failure mode where the weld is stronger than the 
weaker parent material. The weld nugget is left on the Al sheet and the 
failure occurs on the steel sheet around the weld - see the pull-out failure 
zone in Fig. 13-a. Welds of 0.8 and 1 mm demonstrate complete pull-out 
failure mode. Fig. 14 shows the weld nugget left on the Al sheet and fine 

Fig. 6. Weld geometry versus wobble amplitude.  

Fig. 7. Lap-shear test results-load vs extension plots.  
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cracks on the weld surface. This weld is stronger than the steel sheet and 
so the failure occurs around the weld interface in the steel sheet. 1.2 mm 
weld shows weld-interface failure but unlike 0.2 and 0.4 mm welds, the 
Al fracture surface is almost flat as seen in Fig. 15. a-d. Though this weld 
failure looks like welds of 0.2 and 0.4 mm where the weld-interface type 
failure occurred, the major difference is in the failure surface. The 
fracture surface shows ductile microstructure and morphology. From the 

EDS analysis and BSE image of Fig. 15. B, it is evident that the fracture 
surface is largely of Al and with a small portion of Fe-rich IMC phases. 
The elongated dimples are also observed from the steel fracture surface 
which signifies ductile failure as seen from Fig. 15.d. 

Fig. 8. SEM-BSE image of weld cross-section of wobble amplitude 0.2 mm, A) Full weld, B) weld top side, C) Weld middle side and the table showing the chemical 
composition of phases. 

Fig. 9. SEM-BSE weld cross-section of wobble 1 mm, A) Full weld showing high (B) and low (C) Fe and Al mix regions, B) Weld root showing different IMC phases 
from the weld interface; a thin layer of FeAl2 followed by a continuus Fe2Al5 and acicular Fe4Al13. Islands of FeAl and Al in the weld root C) Weld root area C, with a 
thin IMC layer. Table shows the typical chemical compositions of phases shown in B and C. 
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4.4. Electrical contact resistance 

The ultimate strength and the measured electrical contact resistance 
between probes at a fixed distance when passing a direct current of 10A 
are presented in Fig. 16. The data does not represent the actual weld 
resistance, but the sum of electrical contact resistance caused by the 
weld and the inherent material resistance of Al and steel in between the 
measuring points. Since the overlapping distance is fixed at 30 mm, the 
difference in measured resistance indicates the variation in contact 
resistance between welds produced at different wobble amplitudes. As 
shown in Fig. 16, the highest resistance is observed for welds with 
wobble amplitudes of 0.2 and 0.4 mm. As the wobble amplitude in-
creases further, the contact resistance is reduced markedly. At 1 mm 
wobble amplitude, the resistance reaches its minimum and then in-
creases slightly at 1.2 mm. Mechanical strength and electrical conduc-
tivity show a similar trend with wobble amplitude (Fig. 16). The higher 
the mechanical strength, the higher the electrical conductivity of the 
weld joint. The reduction in contact resistance with wobble amplitude 
can also be attributed to the increase in the contact area. However, 
considering the weld length of 15 mm, even the 0.2 mm wobble weld has 
sufficient contact area for the 10A current passed through the weld. 

Hence this change is primarily due to the variation in weld micro-
structures and weld defects. Though the weld of 1.2 mm wobble has 
more weld-interface width, the weld resistance is more than that of 1 
mm weld. The mechanical and electrical contact resistance relationship 
is visible in this dissimilar metal weld, which is prone to form brittle and 
electrically resistive IMC phases. 

5. Discussion 

From the results presented above, it is evident that wobble amplitude 
significantly influences the properties of the steel to Al laser welded 
joint. At constant wobble frequency, as the wobble amplitude increases, 
the wobble-controller increases the wobble-velocity to cover the set 
wobble area. As wobble amplitude widens, the wobble velocity pro-
portionately increases as given in equation (1). When the wobble 
amplitude is small, the laser beam interaction with the material is longer 
and at large wobble amplitude, the interaction time is reduced. As the 
power density of the laser beam was maintained at a constant value of 
9.74 × 107 for all the experiments, the laser energy density varies with 
change in interaction time. The longer the interaction time, the higher 
the energy absorbed by the material. Studies show that the change in 
laser energy density can alter the mode of energy transfer and determine 
the weld geometry and microstructures [26,27]. Low wobble amplitude 
welds show a high depth of penetration as more laser energy is absorbed 
in a narrow region for a long interaction time. As wobble amplitude 
increases the interaction time reduces and wobble-velocity increases. 
Weld depth reduces as wobble amplitude increases and this relationship 
is linear as shown in Fig. 6. This linearity is significant for the battery 
micro-jointing as the laser energy absorption can be precisely controlled 
by fine-tuning the wobble parameter- amplitude. 

The crack severity is drastically reduced when weld depth is reduced 
below 650 µm and the aspect ratio of the weld is around 1 (See Figs. 5, 6 
and Table 5). This could be reasoned to be due to the low dilution of Al 
with the steel under low penetration depth conditions. A mild crack is 
seen at one side of the weld, which is longer but of very small size 
(Fig. 9). From the area mapping images, the crack seems to get partially 
backfilled by the liquid Al. The chemical mapping of the weld root side 
shows the Al partially covering the crack opening. Though this crack is 
longer, this does not seem to impact the weld quality. The fracture 
surface of 1 mm weld show no evidence of failure through the weld 
cracks (Fig. 15). As discussed earlier in the results section, the weld 
cracks in the high wobble welds are not continuous. The cracks are only 
observed in a few cross-sections. And these welds are relatively ductile 
and so the crack propagation under the mechanical loading condition is 
restricted. The results of this study are consistent with other research 
works [12,15,16,23,24]. In laser wobble-welding, the weld depth is 
precisely controlled by fine-tuning the wobble amplitude. The modifi-
cation of wobble amplitude changes the weld microstructures. The 0.2 
mm weld is predominantly of FeAl phase at the upper zone and Al-rich 
Fe2Al5, Fe4Al13 and FeAl2 at the middle region near the Al-weld inter-
face. The root side is mainly of Al and some dispersed Fe islands. In 
contrast, the high wobble welds show largely Fe solid solution with 
10–15 At % of Al at the weld upper zone. The IMC phases are formed 
only at the root side for a thickness of about 150 µm. Al-rich IMC phases- 
Fe2Al5 and Fe4Al13 are observed in the IMC region. Unlike the low 
wobble amplitude welds, no Fe-rich FeAl is found. This observation is in 
line with the Micro-hardness data given in Figs. 10 and 11. The Micro- 
hardness values of the top layer on both 0.2 and 1 mm welds show the 
difference in hardness values. While 1 mm weld shows the average 
hardness of about 250 HV, 0.2 mm weld shows the average hardness of 
the top layer of about 380 HV. In the 1 mm weld, the heat affected zone 
(HAZ) hardness is almost similar to the weld hardness of 250 HV on the 
steel top side. The HAZ and weld microstructure is of fine pearlite 
showing slightly higher hardness than the base metal. However, 0.2 mm 
welds show increased hardness corresponding to the FeAl phase as re-
ported in Table 2. 

Fig. 10. Micro-hardness profiles at three regions of weld cross-section with 
wobble amplitude 0.2 mm. 

Fig. 11. Micro-hardness profiles of 1 mm wobble weld cross-section at three 
different locations. 
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The formation of Al-rich IMCs and the near absence of FeAl in large 
wobble amplitude welds indicate that these welds form in a different 
pattern. At low wobble amplitude, Fe and Al mix in the liquid stage and 
form Fe rich IMCs but at high wobble amplitude, the laser energy is 
mainly concentrated on the top steel side allowing only limited Al 
melting at the root side. Al appears to have diffused into the steel side 
weld pool but does not mix with Fe in a liquid form, similar to the low 
wobble amplitude shown in Fig. 9. Hence the FeAl phase is not observed 
at the weld top side. However, Al-rich phases are found at the Al-Fe 
interface. Although Al has a much lower melting point of 660 ⁰C 
compared to that of Steel of 1540⁰ C, limited melting and mixing of Al 
take place. This may be due to two unique factors in this weld compo-
sition: a high-power density wobbled laser beam and a thicker Al sub-
strate. The single-mode laser beam offers high power density at high 
wobble velocity (in the order of around 1 m/s) in addition to the rela-
tively higher traverse speed of 60 mm/s, which results in very low heat 
input. Hence, the melting and solidification phenomenon is highly 
localised. The research works discussed in the literature used relatively 
large beam size lasers with low power density at a slower speed. Sec-
ondly, the high thermal conductivity of a 3 mm thick Al sheet rapidly 
conducts the heat away and facilitates radial heat transfer which limits 
the melting of Al and consequent mixing with Fe. Considering the laser 
power density, keyhole formation seems to be inevitable even at high 
wobble amplitude conditions. However, the weld microstructural dif-
ference and low aspect ratio of weld cross-section also indicate the 
possibility of conduction like energy transfer mode. 

To produce mechanically stronger welds, many researchers suggest 

that the IMC thickness is to be limited to 10 µm [10–15]. The welds of 
low wobble amplitude (0.2 and 0.4 mm) show a large IMC mixing area 
of up to 500 µm thickness from the weld interface. In large wobble 
amplitude (0.8 to 1.2 mm) welds, the IMC thickness is limited to 5 to 20 
µm as shown in Fig. 9. Although the IMC phases FeAl2 and Fe2Al5 are the 
hardest in the Fe-Al binary system and are present all through the weld 
interface, the small IMC layer thickness facilitates producing stronger 
welds. IMC thickness is not constant at the weld interface. However, in 
part of the weld interface, the IMC thickness is limited to 5–10 µm. This 
variation can also be explained by the variation in wobble overlap as 
shown in Fig. 2. In the circular wobble pattern, the overlap region is 
remelted and shows deeper weld penetration and high Fe and Al mixing. 
When the wobble amplitude is large the effective overlapping are is 
reduced so there is likely to be a very short interaction between Fe and 
Al and so form a thin IMC layer. The combination of variation in IMC 
layer thickness, IMC-free Al region seems to improve the weld me-
chanical strength. 

High wobble amplitude welds show superior mechanical strength to 
low wobble amplitude welds. Though this difference can be attributed to 
the increase in the weld contact area, the improvement of weld strength 
is proportionately higher. The weld fracture surface also changes from 
brittle, cleavage to ductile, dimples as shown in Fig. 12. 0. 2, and 0.4 mm 
welds show brittle weld-interface failure where cracks are seen on the 
failure surface. At 0.6 mm, part of the weld fails as a pull-out mode 
where the steel nugget is left on the Al. 0.8, and 1 mm welds show 
complete pull-out failure where the weld strength reaches the strength 
of a thin steel sheet. The 1.2 mm weld fails in the ductile interface mode. 

Fig. 12. Fracture surfaces of weld 0.2 mm. a) Failure surface at Al side, b) Magnified view of area b in image a, c) Fracture surface at steel side at 150X, d) Steel side 
fracture surface at 300X. 
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This transition explains that the weld microstructural change influences 
the weld strength. High wobble amplitude welds show high mechanical 
strength and ductile failure due to the presence of a low volume of IMC 
phases and defect-free microstructure. The measured electrical resis-
tance data also indicate the microstructural change and increase in weld 
strength. High wobble amplitude welds show high electrical conduc-
tivity not only due to the high contact area but also because of the 
reduced IMC zone and defect-free microstructures. Controlling the 
wobble amplitude alters the weld geometry which in turn influences the 
weld microstructure through Al and Fe mixing. The modification in 
microstructures impacts the weld strength and electrical conductivity of 
the welds. 

The welds of 0.8 and 1 mm wobble show large variation in ultimate 
mechanical strength data in Fig. 16. However, these welds failed in pull- 

out failure modes depicting welds stronger than the thin steel sheet. 
Though there is a large variation in the ultimate strength (load max) data, 
these welds are consistent in their failure pattern. This variation can be 
attributed to the localised stress concentration factors such as undercuts, 
poor-fit up etc. The undercut is a minor weld defect because the static 
weld strength and electrical contact resistance have not been signifi-
cantly impacted in this work. However, undercuts can affect the fatigue 
strength of the welds. This can be addressed by reducing the welding 
speed and adjusting the focal position etc., which have not been studied 
in this work. The robustness of this process needs to be further investi-
gated. This study facilitates the use of Ni-steel as busbar tabs and Al as 
busbars. The performance of welds with repeated charging and dis-
charging electrical cycling needs to be further studied for applying this 
weld in critical battery applications. 

Fig. 13. Fracture surfaces of weld 0.6 mm. a) Partial PF failure at Steel side, b) Al side fracture surface, c) Steel side fracture surface.  

Fig. 14. Fracture surface of 1 mm weld- a) Lap-shear tested specimen showing failure in steel sheet around the weld, b) SEM image of weld nugget on Al side.  
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6. Conclusions 

Thin steel to thick Aluminium joints was made by laser wobble 
welding to offer a cost-effective joining solution in EV battery 
manufacturing. The welds were investigated for their mechanical and 
electrical properties and the following conclusions can be drawn from 
this research.  

• As wobble amplitude increases, the weld depth and aspect ratio of 
the welds decreases linearly.  

• The cracking severity of the welds decreases as wobble amplitude 
increases. The welds with a low depth of penetration and an aspect 
ratio below 1 shows a significant reduction in cracking severity.  

• The welds of wobble amplitude of 0.6 mm or larger show superior 
mechanical strength of more than 1 KN ultimate load and partial/ 
complete pull-out failure modes. The welds of small wobble show 
low mechanical strength combined with weld-interface failure mode.  

• Small wobble welds (<0.4 mm) show high mixing of Fe and Al 
resulting in the formation of large IMC phases on the top and middle 
regions. FeAl phase is predominantly present at the top, steel side 
and some Al-rich Fe4Al13 at the weld/Al side. 

Fig. 15. Fracture surface of weld 1.2 mm. a) Al side, b) BSE image of Al side weld, c) Steel side fracture surface, d) Magnified view of steel side fracture surface 
showing ductile failure. 

Fig. 16. Electrical contact resistance and Mechanical strength data of welds.  

Table 5 
Weld geometry and failure modes. (IF-Interface failure mode, PF-Pull-out failure 
mode).  

Wobble 
amplitude, mm 

Failure 
modes 

Mean weld 
depth, mm 

Mean weld- 
interface width, 
mm 

Aspect 
ratio 

0.2 Brittle IF  1.25  0.49  2.55 
0.4 Brittle IF  1.19  0.6  1.99 
0.6 IF and PF  0.74  0.74  1.00 
0.8 PF  0.69  0.94  0.73 
1 PF  0.42  1.14  0.37 
1.2 Ductile IF  0.33  1.46  0.23  
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• Welds of large wobble amplitude (greater than 0.6 mm) have the 
microstructures of Fe solid solution at the top and a small volume of 
Al-rich, Fe4Al13 and Fe2Al5 IMC phases at the weld root.  

• The high wobble welds (greater than 0.8 mm) show low electrical 
contact resistance due to their large contact area and low IMC phase 
formation. The small wobble welds show high electrical resistance 
due to the presence of large IMC phases, weld cracking and small 
contact area.  

• Microhardness profiles across the weld cross-sections confirm the 
chemical composition analyses. The optimum welds show low and 
uniform hardness profiles. 
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