Optics & Laser Technology 200 (2026) 115094

Contents lists available at ScienceDirect

Optics and Laser Technology

journal homepage: www.elsevier.com/locate/optlastec

Full length article

Influence of laser beam shaping strategies on the microstructure and
mechanical performance of aluminium to Hilumin dissimilar welds

Tianqiu Xu @, Ali Gokhan Demir

Department of Mechanical Engineering, Politecnico di Milano, Via La Masa 1, 20156 Milan, Italy

ARTICLE INFO

Keywords:

Beam shaping
Laser beam welding
Dissimilar materials
Battery pack
Busbar

ABSTRACT

With the rapid growth of electric vehicles (EV), ensuring reliable and efficient joining in battery packs has
become increasingly critical, particularly for dissimilar materials such as aluminum busbars and Hilumin nickel-
plated steel casings. This study aims to evaluate the feasibility and performance of laser beam welding (LBW) for
aluminum busbars and Hilumin nickel-plated steel casings, with a particular emphasis on the role of beam
shaping. In this work, LBW was systematically investigated under different beam-shaping configurations. The
weldability window was established for various process conditions, and the resulting joints were characterized in
terms of morphology, mechanical performance, and electrical resistance. The results demonstrate that beam
shaping significantly influences weld formation and joint quality, with distinct effects observed at different
welding speeds and power levels.Correlations between peak tensile force, electrical resistance, and weld cross-
sectional area were identified, highlighting the importance of process optimization for improving joint reli-
ability. Furthermore, the influence of intermetallic compounds (IMC) on the performance of dissimilar material
joints under different beam-shaping conditions was analyzed. These findings indicate that beam shaping enables
the formation of more reliable dissimilar LBW joints. Overall, this work provides a technical foundation for the
application of LBW in advanced battery pack manufacturing and contributes to enhancing the safety, perfor-

mance, and durability of EV power systems.

1. Introduction

Laser beam welding (LBW) has emerged as a key joining technology
in electric vehicle (EV) battery manufacturing due to its ability to deliver
concentrated energy with high precision, limited thermal distortion, and
high productivity [1,2]. Compared with ultrasonic welding [3,4], wire
bonding [5,6], and resistance spot welding [7], LBW offers superior
process flexibility and scalability, specially for the connection process of
electric vehicle batteries. As shown in Fig. 1, the weld have to ensure
partial penetration to avoid damaging the cell cap while still guaran-
teeing mechanical integrity and low electrical resistance. These attri-
butes make LBW particularly attractive for large-scale battery pack
assembly.

The increasing demand for lightweight and high-performance bat-
teries has intensified interest in aluminium busbars. However, in prac-
tical applications they are frequently joined to steel-based casings such
as Hilumin, Hilumin is the trade name for a particular nickel-plated steel
produced by TATA Steel, which is a nickel-plated low-carbon steel
widely used in cylindrical and prismatic cells due to its corrosion
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resistance, malleability, and cost-effectiveness [8]. Despite its advan-
tages in forming and corrosion resistance, Hilumin presents significant
challenges when welded to aluminium due to differences in thermal
conductivity, reflectivity, and metallurgical compatibility [9]. Prior
studies have investigated approaches such as beam oscillation, surface
modification, or interlayers to mitigate intermetallic compound (IMC)
formation [10], while other works have explored the influence of
interfacial microstructure on joint behaviour [11-15]. Nevertheless,
how the spatial distribution of laser energy (particularly through beam-
shaping control) governs melt pool behaviour and IMC evolution in
aluminium-Hilumin joints is still not clearly understood. This knowl-
edge gap limits the ability to design stable, high-quality welds for bat-
tery pack applications.

Building upon this motivation, recent advances in multi-core fibre
lasers have introduced in-source spatial beam shaping as a promising
tool to address these challenges [16]. By redistributing the laser power
among core and ring beams, beam shaping enables deliberate tailoring
of irradiance profiles and, consequently, the thermal field, melt-pool
geometry, and interfacial mixing behaviour [17-21]. Although several
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studies have demonstrated the benefits of beam shaping in homoge-
neous or other dissimilar welding systems, such as improved stability,
reduced porosity, and enhanced joint quality, its specific role in alu-
minium-Hilumin partial penetration welding has not been systemati-
cally explored [22,23]. In particular, it remains unclear how different
power allocations influence IMC morphology, cross-sectional weld ge-
ometry, electrical resistance, and mechanical integrity, all of which are
critical for EV battery manufacturing.

This study aims to fill this gap by experimentally evaluating the LBW
process of aluminium busbars to Hilumin casings in cylindrical battery
cells. A fiber laser with three coaxial cores was employed to investigate
the effects of core/ring power distribution on weld formation, electrical
resistance, and mechanical performance. The results provide a
comprehensive assessment of process—property relationships and
demonstrate how beam shaping can be leveraged to optimize joint
quality. The weldability, electrical resistance, mechanical properties
and Intermetallic compounds (IMC) distribution mechanism are exper-
imentally analyzed. The findings are expected to contribute both to a
deeper technical understanding of dissimilar laser welding of aluminium
and Hilumin and to practical guidelines for improving the reliability and
efficiency of EV battery pack manufacturing.

2. Materials and methods
2.1. Laser system

The experimental setup consists of a 5 kW fiber laser source with in-
source beam-shaping capability (CFX-5000, nLIGHT, Vancouver, WA,
USA). It also includes a scanner head equipped with a zoom module
(Laser Processing Head MSH, Optoprim-Photonic Tools). The zoom
module allows independent adjustment of the spot magnification. It also
enables control of the spot position along the focal axis. The charac-
teristics of the laser source used in the experiments are listed in Table 1.
Fig. 2(a) illustrates the main components of the laser head and the op-
tical chain. The laser processing head primarily includes the delivery
fiber, zoom module, galvo scanner, f-theta lens, camera, and a secondary
acquisition channel for monitoring purposes. The relationships among
the various laser power components are shown in Fig. 2(a), where Py, is
the total laser power, P is the laser power of the core fiber, Pying; is the
laser power of the first ring fiber, Pyingo is the laser power of the second
ring fiber.

The laser source provides 14 selectable power distributions, referred
to as Beam Shapes (BS). Each beam shape delivers different power
fractions to the three coaxial fibers, thereby producing distinct irradi-
ance profiles. Among these beam shapes, BSO, BS3, and BS5 were
selected as representative cases for analyzing the variation in power
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Table 1
Main specification of the laser system used in the experimental
study.
Parameter Value
Maximum power (kW) 5
Fiber core diameter (um) 50
First ring diameter (um) 175
Second ring diameter (um) 330

Wavelength (nm) 1070 + 10

allocation across the three levels. The irradiance distributions of the
different beam shapes at 1 kW are shown in Fig. 2(b), where xABS de-
notes the absolute position coordinate on the laser spot cross-section.

2.2. Materials

In the experiments, the bottom plate was 0.2 mm thick Hilumin
representing the battery casing material. The upper plate was 0.8 mm
thick aluminium A1050, which represented the busbar. The nominal
chemical composition of aluminium and Hilumin is shown in Table 2.

2.3. Experimental design

In this study, the experiments followed a logical sequence to high-
light the progressivity of the research. As shown in Fig. 3, the flowchart
of this study starts from determining the feasibility window for partial
penetration welds, conducting experiments and identifying the key pa-
rameters, thereby further narrowing down the experimental scope and
conducting characterization tests. Finally, based on the test results, the
correlation is statistically analyzed to assist in explaining the mechanism
of IMC formation in this LBW process.

2.3.1. Feasibility window

The experimental plan was designed to parametrically analyse the
effect of the key process parameters namely power and speed along with
the beam shape. The laser beam shapes and their power distributions
used in the experiments are shown in Table 3. BSO is the beam shape
with the largest amount of power fed to the core fiber, it is consequently
the beam closest to an ideal Gaussian beam. BS3 redirects 20% of the
power from the core fiber to the two ring fibers. This results in a beam
with a shape that is still very similar to a Gaussian beam, but with more
than doubled the spot diameter and a reduction of the peak irradiance
equal to reduction of power on the core fiber. The BS5 strongly tilts the
power distribution towards the two coaxial fibers, reducing the amount
of power delivered by the core fiber by a further 20% compared to BS3.
Within the experiments the same core power (P.ore) Was used with

Fig. 1. Schematic diagram of dissimilar LBW about battery. (a) Description of battery pack. (b) Description of joint about battery cell and busbar by LBW. (c) LBW

cross section of the partial penetration joint that connect busbar and battery cell.
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Fig. 2. (a) Fiber laser processing head used in the LBW experiment. (b) Irradiance of different BS at 1 kW total power.

Table 2

Nominal chemical composition of the aluminium A1050 and Hilumin.
Element (wt%) Al Si Fe Mg Zn C Mn S
A1050 Bal. 0.94 0.91 0.01 0.05 0.1
Hilumin (base material) 0.07 0.02 Bal. 0.048 0.25 0.01

Fig. 3. Research flowchart for dissimilar LBW of aluminium to Hilumin.

Table 3
Beam shapes power distribution as declared by the laser source provider.

Peore (%)

Beam shape Pring1 (%) Pring2 (%)

BSO 92 3 4
BS3 71 13 16
BS5 50 33 17

different beam shapes to investigate the influence of the power added to
ring. Fig. 4 illustrates the change in the power in the rings (Pying1, Pring2)
and the total power (Py,) as a function of the core power.

To determine the effectiveness of beam shaping in welding
aluminium and Hilumin, it is first necessary to identify the parameter
feasibility window within which the joint meets the minimum pene-
tration requirements. The weld beads were classified in 3 different
classes, fully penetrated, penetrated and not penetrated, as shown in
Fig. 5. All conditions in which the energy supplied will not be sufficient
to weld the two metals will be classified as not penetrated and excluded.
Similarly, all conditions in which too much energy will be supplied,
inducing full penetration of the lap joint, will also be discarded, that
because it is not considered acceptable for the laser beam to come into
contact with the electrolyte inside the cells due to safety reasons.

Throughout the experiments a circular weld path with a diameter of 4
mm was employed. The list of all the levels of the fixed and variable
parameters are exposed in Table 4.

2.3.2. Laser weldability with iso-energy per line conditions

Iso-energy per line conditions refer to selecting the most suitable
process combination conditions based on the feasibility window, and
conducting subsequent characterization studies based on this. Table 5
shows the P.ore/Vv values for all process combinations in Table 4. After
obtaining the feasibility window of the experiment, this study deter-
mined the P.oe/v = 2.88 as the experimental condition for subsequent
characterization and analysis. The list of all the fixed and variable pa-
rameters are shown in Table 6.

2.3.3. Characterization of weld properties

The characterization was performed only for partial weld conditions
corresponding to the identified iso-energy per line cases. Among the six
replications, all specimens were used for electrical resistance measure-
ments. Five specimens were subjected to mechanical testing to evaluate
the joint mechanical properties, while one specimen was reserved for
metallographic analysis. As shown in Fig. 6(a), the welded specimens
were first sectioned at the exact midpoint of the welding geometry using
an abrasive saw and subsequently mounted in resin. Several geometric
parameters related to the weld cross section were measured using image
processing software (ImageJ). Fig. 6(a) illustrates the extracted geo-
metric parameters, including the melt pool width at the top surface
(W), the melt pool width at the root (W5), and the total melt pool area
(Am). In addition, Apix was defined as the percentage of dark regions
observed in the metallographic cross-sectional images, serving as an
indirect indicator of the mixing region between aluminium and iron and,
consequently, of intermetallic compound (IMC) formation. The weld
seam areas on the aluminium (Ap;) and on the Hilumin (Ay;) were also
quantified to assess the relative contribution of each material to the
mixing process. After grinding and polishing, chemical etching was
performed using Keller’s reagent (2%), a solution commonly employed
for aluminium alloys, consisting of 95% H20, 2.5% HNOs3, 1.5% HCI,
and 1% HF. The final characterization stage involved microstructural
observation using either an optical microscope or a scanning electron
microscope (SEM).

To characterize the mechanical performance under different welding
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Fig. 4. Power distribution in the coaxial rings (Pring1, Pring2) and the total
power (Py) as a function of the used power in the core (P for the tested
beam shapes (BS0O, BS3, BS5).

conditions, tensile tests were conducted on lap-joint specimens to
determine the maximum load sustained prior to fracture. Specimen
preparation followed BS EN ISO 14273:201, as illustrated in Fig. 6(b).
Tensile testing was carried out using a universal testing machine (MTS
Synergie) with spring-loaded grips. The specimen dimensions are re-
ported in Table 7 [24,25].

Electrical resistance measurements were performed using a four-wire
measurement configuration with an imposed current of 3 A. To establish
a reliable relationship between process parameters and electrical resis-
tance, a highly precise measurement chain capable of resolving resis-
tance variations below 0.1 mQ was required. For each specimen, the
resistance measurement was repeated 50 times, and the averaged value
was used to minimize the influence of electrical interference and white
noise. To ensure that only the weld region was characterized, thin
insulating foils were inserted between the two edges of the lap joint, as
shown in Fig. 6(c).
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Fig. 5. Schematic diagram of LBW materials and paths as well as the 3 different
classes of weld penetration.

Table 4

Experimental parameters in the experiment of feasible window.
Fixed parameters Value
Wavelength (mm) 1070
Spot diameter (um) 156
Defocus 0
Magnification 3.125
Variable parameters Value

Speed, v (mm/s)
Core power, Peore (W)
Beam shapes, BS

100, 250, 400, 550, 700
920, 1150, 1380, 1610, 1840
BSO, BS3, BS5

Table 5
P ore/V value of all the process combinations (unit: J/mm).
Peore (W) v (mm/s)
100 250 400 550 700
920 9.20 3.68 2.30 1.67 1.31
1150 11.50 4.60 2.88 2.09 1.64
1380 13.80 5.52 3.45 2.51 1.97
1610 16.10 6.44 4.03 2.93 2.30
1840 18.40 7.36 4.60 3.35 2.63
Table 6
Experimental parameters in the experiment of iso-energy per line
conditions.
Fixed parameters Value
Wavelength (mm) 1070
Spot diameter (um) 156
Defocus 0
Iso-energy, Pcore/V (J/mm) 2.88
Magnification 3.125
Variable parameters Value
Core power, Pcore (W) 1150, 1581, 2013
Speed, v (mm/s) 400, 550,700
Beam shapes, BS BS0, BS3, BS5
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Fig. 6. (a) Metallographic characterization and measurement of LBW cross-
sectional area (laser weldability samples with iso-energy per line conditions).
(b) Mechanical resistance characterization of LBW samples (laser weldability
samples with iso-energy per line conditions). (c) Electrical resistance charac-
terization of LBW samples (laser weldability samples with iso-energy per
line conditions).

Table 7
The size parameter of the specimens (as shown in Fig. 4(c)) used in mechanical
resistance.

Thickness, t Overlap, a Width, b Length of test Total specimen
(mm) (mm) (mm) piece, [, (mm) length, I; (mm)
0.2-0.8 30 30 90 150

3. Results and discussion
3.1. Feasibility window

Fig. 7 presents the optical microscopy images of all specimens pro-
duced on the two opposite sides of the lap joint, namely the top surface
of the aluminium plate and the bottom surface of the Hilumin sheet.
Conditions for which only the aluminium side is shown correspond to
parameter sets where no penetration was achieved. Parameter combi-
nations with the same core power level and higher welding speeds were
omitted, as they would result in even lower penetration depths.

With increasing core power, the weld seams expand on both the top
and bottom sides of the joint. Conversely, increasing the welding speed
reduces the penetration depth, progressively shifting the welding regime
from full penetration to partial penetration and ultimately to non-
penetrated welds.

The influence of beam shape variation on weld bead dimensions is
clearly observable on the top surface of the aluminium sheets. In
contrast, variations in beam shape do not induce significant changes in
bead size on the bottom surface of the Hilumin sheets. This observation
is consistent with the hypothesis that weld penetration is primarily
governed by the core power. Meanwhile, the power distributed in the
ring predominantly affects the weld morphology on the top surface. In
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Fig. 8, iso-energy lines were plotted based on P¢qe/v values in Table 5. It
can be seen that selecting Pcore/v = 2.88 as the iso-energy condition
represents an optimal and reasonable choice within the feasible window.

3.2. Influence of beam shape on weld properties in the iso-energy
conditions

3.2.1. Penetration depth and weld area

Microscopic images were acquired for all specimens after tensile
testing on both sides of the joint and along both weld edges. The images
are presented in Fig. 9 together with the corresponding process pa-
rameters. By fixing the P o/, specimens with comparable weld pene-
tration depths were obtained, and all parameter combinations fell
within the process feasibility window.

Nevertheless, identical penetration was not achieved for all condi-
tions. In particular, at low core power, the welding process exhibited
instability, resulting in penetration depths that were only marginally
sufficient to enter the feasibility window. This behavior further dem-
onstrates the high level of complexity associated with this process and
configuration, which requires careful parameter fine-tuning to achieve a
controlled and reproducible weld depth. The joint area was quantified
from the microscopic images presented here and subsequently corre-
lated with the other quality attributes in Section 3.3.

Metallographic analysis was performed on one specimen for each
parameter combination. Fig. 10 shows cross-sectional views of both
sides of the weld after chemical etching. The etching process highlights
iron-rich regions dissolved within the aluminium matrix, thereby
enabling an assessment of the amount of molten material and the
associated forces generated within the melt pool. It can be observed that,
for some parameter sets, the weld cross sections do not fully penetrate
the material. This behavior can be attributed to process instabilities that
lead to localized regions with insufficient joint penetration.

It is worth noting that the melt pool morphology varies significantly
with different laser beam power distribution configurations. Increasing
the power delivered through the ring fiber results in a pronounced
widening of the melt pool at the top surface of the joint. However, this
widening does not propagate to the bottom of the joint; instead, it re-
mains confined within an angle of approximately 45°. Furthermore,
although the intensity profiles shown in Fig. 2(b) appear qualitatively
similar, with all beam shapes exhibiting a Gaussian-like central peak, the
quantitative energy partitioning between the core and the rings differs
substantially among the configurations. As reported in Table 2, the core
power fraction decreases from 92% in BSO to 71% in BS3 and further to
50% in BS5, accompanied by a corresponding increase in the energy
delivered through the rings. This redistribution lowers the peak intensity
and broadens the effective heating zone.

As a consequence, despite their comparable normalized intensity
profiles, the different beam shapes interact with the material in distinct
ways. BSO promotes deeper and narrower weld penetration. In contrast,
BS3 and BS5 provide a more uniform heat input that stabilizes the melt
pool, resulting in wider welds, smoother surface morphology.

3.2.2. Electrical resistance

Fig. 11(a) and (b) present the electrical resistance values as a func-
tion of the core power and the total laser power, respectively. The results
fall within a relatively narrow variation range of approximately 10%
between the best and worst conditions. Nevertheless, a clear dependence
of the joint electrical resistance on the total power can be identified.
Specifically, the electrical resistance increases with increasing laser
power, which is contrary to the trend commonly reported in laser
welding of similar materials [24]. Although the experiments were con-
ducted under iso-energy core conditions, a slight increase in the weld
cross-sectional area can still be observed with increasing power.

During welding, IMC are formed at the interface. These phases
exhibit relatively high electrical resistivity, and their presence can lead
to an increase in the overall electrical resistance of the joint despite the
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Fig. 7. Images of laser welded aluminium /Hilumin joints as a function of core power and weld speed using (a) BSO, (b) BS3, (c) BS5 beam shapes.

enlarged weld cross section. It is therefore reasonable to infer a strong
correlation between IMC formation and the power level employed
during welding.

In addition to weld microstructure and intermetallic compound
(IMC) formation, the electrical performance of the joint can be signifi-
cantly influenced by internal defects such as inclusions, porosity, and
cracks. Non-metallic inclusions or intermetallic particles typically
exhibit low electrical conductivity, thereby introducing localized re-
gions of high resistance and disrupting uniform current flow.

Porosity reduces the effective cross-sectional area available for

electrical conduction and may induce inhomogeneous current distribu-
tion, which in turn increases the overall electrical resistance of the joint.
Cracks act as discontinuities in the conductive path; they not only
impede or divert electron transport but also promote local current
crowding, further degrading electrical conductivity and long-term
stability.

3.2.3. Mechanical resistance
The load-displacement curves are presented in Fig. 12. The peak
force at fracture (Fp,) was extracted from the tensile curves and used as
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Fig. 8. Classification of the welded joints as a function of the penetration state, showing the feasibility window of partial penetration welds. The iso-energy per line

P.ore/V conditions are shown with dashed lines with the calculated values in J/mm.

Fig. 9. Images of laser welded aluminium /Hilumin joints as a function of core power and weld speed using 2.88 J/mm energy per line.

an indicator of the mechanical performance of the joint. The results were
averaged for each parameter set and are reported together with the
corresponding error bars in Fig. 13. The three investigated beam shapes
exhibit distinctly different trends in terms of peak fracture force. In
addition, a substantial variation in the scatter of the results is observed
among the different parameter combinations.

As shown in Fig. 13, for BSO, increasing the welding speed leads to a

clear improvement in the mechanical properties of the joint. However,
this improvement is accompanied by increased process instability, as
evidenced by the large error bars. Compared with the Gaussian beam,
the addition of power to the ring stabilizes the mechanical response of
the joint. BS3 exhibits nearly constant mechanical properties and shows
limited sensitivity to variations in process speed. Nevertheless, it is
important to note that the variability of the results remains relatively



T. Xu and A.G. Demir

Optics and Laser Technology 200 (2026) 115094

Fig. 10. Cross-section images of laser welded aluminium-Hilumin joints as a function of core power and weld speed using 2.88 J/mm energy per line.

Fig. 11. (a) Average electrical resistance (R) as function of Pore and v with
2.88 J/mm energy per line. (b) Graph of average electrical resistance (R) as
function of total power (Pyy).

high across all three investigated conditions.
BS5 displays an opposite trend compared with the Gaussian beam. In

this case, a significant reduction in mechanical properties is observed as
the process speed increases. At a welding speed of 400 mm/s, the highest
mechanical performance and the lowest variability are achieved. In
contrast, at higher speed levels, a pronounced degradation in mechan-
ical properties is recorded. These results indicate that distributing a
substantial fraction of the laser power (50%) to the ring is beneficial at
low welding speeds, but becomes detrimental when the interaction time
is reduced. This behavior can be attributed to enhanced nickel vapor-
ization induced by higher local irradiance at increased process speeds.

3.2.4. Intermetallic compounds

To obtain a more detailed understanding of the formation and spatial
distribution of IMC within the weld, SEM analysis was performed. This
technique allows for the acquisition of high-magnification images and
enables the reconstruction of both the chemical composition and the
microstructure of the weld. As shown in Fig. 14, the SEM images are
presented in greyscale, where lighter shades correspond to heavier ele-
ments and darker shades to lighter elements. This contrast is particularly
evident in high-magnification images, where aluminium and Hilumin
can be clearly distinguished outside the weld section. Regions exhibiting
intermediate grey levels between these two extremes are therefore
identified as intermetallic phases.

The morphology of the weld cross section varies substantially with
the addition of power to the coaxial ring fiber, particularly affecting its
shape and the distribution of intermetallics within the weld. It is
observed that increasing the ring power enhances penetration under the
analysed conditions. Consequently, while the Pqre/V remains a primary
factor in determining weld penetration depth, the total power employed
also exerts a non-negligible influence. Nevertheless, as previously noted,
the joint’s mechanical properties do not correlate directly with pene-
tration depth, as would be expected in welds of homogeneous materials;
instead, they depend on the quantity, type, and distribution of IMC.

Increasing the power delivered to the ring fiber induces a pro-
nounced widening of the weld near the top surface, with more limited
effects near the root. The internal mixing within the weld also varies
significantly with beam shape. A comparison of BS3 and BS5 cross
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Fig. 12. Tensile test results as a function of core power, scan speed, and beam shape at the 2.88 J/mm energy per line.

Fig. 13. Peak force at rupture as a function of the core power at the 2.88 J/mm energy per line in the experimented conditions.

sections is particularly illustrative: although the penetration into the
Hilumin layer is nearly comparable, the IMC distribution differs mark-
edly. In BS3, the IMC distribution is less compact, suggesting that the
molten iron within the melt pool experiences stronger forces, causing
upward migration. In contrast, for BS5, the IMC are concentrated near
the lower portion of the weld close to the boundary. Furthermore, in-
weld flows push the IMC towards the weld periphery in BS5, whereas
for BS3, the intermetallic phases are primarily located at the seam
center.

These observations indicate that variations in power distribution
alter the forces within the melt pool, enhancing the effect of recoil
pressure relative to buoyancy and Marangoni forces [26,27]. A more

detailed analysis of the chemical composition of the intermetallic phases
near the weld boundary was subsequently conducted using energy-
dispersive X-ray spectroscopy (EDX). The results are presented in
Fig. 15 and Table 8.

It should be noted that many of the phases identified during the EDX
analysis contain a non-negligible amount of nickel. Concentrations
exceeding 330 ppm have been found to significantly influence the for-
mation and properties of intermetallic phases. Consequently, a simple
Al-Fe binary analysis is no longer sufficient.

The predominant IMC in Al-Fe-Ni alloys is AlgFeNi, whose me-
chanical properties differ substantially from the IMCs typically observed
in Al-Fe welds, such as AlsFe; and Al;sFe4 [10,28]. For example, Site 6



T. Xu and A.G. Demir

Optics and Laser Technology 200 (2026) 115094

Fig. 14. SEM images of samples under the condition of P.oe = 1150 W, v = 400 mm/s with different beam shapes. (a) BSO, (b) BS3, (c) BS5.

Fig. 15. EDX measurement points of weld joints produced using (a) BSO (b) BS5 with P¢ore = 1150 W, v = 400 mm/s.

Table 8

EDX composition of IMC phases highlighted in Fig. 15.
Atomic Percent (At.) % (6] Al Fe Ni
1 100
2 61.185 339 4.91
3 95.55 4.45
4 9.83 73.96 12.74 3.47
5 97.78 2.22
6 75.79 22.21 2.01
7 89.53 8.99 1.48

in Fig. 15 exhibits a chemical composition consistent with a mixture of
78% AlsFes and 22% AlgFeNi, while Site 7 shows a lamellar structure
composed of 57% a-Al, 26% AlsFes and 17% AlgFeNi.

Further detailed analyses are required to verify that this

10

reconstruction accurately reflects the actual chemical compositions of
the phases present in the alloy. Nevertheless, the relatively high nickel
content measured at the weld base likely contributes substantially to the
mechanical strength of the joint. The sample welded with BS5 exhibits a
more compact and condensed intermetallic layer at the weld base
compared with BS3 and BSO, which promotes the formation of Ni-rich
intermetallic phases near the weld section. Nickel has been shown to
enhance the mechanical performance of Al-Fe intermetallics and reduce
brittleness, thereby explaining the higher strength observed under this
parameter set.

3.3. Correlation between the quality attributes
This section presents a comparison between the measured weld

characteristics and the process variables. Weld geometry measurements
were conducted optically as described in Section 2.3.3. Fig. 6(a)



T. Xu and A.G. Demir

summarizes the geometry parameters obtained from the cross sections.
Mechanical strength was evaluated based on the peak force (F},) and the
electrical resistance (R). All relevant process parameters were consid-
ered, particularly the laser scanning speed and the laser power,
expressed in its various forms. The relationship between F, and the
welding cross-section geometric parameters, including the IMC area
(Amiy); is presented in Fig. 16 based on the measurements in Fig. 10.

Table 9 presents the correlation matrix between process parameters
and quality attributes, focusing on LBW weld geometry (e.g., fusion area
on each substrate side), the extent of IMC formation, and the mechanical
and electrical performance of the LBW joints. Analyzing the in-
terrelations among these output parameters provides a deeper under-
standing of the mechanisms governing joint behavior in dissimilar metal
welding.

The peak tensile force (Fp) exhibits a strong positive correlation with
the weld bead area on the Hilumin side (Agj), with a correlation coef-
ficient of 0.62, and a moderate positive correlation with the fusion area
on the aluminum side (Aa)), with a coefficient of 0.51. Additionally, F,
shows a moderate positive correlation with the total IMC area (Ap;x),
with a correlation coefficient of 0.3. These results indicate that larger
fusion zones on both the Hilumin and aluminum sides generally
contribute to higher mechanical strength. Although excessive penetra-
tion into the Hilumin side is often thought to promote brittle IMC for-
mation, which may reduce strength, the data suggest that within an
appropriate range, adequate metallurgical bonding on both sides,
including controlled IMC formation, can enhance joint structural
integrity and mechanical performance.

In contrast, the electrical resistance (R) exhibits a moderate negative
correlation with Ag; (correlation coefficient —0.33), a strong negative
correlation with Aaj and a strong positive correlation with Apix. This
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Table 9
Correlation Matrix of process parameters and quality attributes.
A Wy Am Al Anl Amix Fp
W 0.61
A, 0.76 0.80
Agil —0.30 0.24 —0.08
Ap -0.07 0.53 —0.09 0.56
Anix 0.51 0.57 0.47 -0.16 0.04
Fp —0.18 0.32 0.06 0.62 0.51 0.30
R 0.51 0.67 0.48 -0.33 —0.68 0.54 -0.19

implies that electrical resistance decreases as the aluminum-side fusion
area increases, while larger IMC formation elevates resistance. Although
Hilumin is designed for low contact resistance, excessive or poorly
controlled fusion into this side may lead to insulating IMC or surface
oxides, increasing resistance. Conversely, the high electrical conduc-
tivity and relatively low reactivity of aluminum favor the formation of a
more conductive path, thereby reducing the overall resistance when
sufficient aluminum fusion is achieved.

Overall, the data in Table 9 suggest that achieving balanced fusion
between dissimilar materials is crucial for enhancing joint strength,
while limiting IMC formation, particularly on the Hilumin side, is
essential for maintaining low electrical resistance.

3.4. Effect of IMC on LBW characteristics

3.4.1. Formation mechanism of IMC

Based on the characterization phenomenon shown in Fig. 14, the
formation of IMC under different BS is related to the fluid flow and force
field changes in the melt pool [29]. Fig. 17 shows the fluid flow, forces,

Fig. 16. The relationship between peak force at rupture and the weld section geometric parameters produced with with 2.88 J/mm energy per line.
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Fig. 17. Mechanism of IMC formation of melt pool in different BS conditions. (a) and (b) melt pool of BSO, (c) and (d) melt pool of BS3, (e) and (f) melt pool of BS5.

and phase transition in the melt pool under different BS conditions. As
shown in Fig. 17(a), under BSO conditions, due to the fact that most of
the laser energy is focused on the core, the width of the melt pool is
relatively small without the addition of rings, and the flow velocity in-
side the melt pool is relatively slow because of low heat input. The top of
the melt pool is dominated by a large number of a-Al atoms (a-Al phase),
but in the lower part, due to the melting of the Hilumin plate, some Fe
and Ni atoms flow into the interior of the melt pool, resulting in IMC
near the Al boundary. However, due to insufficient flow velocity and
buoyancy inside the melt pool to allow Fe atoms to fully enter other
areas of the melt pool and interact with each other, its IMC area is
relatively small. As shown in Fig. 17(b), with the addition of the ring, in
the LBW process of BS3, the laser heating radius increases, the melt pool
gradually widens, the temperature gradient increases, and the Mar-
angoni force gradually becomes dominant. Therefore, an accelerating
flow driving force appears at the top of the melt pool, which promotes
the interaction of different material atoms inside the melt pool [30]. The
recoil pressure and buoyancy are roughly in equilibrium, and the IMC
region is located in the lower part of the melt pool. Due to the continuous
interaction of atoms, some solute bands are formed in the IMC, which is
similar with the phenomenon in Fig. 14(b). Furthermore, as shown in
Fig. 17(c), as the effect of ring addition becomes more significant, the
melt pool width of BS5 is the largest and the internal fluidity is the
strongest. However, the recoil pressure dominates at this time, breaking
the internal flow direction and limiting the interaction area to the
middle and lower layers of the melt pool. Therefore, there is no strip-
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shaped IMC generated, but a large area of IMC near the bonding area
exists.

3.4.2. Electrical resistance

Because electrical resistance and Apix are strongly correlated,
changes in electrical resistance can roughly reflect the evolution of IMC
morphology within LBW welds under different BS conditions. Different
BS correspond to different IMC compositions, resulting in electrical
resistance. Fig. 18 schematically illustrates how IMC morphology affects
the current within the weld joint. For the thin IMC joint corresponding to
BSO0, as shown in Fig. 18(a), the joint filled with a thin IMC layer will
exhibit lower electrical resistance [31]. This electrical resistance in-
crease is primarily attributed to the formation of the AlgFeNi phase on
the Hilumin side [32]. Although IMC characterization results indicate
that the IMC thickness is relatively thin, which generally facilitates
current transfer [33]. However, low laser power can lead to inadequate
weld connection as well. A mechanism diagram of the IMC joint corre-
sponding to BS3 is shown in Fig. 18(b). Since the IMC exhibits mixed
banding, the relatively large a-Al area could reduce electrical resistance
and facilitates current transfer [34]. The IMC in the BS5 joint exhibits
the largest area due to thorough mixing, as shown in Fig. 18(c).
Furthermore, the higher content of the mixed phase on the Hilumin side
significantly affects current transfer. In addition, weld inclusions and
pores within the weld also affect resistance characteristics. In summary,
achieving balanced fusion of dissimilar materials is key to improving
joint electrical properties [32,34]. Limiting the formation of oversized
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Fig. 18. Mechanism diagram of IMC impact on electrical resistance in different BS conditions. (a) IMC of BSO, (b) IMC of BS3, (b) IMC of BS5.

IMC and phase content variations on the Hilumin side is crucial for
maintaining low electrical resistance.

3.4.3. Mechanical resistance

Fig. 19 shows SEM images of welded joints under different BS con-
ditions and the corresponding IMC mechanism diagrams. As shown in
Fig. 19(a), the weld corresponding to BSO exhibits insufficient phase
mixing due to the low heat input, resulting in a small IMC area [35,36].
Furthermore, the insufficient melt pool depth prevents the two materials
from fully connecting in the region of the joint, leading to asymmetric
crack propagation under tensile loading. These factors affect the me-
chanical properties of the weld. Fig. 19(b) shows the joint under BS3 and
the IMC mechanism. Compared to BSO, the BS3 joint exhibits an
adequate connection with no apparent lack of fusion. Areas susceptible
to crack propagation appear on both sides of the joint interface. How-
ever, the increased content of the Ni mixed phase in the IMC and the
larger Apix contribute to improved mechanical strength [37]. With
further increases in laser power, the joint corresponding to BS5 exhibits

larger IMC zones, as shown in Fig. 19(c), with a further increase in the Ni
mixed phase content, but also more pronounced crack growth areas
appear on both sides of the joint.

In order to comprehensively compare the performance of the dis-
similar LBW process, the peak force per unit length of the weld (laser
weld strength, Sy,) is defined as a comparison index and compared with
other current research results [24], as shown in Eq.(1). In order to avoid
the differences caused by different process parameters, only the
maximum value of Sy, is selected as the index.

F, Pm

Slwzi

L €3]

where F,p, is the maximum value of the average peak force in Fig. 13. L is
the length of the circle weld bead. In this study, the Sy, is 32.9 N/mm.
This result is similar to the existing related research result (Sy, is 31.8 N/
mm [24]). Therefore, the battery pack connected by the LBW process
proposed in this study has the characteristics of high performance.

Fig. 19. Mechanism diagram of IMC impact on Mechanical resistance in different BS conditions. (a) IMC of BSO, (b) IMC of BS3, (b) IMC of BS5.
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4. Conclusions

This study has investigated the influence laser beams on the weld-
ability of aluminum alloy to Hilumin steel. The suitable selection of the
BS is a key parameter to control metallurgical structure, mechanical and
electrical properties. Moreover, the formation mechanism of IMC is
explored as well. Main conclusions have been drawn as follow:

e The penetration of a weld is strongly linked with the P.o/V ratio.
This is particularly important in experimentation of dissimilar ma-
terial lap joints, as it allows to evaluate the difference in mixing of
the two phases while keeping the amount of melted material at the
interface constant. P.yre/V ratio 2.88 J/mm is the suitable parameter
for LBW dissimilar materials. Moreover, assessing this ratio allows
the determination of an experimental plan with free parameters v
and Pying in which the process lies within the feasibility window.
The variation in joint performance is strongly related to the forma-
tion and distribution of IMC within the weld bead. In particular, the
presence of nickel is a fundamental element in this, due to its ability
to refine the microstructure of the intermetallic phases, causing a
considerable increase in the mechanical performances of the joint.
Moreover, relative high nickel content can favour the formation of
AlgFeNi in substitution of AlsFey. Taking into consideration that the
first composition shows significantly superior properties compared
to the latter, also this aspect is believed to have a significant impact
on joint performances. In addition, the changes in the temperature
and force fields of the melt pool under different BS conditions have
an important influence on the regional morphology of IMC.

It was observed a compact distribution of IMC phases rich of nickel at
the root of the weld. The peak force correlates positively with both
Ay and Ay, indicating that adequate fusion on both sides of the joint
enhances mechanical performance. Meanwhile, electrical resistance
shows a negative correlation with Aaj and a positive correlation with
Anix, suggesting that greater fusion on the aluminum side improves
conductivity, while increased Apix tends to impair it. Apix has a
greater impact on electrical resistance than on joint mechanical
performance. Its correlation has increased by 80%. Overall,
achieving a balanced fusion between Apj and Apj, while limiting
excessive Apix formation, is essential for producing welds with both
high strength and low resistance.

This study originates from the need to develop and manufacture a
high-performance and efficient battery pack aimed for racing vehicles.
Beyond this specific prototype application, the findings of this study
have broader relevance for the design and production of advanced
battery packs in various fields. In particular, the demonstrated feasi-
bility of laser beam welding for dissimilar Al-Hilumin joints can be
directly applied to lightweight EV battery modules, electric motorcycles,
and next-generation passenger vehicles. Moreover, the insights into
beam-shaping strategies and process optimization are valuable for large-
scale battery pack manufacturing in electric buses and stationary energy
storage systems, where high reliability and durability are critical. Future
work will use advanced multiphysical simulations to better understand
the mechanisms of phase change based on IMC and provide information
about temperature/pressure fields and fluid-flow and help elucidate the
impact of beam shaping on dissimilar laser welding.
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