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Abstract The choice of welding path in joining battery connections plays a crucial role in
the bonding strength, which in turn affects battery performance. A commonly employed welding
path in laser welding is the circular wobbling path. Our prior study revealed that the hatching
path in laser welding, which is hardly reported in the literature, offers a flexible welding pattern
and sufficient weld strength, especially for thin specimens. This study conducted a comparative
analysis of circular and hatch welding paths concerning their microstructure, mechanical prop-
erties, and electrical characteristics. Upon observing the surfaces of the two types of welds, it
becomes evident that the hatch welding path results in a superior weld appearance with less
spatter formation near the welding zone in comparison to the circular path. Furthermore, an
examination of the cross-sections reveals a significant disparity in the interdiffusion between the
welding materials. While the circular path yields a non-uniform chemical diffusion of the case
material within the welded tab, the hatching path exhibits a periodic upward penetration of the
case material into the tab at the welding lines. This discrepancy leads to a distinctive distribu-
tion of hardness, electrical resistance, and mechanical strength in the welds, with the desired
properties attributed to the hatch welding path. Through this comparative analysis, the study
unveils the influence of the laser beam deflection path on the overall weld quality.

1. Introduction

Lithium-ion batteries (LIBs) have become a crucial part of electronic devices, electric vehicles,
as well as energy storage systems for a long history [1-3]. Their widespread adoption is attrib-
uted to their extended lifespan, high energy density, robust power density, and positive envi-
ronmental impact [4]. However, the demand for more powerful and higher-capacity batteries
continues to grow as global consumer expectations rise. In response, continuous enhance-
ments are being made in different aspects of battery design, encompassing material selection
and manufacturing processes, aiming to not only reduce production costs but also improve
battery efficiency [5]. Historically, materials like LiCoO, for cathodes and graphite for anodes
were chosen for battery electrodes. These selections have persevered over time [6-8]. How-
ever, present-day research focuses on refining LIB manufacturing procedures with alternative
technologies, with significant attention on the joining process, as it significantly influences bat-
tery capacity [9-17]. In LIBs, joints can be categorized into electrical and structural types, and
many joints, such as those connecting tabs and battery cases, must meet both electrical and
structural requirements. These connections often involve materials of varying thicknesses and
dissimilar compositions, sometimes even in challenging positions. Commonly, aluminum (Al) is
used for the tab, while steel (Fe-based alloy) is used for the battery case. The interdiffusion of
these metals, stemming from the low solubility of Al and Fe, results in the formation of intermet
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allic compounds (IMCs). IMCs typically possess complex crys-
tal structures with limited crystallographic planes, making them
prone to stress-related issues. IMCs are generally brittle, nega-
tively impacting joint quality by causing crack initiation and
impeding current flow through the materials [9, 18-20]. Thus,
minimizing the presence of IMCs is essential for achieving
high-quality welds.

Various joining technologies have been employed in LIBs
production, including resistance spot welding and ultrasonic
welding. Researchers and manufacturers have extensively
explored resistance spot welding for dissimilar Al and Fe met-
als, investigating factors affecting joint properties and propos-
ing techniques to control interfacial reactions [21]. Although
research on resistance spot welding for Al and steel was con-
ducted widely in the past [22-25], this approach faces chal-
lenges, such as electrode degradation, damaged weld sur-
faces, and material limitations [24-26]. On the other hand, ul-
trasonic welding, another widely used technique for joining Al
and steel in industries like automotive, shipbuilding, and elec-
tronics, offers a sound joint for such dissimilar metals [27-30].
However, as a contact process, ultrasonic spot welding is no-
tably influenced by tool properties, with tool wear being a con-
cern. To overcome these challenges, a remote and flexible
welding technology is needed.

Since its inception, the laser beam has found applications in
various manufacturing stages, including heat treatment, an-
nealing, cutting, drilling, and welding [31-34]. Laser beam weld-
ing stands out for its contactless nature, offering flexible weld
configurations with high precision. lts high focus results in a
small heat-affected zone, making it ideal for heat-sensitive
components. Research indicates that laser beam welding often
outperforms traditional joining methods [35]. Moreover, the
development of IMCs in dissimilar metal joints is closely tied to
the interdiffusion of these metals. Laser welding, with its high
cooling rate, accelerates the rapid solidification process, con-
sequently minimizing the aging duration of the diffused dissimi-
lar metals. This, in turn, leads to a reduction in the formation of
IMCs.

The non-contact nature of laser welding allows a flexible de-
sign of welding geometry. Wobbling welding, where the laser
beam oscillates the focal spot in a circular shape, is commonly
employed due to bonding effectiveness [36]. Moreover,
Kuryntsev et al. [37] found that the wobbling technique signifi-
cantly improved the mechanical properties, as well as mini-
mized phased transitions due to a lower cooling rate. Moreover,
the weld strength is enhanced by enlarging the bonding area
with wobbling welding [36]. In addition, Wang et al. [38] pointed
out the effect of the circular oscillation technique on the weld
quality by decreasing the thermal gradient. As a result, the
formation of equiaxed grain is promoted, while columnar den-
drites are minimized. To offer more flexibility in terms of beam
movement, the hatching path was introduced, mainly applied in
additive manufacturing [39-41]. Our previous study revealed
the possibility of laser welding with a hatching path [9, 42],
especially for a thin specimen. Both wobbling and hatching

techniques have the advantage of increasing the bonding area
with the same bead width. To further evaluate the effectiveness
of the hatching path compared to the conventional wobbling
path, microstructure, mechanical properties and electrical con-
ductivity of the welds created from these paths need to be in-
vestigated. However, a comprehensive comparison of these
two welding paths concerning weld quality is lacking.

This study conducted a comprehensive comparison of two
welding paths, hatching and circular, in terms of the morphol-
ogy, mechanical properties, and electrical properties of dissimi-
lar metal joints involving Al and steel. For this comparison,
constant total energy input and laser parameters were main-
tained in both welding paths, with identical lengths for the laser
irradiation path. Scanning electron microscopy (SEM) was
employed to examine the weld surface and observe spatter
formation. Energy dispersive X-ray spectroscopy (EDX) was
used to analyze chemical diffusion in the weld. The study also
includes measurements of hardness distribution, mechanical
strength, and electrical conductivity to assess the performance
of the welds.

2. Experiment
2.1 Experimental procedure

The welding experiment was conducted with a pulsed fiber
laser, the specification of the laser source is indicated in Table
1. The laser source used in the experiment is an ytterbium
pulsed fiber laser (IPG-YLPM, IPG photonics, Southbridge,
Massachusetts USA). The laser beam is transferred through a
focusing lens, which has a working distance of 189 mm. The
weld is performed in a lap welding configuration, with pure
aluminum (purity 99 %) on the top of commercial 304 stainless
steel having a thickness of 0.087 mm and 0.4 mm, respectively.
The optimization for selected laser parameters can be found in
our prior study [42]. The aluminum and stainless steel repre-
sent the material selection for the battery case and tabs, re-
spectively.

The weld is conducted in two different welding paths, namely
hatching and circular oscillation paths shown in Fig. 1. In the
hatching path, the laser beam first irradiates in a rectangular
shape (D. As the rectangular irradiation closes, hatching weld-
ing is performed inside the rectangle 2. The hatching lines are
created in zigzag lines with the distance between the two lines

Table 1. Specifications and parameters of the laser welding source.

Ytterbium pulsed fiber laser

Laser power 10-20 W
Wavelength 1064 nm
Pulse duration 200 ns
Spot size 30 ym
Repetition rate 20 kHz
Welding speed 1 mm/s
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being 0.1 mm. Whereas, the circular path is performed by os-
cillating the laser irradiation in a circular path with a diameter of
0.5 mm. The selected amplitude and frequency for the circular
welding path are to be comparable processing time given by
the total welding length (L) and welding one dimension to the
hatching path. The dimensions of the welding zone are 0.5 mm
wide and 4.5 mm long. The total length of the welding line is
calculated as follows:

Hatching path: The hatching path (Fig. 1(b)) is created by a
rectangular boundary and hatching lines inside it. Therefore,
the total length of the hatching path is:

Total length (L) = Circumference of the rectangular + total
length of hatching lines = 28.5 (mm)

Circular path: One cycle in a circular welding path (Fig. 1(c))
is composed of half of the cycle (top part) and half of the ellipse
(bottom part). Therefore, the total length of the circular path is:

Total length (L) = (2 circular circumference + %: elliptical cir-
cumference) x 20 = 28.44 (mm)

The surface morphology and microstructure of the weld
cross-section were observed using a scanning electron micro-
scope (SEM) equipped with an energy-dispersive X-ray spec-
troscopy (EDX) detector (Mira CMH, TESCAN, Brno, Czech

Welding zone

Hatching

Circular

Fig. 2. Top view of the weld.

Republic). Prior to characterization, the joint is embedded in a
resin medium for handling during polishing. The sample is
ground using sandpaper with grid sizes ranging from 600 to
1200. Subsequently, a 0.5 pym diamond suspension is em-
ployed to polish the sample, resulting in a mirror-like finished
surface. Vickers microhardness measurements of the weld
were conducted with a Mitutoyo HM-100 series microhardness
machine, applying a load of 0.49 N for a dwell time of 10 sec-
onds. Joint strength testing was carried out using a universal
testing machine (Shimadzu Ag-X Plus, Shimadzu Europa
GmbH, Duisburg, Germany) with a loading speed of 0.5
mm/min. To measure electrical resistance across the joint, a
four-point resistance measurement system was employed,
utilizing a high-precision voltmeter from the Keithley Integra
Series Model 2460 ohmmeter.

3. Results and discussion
3.1 Weld surface observation

Fig. 2 presents an observation of the top surface of the weld
with the hatching path and the circular path. Notably, in both
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welding paths, there is a vapor-induced defect zone, which
arises from the metal vapor generated during the evaporation
of molten materials while welding. Fig. 3 demonstrates that the
circular path welding results in a slightly larger vapor-induced
defect compared to the hatching path. Additionally, at the inter-
section of each pair of cycles, as explained in Ref. [42], explo-
sive holes are formed. These explosive holes are visible in the
top view of the weld shown in Fig. 3 and they tend to expand
as laser power increases. Furthermore, there is the formation
of spatters on the weld surface. It is essential to minimize spat-
ter formation in electrical application joints, as spatters can
introduce changes in the microstructure of the materials where

they land, thereby impacting the electrical properties of the joint.

Given the current limitations in quantifying spatter formation
within the weld zone, measurements of spatter distribution,
specifically the spatter area, were conducted for comparison.
The spatter area is acquired through the software ImagedJ with
the measurement principle described in Ref. [43]. Before image
processing, SEM images of spatter formation were taken at a
distance of 100 um from the boundary of the welding line at
both the top and bottom of the welding area. For quantifying
spatters, three different regions of interest, each with a size of
200 ym x 200 um, were employed. The results for the spatter
area measurement on the weld surface at both the top and
bottom areas are shown in Fig. 4.

The data clearly indicate that the spatter formed on the top
area is larger than that on the bottom area. This discrepancy
can be attributed to the characteristics of each welding path. In

Fig. 3. Top view observation at the laser power of 16 W: (a) hatching path;
(b) circular welding path.
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Fig. 4. Spatter area on the weld surface: (a) top; (b) bottom.

the hatching path, welding commences at the bottom area and
concludes at the top area. During the welding process, the top
area is heated, which reduces the surface tension of the mate-
rials in that region, leading to increased spatter formation. Con-
versely, in the circular path, more intersections of the welding
path occur in the top area compared to the bottom area. At
each intersection, spatter is contributed by both the initial weld-
ing path and the subsequent welding path intersecting with it.

Fig. 4 highlights the disparity in spatter formation between
the hatching and circular welding paths. Generally, the circular
path exhibits a larger spatter area on the weld surface com-
pared to the hatching path. Furthermore, as laser power in-
creases, the spatter area expands. This result can be reliably
explained by the specific design of the welding paths. Spatters
tend to eject in the opposite direction of the laser irradiation
movement [44]. The circular welding path follows a circular
movement, while the hatching path is characterized by parallel
lines. As a consequence, from the boundary line of the welding
zone, different welding directions are observable in the case of
the circular path. In contrast, the hatching path maintains a
consistent parallel direction with the boundary line. Thus, owing
to the circular movement and the increased number of inter-
sections between cycles, the circular path generates a larger
spatter area in comparison to the hatching path.

3.2 Cross-section observation

Figs. 5 and 6 depict SEM images of the cross-sections of
welds conducted at laser powers of 14 W and 16 W, respec-
tively. In both welds, there is a noticeable upward penetration
(UP) of stainless steel into the aluminum, a phenomenon pre-
viously reported in a prior study [42, 45], This UP effect is be-
lieved to enhance the overall strength of the joint, especially in
the context of overlap welding with aluminum positioned atop
stainless steel. While the hatching path results in periodic UP
occurrences at each hatching line, the circular welding path
exhibits two prominent UP regions on the sides of the pattern.
However, this UP effect leads to an insufficient presence of
molten material at the bottom layer, resulting in the formation of
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Fig. 6. EDX mapping result on the cross-section of the welds (16 W): (a) hatching path; (b) circular path.

porosities in this area. Both welds display various defects, in-
cluding pores, cracks, and explosive holes. Notably, the circu-
lar welding path experiences more severe damage from de-
fects, which can be attributed to repeated laser irradiation at
the intersections of the weld lines. Furthermore, a breakdown
of the upper aluminum material occurs as a consequence of

excessive laser irradiation at these intersections, as observed
in the cross-section of the circular welding path.

Energy dispersive X-ray (EDX) mapping is employed to ob-
serve the diffusion of the welded materials in the welding zone.
Figs. 5 and 6 (added to compare the result at different laser
powers) exhibit the distribution of the diffused materials in the
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Fig. 7. (a) Hardness measurement on the cross-section; (b) hardness distribution of weld with hatching and circular paths.

weld with hatching and circular paths at the laser power of
14 W and 16 W, respectively. In general, material diffusion
involves the lower material (Fe) diffusing into the upper mate-
rial (Al). In the hatching path weld, diffused Fe is primarily con-
centrated at the lower part of the upper material. Additionally,
when comparing the laser powers of 14 W and 16 W, it is evi-
dent that the diffusion and penetration of Fe into Al increase as
laser power increases in the hatching path. In contrast, in the
circular welding path, the diffusion of the lower material into the
upper material is unevenly distributed, primarily at the top part
of the upper material. In the hatching path, the uniform diffusion
of Fe into Al suggests that potential intermetallic compounds
(IMCs) may only form at the interface of these materials. Con-
versely, the random distribution of Fe within Al in the circular
path can lead to the formation of more IMCs, resulting in brittle
material and reduced mechanical properties of the weld metal.
The formation of IMCs in the fusion joining techniques arises
from the solubility of base materials, leading to the precipitation
of ordered structures. For instance, in dissimilar joints between
Fe-based alloys and Sn-Pb alloys, IMCs manifest as a con-
tinuous layer at the interface, driven by metallurgical reactions
between the materials [46]. Additionally, a thick diffusion-
influenced layer, induced by high heat, results in the formation
of various intermediate phases at the interface of dissimilar
metal joints [47].

In the context of this study, the Al layer is anticipated to be
fully melted, while the substrate undergoes partial melting,
facilitating the easy diffusion of Fe into the Al liquid phase.
Within the hatching geometry, a melt pool is generated along
each hatching line, leading to periodic upward penetration and
subsequent diffusion of Fe into Al. Conversely, a more intricate
configuration arises in wobbling welding, where the oscillation
of the laser beam causes a melt pool to form across the weld-
ing area. Consequently, a broad diffusion area of Fe into Al
emerges, promoting the development of a complex intermedi-
ate phase (i.e., IMCs) and microstructure [48]. The EDS map-
ping result in Fig. 6 illustrates a significant difference in chemi-

cal composition distribution on the cross-section of the weld in
hatching and wobbling modes, aligning with the explanation
above.

3.3 Hardness profile

Vickers hardness is conducted in a horizontal direction at a
distance of 20 ym from the interface of the upper and lower
materials. Fig. 7 presents the hardness profile of the weld with
hatching and circular paths. Broadly, it is evident that the circu-
lar path exhibits high hardness along the measurement line,
whereas the hatching path welding achieves high hardness
primarily at the hatching lines. Specifically, in the weld with the
circular path at a laser power of 14 W, the hardness remains
consistently above 300 HV, albeit with some fluctuations during
measurement. Conversely, the weld produced with the hatch-
ing path displays notably high hardness, approximately 400 HV,
at the positions of the hatching lines. Similarly, at a laser power
of 16 W, the hardness distribution along the measurement line
in the circular path consistently exceeds 300 HV, while the high
hardness profile of the hatching path weld shows hardness
values of 362.8 HV and 660.2 HV at the hatching line positions.

The major factors influencing the hardness in the welds in-
clude refined microstructure induced by laser welding and IMCs
formation. On the one hand, short laser-materials interaction
time in pulsed laser welding provides a rapid cooling of molten
materials. As reported in the literature, the cooling rate in laser
melting can reach up to 105-106 K/s, depending on processing
parameters [49]. Such a high cooling rate results in a large un-
dercooling (AT), also known as supercooling. The larger the
undercooling is, the finer the microstructure including grain size
can form. Grain and phase boundaries can effectively act as
barriers to dislocation motion, strengthening the materials.
Therefore, a fine microstructure provides a high density of the
boundaries, improving the strengthening effect. On the other
hand, the relatively high hardness distribution within the upper
material of the weld with the circular path is due to the random
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diffusion of the Fe into the Al, which is evidence for the exis-
tence of the IMCs. Conversely, in the hatching path weld, the
penetration of the lower material into the upper material occurs
primarily at the hatching line positions, accounting for the peak
hardness observed at those locations. Generally, the high hard-
ness profile of the circular path weld may result in the formation
of porosities and the initiation of cracks, which are considered
significant detriments to weld quality.

3.4 Mechanical properties

The mechanical strength of the weld is evaluated by a shear
strength test. Fig. 8(a) demonstrates the shear strength test for
the welds. The result of the strength test of the weld with hatch-
ing and circular paths is shown in Fig. 8(b). Overall, the joint
with hatching and circular paths exhibits an opposite tendency.
As the laser power increases, the weld with a hatching path
results in increasing weld strengths, while the strength of the
weld with a circular path tends to decrease. Particularly, at a
laser power of 12 W, the strength of the weld with the hatching
path reaches the maximum loading force of 10.45 N. As the
laser power increases, the loading force that the weld can re-
strain increases and reaches a peak of 17.94 N at the laser
power of 18 W. In comparison, the weld with a circular path

Hatching path Circular path

Fracture surlace

suffers from a loading force of up to 26.67 N at laser power of
12 W. However, with the increase of laser power, the force
decreases linearly and touches the bottommost with a loading
force of 14.07 N at the laser power of 18 W.

The difference in the tendency of the weld strength of the
hatching and circular paths can be explained based on the
fracture mechanism of the weld. As illustrated in Fig. 9, the
fracture of the weld in both welding paths happens at the top
boundary of the welding zone. Meanwhile, the fracture surface
of the weld with different welding paths is also different. The
hatching path produces a relatively flat fracture surface, while
the circular path tends to have a wavy fracture surface, as
shown in Fig. 10. The flat surface will allow the crack to propa-
gate easily, while crack propagation is difficult on the wavy
fracture surface. Thus, the wavy fracture surface makes it
harder to fracture in comparison with the flat fracture surface in
the hatching path. However, the existence of the explosive hole
at the top part of the welding zone in a circular welding path is
the main cause of the fracture. As analyzed above, the explo-
sive hole extends as the laser power increases. This leads to a
decrease in the weld strength in the circular welding path as
the laser power increases. Whereas the weld with the hatching
path is strengthened with the increasing laser power due to the
increase in penetration depth.
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Fig. 10. Fracture surface observation: (a) hatching path; (b) circular path.

b=
o

+ Circular path

+]—!atching path

AR , |

4
B
®

-+

=3
B
@

o
i
i

0.42

0.4

0.38

Electrical resistance (m£2)

Laser power (W)

Fig. 11. Electrical resistance of the weld with hatching and circular paths.

3.5 Electrical conductivity

A four-wire measurement method, which is a common resis-
tance measurement method for low electrical resistance [50],
was employed to obtain the electrical resistance of the weld
with hatching and circular paths. The result of the electrical
resistance measurement is shown in Fig. 11. The presented
result shows that there is a moderate change in the resistance
of the weld using hatching and circular paths when the laser
power increases. Meanwhile, the electrical resistance in the
hatching and circular paths is within recognizable ranges. The
weld with a hatching path reports a lower range of electrical
resistance from 0.37 mQ to 0.45 mQ in comparison with the
circular path which has an electrical resistance from 0.41 mQ
to 0.47 mQ with the given range of laser power. The higher
range of electrical resistance in the weld with a circular path
can be explained by the formation of explosive holes and un-
even interdiffusion of the upper and lower materials in the weld
zone. The fluctuation of the electrical resistance of the weld
can be explained by the combined effect of both the formation
of IMCs and the penetration of the weld. As analyzed before,

the laser power is proportional to the diffusion of the weld ma-
terials. Thus, more diffusion of the weld materials possibly re-
sults in a higher amount of IMC formation, which increases the
electrical resistance. Meanwhile, as the laser power increases,
the penetration of the lower material into the upper material
also increases. This helps strengthen the weld as well as in-
creases the electrical conductivity of the weld. Thus, the com-
bination of the influence of IMCs and the strength of the weld
results in the fluctuation of the electrical resistance in both
welds.

4. Conclusion

In addition to the widely adopted circular oscillation technique
in laser welding, the potential benefits of a hatching path for
enhancing welding bond strength have received comparatively
less attention. This study offers a comparative analysis of
welds created using two distinct welding paths: the hatching
path and the circular path. The quality of these welds is as-
sessed in terms of microstructure, mechanical properties, and
electrical properties, leading to several noteworthy conclusions:

1) The circular welding path produces a welding surface with
more spatter near the welding zone and is prone to the forma-
tion of explosive holes compared to the hatching path. It is
advisable to avoid overlapping laser irradiation in the welding
path to prevent explosive hole formation.

2) Within the circular welding path, the oscillation of the weld-
ing line results in a non-uniform upward penetration (UP) of
stainless steel into aluminum, while the hatching path gener-
ates periodic UP at each hatching line. Consequently, the cir-
cular path yields consistently high hardness varying around
350 HV to 670 HV, whereas the hatching path exhibits periodic
peak hardness distribution up to 650 HV within the weld zone.

3) Within the investigated parameter, the strength of welds
created with the circular welding path achieves a maximum
loading force of 26.8 N and 26 N at 12 W and 14 W, respec-
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tively, which is higher than that produced with the hatching path
at lower laser power levels. However, this trend reverses as
laser power increases where the loading reduces around 15 N,
primarily due to the expansion of explosive holes.

4) The circular path results in welds with electrical resistance
ranging from 0.41 mQ to 0.47 mQ, whereas the hatching path
welds exhibit resistances between 0.37 mQ to 0.45 mQ as the
laser powder increases from 12 W to 20 W.

Circular and hatching paths offer distinct advantages in en-
hancing joint quality. Nevertheless, this study primarily focuses
on comparing these two approaches. To further enhance weld
strength using the hatching path, further investigations into
strengthening methods are recommended.
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