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ABSTRACT

Advances in laser beam shaping technologies are being studied and are considered beneficial in many aspects of dissimilar metal joining,
which include reducing intermetallic compounds (IMCs), optimizing weld pool profiles, and controlling porosity and spatters. This paper
utilizes a coaxial ring and core dual beam laser and aims to study the impact of the power ratios between core and ring beams on the weld-
ability of 1100 aluminum alloy to hilumin (steel). High-resolution electron microscopy was performed in the cross sections of the weld
pools to quantify the melt pool composition and subsequent IMC formation and weld defects (cracking and cavitation). Lap-shear mechani-
cal testing and electrical resistivity testing were also carried out. Results showed that the optimal power ratio for lap-shear strength was 0.4
(intermediate core and ring) due to the reduction in the Fe-rich liquid into the upper weld region. As a result, this produced a smaller inter-
face between the Fe-rich region and Al, thus reducing the formation of the most detrimental IMC (e.g., Fe2Al5). Conversely, a power ratio of
0.2 (core-dominant) was found beneficial for reducing electrical resistance due to a reduced total IMC volume.

Key words: laser welding, battery tab manufacturing, dissimilar metal welding, laser beam shaping, ring and core dual beam, intermetallics.
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I. INTRODUCTION

In electric vehicles (EVs), the structure of a battery pack
follows a cell-module-pack layout to achieve the desired energy
density and packaging requirements, and the connection between
cells plays a critical role.1 For the individual cells, the casings are
typically made of electrolytically nickel-plated cold-rolled strip steel
(commercial name: hilumin2) due to good formability and suffi-
cient mechanical properties, and the hilumin is typically of
≤0.5 mm in thickness. Individual cells are interconnected via a thin
sheet (≤0.5 mm), which is commonly known as a “busbar tab” or
“tab.”3 The joining of cells to busbar tabs is done through fusion
welding techniques, such as laser beam welding (LBW),4 microspot

welding,5 and ultrasonic welding,6 and is often referred to as “tab
welding.” LBW is often the preferred option due to several notable
advantages, such as being a noncontact process, high speed with
the ease of automation, low heat input, and improved quality
control after optimization.7

The material selection of the tab is based on several properties,
with the most important being electrical and thermal conductivity
while the remaining being cost-effective at the low weight. Table I
summarizes the key performance criteria and properties for possi-
ble busbar tab materials. Ni has good mechanical properties and
has good weldability with steel; however, it is also quite expensive
and has a higher electrical resistance than Cu and Al. Cu possesses
excellent electrical properties, and it forms a good metallurgical
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bond with steel; it also forms very little intermetallic compounds
(IMCs). This is due to the formation of an immiscible alloy system
during solidification, which means that the two metals do not mix
homogeneously but instead form separate phases due to the limited
solubility between the two. However, Cu-to-steel joints are prone to
corrosion without the application of a coating; furthermore, Cu can
be quite costly. In contrast, 1xxx series aluminum,4,8 consisting pri-
marily of pure aluminum, is a viable alternative to Cu to reduce
weight and material costs while maintaining good electrical con-
ductivity. However, the fusion joining of aluminum and steel (Fe)
has one major setback, which is the formation of brittle IMCs of
the FexAlx type.

7

Many pairs of dissimilar metals used in fusion joining applica-
tions form IMCs and other solid solutions of limited solubility.
There are three conditions that need to be met in order to have
complete solid solubility between two different metals:10 (1) the
crystal lattice structure must be of the same type; (2) the atomic
diameters must not differ by any more than 8%–15%; and (3) the
electrochemical properties must be similar, which is observed via
their electronic structure of the atoms. Al and Fe (the main constit-
uent of steel) do not satisfy these criteria and for that reason, the
main issue that affects the welding of Al to steel (or steel to Al) is
the formation of brittle IMCs, which can cause a significant loss in
mechanical and electrical properties of the weld.11 Information on
the crystal structures and microhardness mechanical properties of
common FexAlx IMCs in the Fe–Al system is shown in Table II.
The extremely high micro-hardness of these IMCs makes them
very brittle and is often the cause of the nucleation and propaga-
tion of cracks at the steel and Al weld interface. Furthermore, the
differences in crystal structures and thermal expansion coefficients
can lead to considerable mechanical and thermal stresses during
the solidification process of the weld, resulting in the formation of
defects (cracks and cavities).12 With regard to the electrical proper-
ties of IMCs, a few studies on Cu to Al laser welds13,14 have shown
that the formation of IMCs (AlxCux-type) has a negative influence
on the weld’s ability to conduct electricity. This is due to the type
of atomic bonding; in the base metals, the metallic bonds allowed
the flow of electrons relatively easily with little resistance, whereas
the IMCs have covalent bonds, which means the valence electrons
require a lot more voltage or temperature. Table II shows the type
of crystal structures for FexAlx IMCs, the more complex crystal
structures conduct electricity less efficiently as compared to the
more ordered crystal structures.

Seffer et al.16 investigated the configurations of overlap
welding with both Al and steel on top, and the results showed that

in the steel on top configuration, weld efficiency improved (less
laser power is required compared to Al on top) and the Al-rich
IMC content reduced. Conversely, with the Al on top configura-
tion, higher temperatures must be reached directly in the Al side in
order to penetrate through the steel sheet; this leads to excessive
heating and melting of Al as well as uncontrolled mixing at the
interface. If the IMCs are uniformly distributed throughout the
metal (between the grains), a benefit in strength and grain refine-
ment can be found, as demonstrated in Ref. 17, where Al solute
migrated into the upper steel sheet while welding with the adjust-
able ring-mode (ARM) laser. The type and amount of IMC can
have a significant influence on mechanical properties. When the
IMC layer is continuous along the weld interface and is over 10 μm
in thickness, it is widely considered detrimental.18 This, however, is
only really possible in a shallow conduction mode welding mecha-
nism in which the steel or Al do not significantly penetrate each
other, as shown in previous research works10,17—to satisfy a high
penetration keyhole mode welding mechanism, the mixing of steel
and Al significantly increases, leading to a range of IMCs spread
across the entire weld pool.

Laser beam shaping is gaining popularity since it allows con-
trolled cooling rates and thermal gradients in and around the
molten pool via spatial and temporal modulation of the heat input.
Benefits have been reported in improved seam quality,19 reduced
spatters/porosity, and improved keyhole stability.20 However, only
few attempts with scattered results have studied the impact of laser
beam shaping on intermetallic phase formation. For steel to Al
welding, beam shaping has shown a positive effect to reduce the
IMC layer thickness17 and improved homogeneity of the IMC
layer.21 This paper utilizes coaxial ring and core dual beam laser
and aims to study the impact of the power ratios between core and
ring beams on weldability of 1100 aluminum alloy to hilumin. The

TABLE I. Key performance criteria and properties of the common materials used for busbar tabs in EV battery welding.

Property Ni Fe Cu Al

Weldability with steel/iron (Ref. 9) Good Excellent Good Low
Cost (relative to steel) High — High Fair
Density (g/cm3) 8.90 7.90 8.92 2.80
Electrical resistivity at 20 °C (μΩm) 0.067 0.097 0.017 0.026
Thermal conductivity (W/m k) 97.5 57.8 391.1 231.0
Thermal expansion at 20 °C (μK−1) 13.4 12.1 16.9 24.0
UTS (MPa) 345 320–400 200–360 100–150

TABLE II. Properties of the common IMCs found in the Fe–Al system (Ref. 15).

IMC type Crystal structure Micro-hardness (HV)

Fe3Al Ordered BCC 250–350
FeAl Ordered BCC 400–520
Fe2Al7 Complex BCC 650–680
FeAl2 Complex rhombohedral 1000–1050
Fe2Al5 BCC orthorhombic 1000–1100
FeAl3 Highly complex monoclinic BCC 820–980
Fe4Al13 Complex BCC —
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relevance of this study relates to the fact that only very limited
experimental data are available on the weldability of 1100 alumi-
num (0.5 mm) to hilumin (0.5 mm) with beam shaping (ring and
core) technology. Material-mixing and IMC formation are studied
to explore the effect of the ring-shaped laser beam on the material
response, with subsequent analysis on cracking behavior, mechani-
cal (lap-shear) properties, and electrical resistivity.

II. MATERIALS AND METHODS

A. Materials and welding procedure

LBW was performed on 1100 aluminium alloy to hilumin
(both 0.5 mm), in an overlap configuration, with coupons of
70 mm by 20mm in length and width, respectively. Chemical com-
positions of the two materials are provided in Table III.

Welding experiments were conducted using a 4 kW
Lumentum CORELIGHT laser,23 which had a 50 μm core diameter
and a 200 μm ring diameter and a BPP of 1.4 and 11 mmmrad for
core and ring, respectively. The laser fiber was coupled to the
Scansonic RLW-S (Fig. 1) welding head (Scansonic MI GmbH,
Germany), which comes with a 200 mm collimating length and a
focal length of 400 mm. The resulting Rayleigh length is 1.8 and
5.2 mm for the core and ring, respectively.

The power ratio between the two laser beams was defined by a
beam splitting system (BSS), with BSS=0 corresponding to a
core-only beam, and BSS=1 to a ring-only beam. Beam caustic pro-
files and power distributions were experimentally measured via a
PRIMES focus/power meter, with results shown in Fig. 2. The
welding speed was fixed at 240 mm/s. The effect of power ratio and
total power were investigated in this study: power was varied from
1200 to 2800W at 200W increments; power ratios were used from
0 to 1 in 0.2 increments. The laser beam was focused on the top
surface of the workpiece and no beam oscillation/wobbling, shield-
ing gas or filler wire was used.

B. Microstructural characterization

A standard metallographic procedure was carried out to
produce three cross sections from each weld seam. This involved
steps of sectioning, mounting in conductive resin, grinding until
flat and then polishing in sequential steps of 9, 3, and 0.02 μm
diamond solutions and polishing cloths. The microstructure of the
welds was characterized after welding using optical and scanning
electron microscopy (SEM). Optical images for each cross-section
were taken using a Keyence VHX7000 light microscope. This
allowed the quantification of the weld geometries and crack

thicknesses; for the former, measurements were taken from the
three cross sections, and for the latter, 10 equally spaced measure-
ments were taken from each of the three cross sections. Crack
thicknesses were characterized into five categories: (1) minimal
cracking (<10 μm), (2) [10, 20[ μm, (3) [20, 30[ μm, (4) [30, 40
[ μm, and (5) excessive cracking (>40 μm). SEM was used for back-
scattered electron (-BSE) imaging and chemical mapping using an
energy dispersive x-ray spectroscopy (-EDS) detector. An accelerat-
ing voltage of 20 kV along with a current of 11 nA and dwell time
of 250 ms allowed for a sufficiently high-count rate and high-
resolution chemical maps. Line scans were performed based off the
SEM-EDS data, these were 50 μm in thickness and were from top
to bottom of the weld seam cross section.

C. Mechanical and electrical testing

Lap-shear mechanical testing (ASTM) was performed on the
welded coupons using a 30 kN Instron tensile testing machine—for
each weld ID three replicas were carried out. Electrical resistivity
measurements were acquired using a resistivity measurement
device, for each weld ID, three measurements were recorded. The
resistance (in mΩ) was measured diagonally across each weld seam,
with a distance of 2 mm from the weld seam (top and bottom)—
the red asterisks in Fig. 1 mark these approximate locations.

III. RESULTS AND DISCUSSION

A. Metallographic analysis

For the core-dominant power ratios (BSS = 0–0.4), a lower total
power was enabled—this was because the core-dominant beam pro-
vided a much greater power density due to the smaller beam waist.
This, in turn, gave a more penetrative effect vertically, rather than
laterally compared to the ring-dominant beam. Similar results have

FIG. 1. Laser welding setup with the schematic of a weld cross section.

TABLE III. Chemical compositions of the Ni-coated hilumin steel and 1100
aluminum alloy (Ref. 22).

Composition (wt. %)

Fe C Mn Al Si S
Hilumin Bal. 0.047 0.24 0.06 0.002 0.01

Al Si Fe Cu Mg Zn
AA1100 Bal. 0.95 0.9 0.01 0.05 0.1
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been found in other research.17 The color scheme in Table IV was
used to categorize each of the weld IDs based on their average crack
thicknesses observed in the three cross sections. Since most of the
cracks in these welds were continuous, the measurement of the
thickness allowed a clear distinction. The welds with “minimal”
cracking mostly contained thin hair-line cracks, whereas those with
excessive cracking contained thick cracks, representing a cavitation-
like structure. The extent of cracking was deemed the main factor
for the initial assessment of the weld quality.

At power levels below 2600W and BSS = 1, no connection was
found between the sheets; furthermore, excessive cracking was

observed for BSS > 0.8 and laser power above 2400W. Conversely,
at BSS = 0 excessive cracking was common at many different power
levels (1200–2400W); this signified that the use of just the core-
dominant beam or just the ring-dominant beam was not sufficient
in producing high-quality welds. The optimal power ratio was
found in the range BSS = 0.2–0.6 at power 2400–2600W. Figure 3
shows the cross sections for the identified optimal process window.
It is observed that at both power levels, the penetration of the weld
increases with decreasing power ratio (toward core-dominant).
At the highest power ratio (ring-dominant) and 2400W, the power
density is not enough to form a successful bond between the two

FIG. 2. Power distributions (not to scale) of the Lumentum CORELIGHT laser for the tested BSS.

TABLE IV. Welding matrix showing the tested welding parameters in bold black cells. Dashed cell borders show the weld IDs that were analyzed in detail.
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sheets. As already found in Ref. 17, the combined power density of
core and ring beams plays a critical role in controlling the fusion
zone and the material-mixing, hence the formation of IMCs.
Sections III B–III F will focus on the trials highlighted in the
dashed cells in Table IV—samples with lower crack thickness com-
pared to others.

B. Material-mixing and IMC formation

For each of the power ratios, the interaction of the laser beam
with the materials was distinctive in terms of the mixing of Al and
Fe and subsequent IMC formation. Although the steels possessed a
Ni-coating, Ni was omitted from this study because of the relatively
low amount of it (approximately 10 μm in thickness) compared to
the base materials and was not considered to significantly affect the
weld pool characteristics. For the key welding trials highlighted in
Fig. 3 (BSS = 0.2–0.6 and total powers of 2400 and 2600W),

SEM-EDS chemical mapping was performed to understand the
mixing of the two metals. Line scans were performed along the
center of the cross sections for quantitative analysis (Fig. 4). For
these maps, the main alloying elements of steel (Fe) and the 1100
aluminum alloy (Al) were analyzed. The SEM-EDS maps displayed
the weld pool morphologies and material-mixing due to the differ-
ent power ratios.

For the higher power ratios of 0.6, a wider weld pool was gen-
erated with less penetrative effects; however, the migration of Fe
into the upper sheet was limited due to less recoil pressure and
fluid-flow generated by the low power density.17 The line-scan data
[Fig. 4(g)] show the change in composition for the welds at
BSS = 0.6: from the top of the weld, there is evidently very little
mixing of Fe and Al. For both trials (at 2600 and 2400W), the
compositions start with 90 wt. % Al and 10 wt. % Fe. At this com-
position, the eutectic phase FeAl3 is identified through SEM-BSE
imaging and EDS chemical mapping [Fig. 5(a)i and 5(a)ii].
Although some Fe4Al13 phase was found very sparsely around the
top of the weld pool [Fig. 5(a)], a sharp transition is found when
the Fe rich region begins, which leads to approximately 20 wt. %
Al and 80 wt.% Fe.

At BSS = 0.4, the power density is greater due to a more core-
dominant laser when compared to BSS = 0.6. This, in turn, led to
more Fe migrating into the top sheet of the weld, which can be
observed by the darker hue in the EDS maps [Fig. 4(b) and 4(e)].
Further to this, the line scans performed for BSS = 0.4 [Fig. 4(h)]
show a greater content of Fe (15–20 wt. %) at the top of the weld. It
should, however, be noted that the Fe-rich region is prevented from
travelling into the top of the weld, unlike with the welds at
BSS = 0.6 and 0.2.

At the lowest of the three power ratios, BSS = 0.2, the recoil
pressure is the greatest due to the core-dominant beam.
Furthermore, the greater power density leads to a higher amount of
melting of steel as compared to the ring-dominant welds. At higher
temperatures, the steel becomes less dense and creates buoyancy
forces, which encourage the flow of liquid. The lower surface
tension of the molten Al, when compared to the molten steel also
induces Marangoni forces. These mechanisms collectively allow
more migration of steel into the upper sheet. Large amounts of Fe
can be observed in the top area of the weld pool. Subsequently, the
increased concentration of Fe in the top of the welds for BSS = 0.2
and 0.4 lead to the formation of more IMCs in the form of Fe4Al13,
which can be characterized by a high Al concentration and needle-
like morphology in Fig. 5(c)i. When comparing the distribution of
the Fe4Al13 phase from the 0.4 and 0.2 power ratios, it is found that
for BSS = 0.4, Fe4Al13 is more densely packed [Fig. 5(b)], in com-
parison to BSS = 0.2, the Fe4Al13 is found more sparsely scattered
around the top of the weld pool [Fig. 5(c)].

C. Mechanical and electrical properties

The mechanical strength (measured as lap-shear strength) and
electrical resistance are two key properties for characterizing the
performance of the welds. For the key welding trials highlighted in
Fig. 3 these properties were measured and displayed in Fig. 6. No
significant relationship was found between the lap-shear strength
and electrical resistivity. However, electrical resistivity increased

FIG. 3. Optical micrographs showing representative cross sections for the weld
IDs with varying BSS = 0–1 and total powers of 2400 and 2600 W. The dashed
box shows the welds that were further analyzed in detail.
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with increasing power ratio (from 0.2 to 0.6); furthermore, the
mechanical strength was found to be the greatest at BSS = 0.4
[Fig. 6(a)]. At power levels of 2600 and 2400W, the lap-shear
strengths were measured at 30.6 and 31.8 N/mm, respectively, and
for both welds, the width was over 1 mm [Fig. 6(a)]. A power ratio
of 0.4 was considered optimal when compared to 0.2 and 0.6 due
to two main reasons: (1) the presence of a relatively wide weld pool
at the interface; (2) Fe-rich region was prevented from penetrating

up into the top of the weld when compared to the other two power
ratios (0.6 and 0.2). This can be seen quite clearly in the SEM-EDS
chemical mapping in Fig. 4. The smaller interface of the Fe-rich
material and Al meant less Fe2Al5 formed, which commonly grows
at the interface between these two materials and is considered
responsible for the nucleation of cracks.24

The electrical resistivity can be related to the morphology of
the welds—Fig. 6(b) compares the weld width to the electrical

FIG. 4. SEM-EDS chemical mapping data (a)–(f ) and corresponding line-scan data (g)–(i). The asterisk marks the location of the smaller SEM-EDS maps in Fig. 5.
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resistivity. For the welds with the greatest electrical resistivity
(BSS = 0.6), the weld width was also the greatest, approximately
1.2 mm, whereas for the welds with the lowest electrical resistivity
(power ratio 0.2), the weld widths were also the lowest
(0.6–0.8 mm). However, it should be noted that the spread in the
data was very high, this shows a stable weld was difficult to achieve
in comparison to the higher power ratio welds (0.4 and 0.6). This
can be due to the less efficient keyhole stabilization from the core-
dominant beam at a power ratio of 0.2.20

D. Cracking in the weld pool

Fractography analysis showed the cracks in the welds com-
monly initiated via the interface of the Fe2Al5 phase and the sur-
rounding weld matrix, which then propagates along the length of

the IMC and into other IMCs. Fe2Al5 is typically found at the
interface of steel (Fe-rich material) and Al and at a composition of
approximately 55 wt. % Al from the Fe–Al binary phase diagram.25

In Fig. 7(b), the cracks can be seen to form into the Fe-rich matrix,
via Fe-rich IMCs, typically FeAl2 of approximately 60 wt. % Fe;
large cavities can be observed, which can be due to the differences in
thermal expansion coefficients during the solidification of the different
components of the weld, i.e., Al, steel, and IMCs. Figure 7(a) shows an
example of cracking in the “minimal state” or when referring to
Table IV, an example can be ID 1. While Fig. 7(b) shows an example
of an “excessively” cracked weld, which can be seen as power ratio 0
and total power of 2200W from Table IV.

The formation of Al-rich IMCs (i.e., FeAl3, Fe4Al13, and
Fe2Al5) is highly undesirable due to them being more brittle than
Fe-rich IMCs (i.e., Fe3Al, FeAl). However due to the Al on top

FIG. 5. Optical microscope images showing the weld microstructure (a)–(c), SEM-BSE images showing the microstructure of the welds in the Al sheet [(a)i–(c)i] and
corresponding SEM-EDS chemical maps [(a)ii–(c)ii]. Locations taken from the asterisk are marked in Fig. 4.
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configuration used in this study, the formation of Al-rich IMCs are
more abundant when compared to similar processes with steel on
top.16,17 Further to this, Al-rich IMCs are more likely to form
during welding, and this is due to the lower enthalpy of the

reaction. The Fe2Al5 IMC was found for crack initiation and propa-
gation in all cases of welding, the formation and growth of Fe2Al5
is quite rapid due to a high amount of vacancies along its crystallo-
graphic axes (perpendicular to the plane of the IMC).26 For this
reason, a thick and planar layer is often found at the interface of
Fe–Al laser welds in all welding configurations, and the Fe2Al5
IMC is typically found for the initiation of cracks in Fe–Al fusion
joints.24

E. Discussion on the IMC formation

The mixing of Fe and Al was distinctly different at the three
analyzed power ratios (BSS = 0.2, 0.4, and 0.6). During keyhole
mode welding, the part of the material is vaporized, for this phe-
nomenon to occur the power density must be sufficient to pene-
trate the materials. Due to this large increase in recoil pressure a
thin cavity forms, which is referred to as the “keyhole.”26

The important factor in this process is the power density provided
by the laser beam.

In the current study, the use of the ring and core beam signifi-
cantly changes the delivery of the power, with the ring providing a
more lateral power input as displayed in Fig. 2. From Fig. 4, it was
clear that the lower power ratios produced more recoil pressure and
buoyancy forces on the molten material due to a greater power
density generated from the core-dominant laser beam. In addition
to this, the difference in surface tensions also induces fluid-flow via
Marangoni forces. This leads to the migration of Fe into the top of
the weld pool. For the cases with a power ratio of 0.6, the eutectic
IMC phase FeAl3 was produced. This can be found on the Fe–Al
binary phase diagram,25 which is shown in Fig. 8, marked by the
red asterisk (1.85 wt. % Fe at 655 °C). The eutectic reaction can be
defined by the formation of two solids from one liquid phase as
detailed in Eq. (1),

Al (l)þ Fe (l) ! FeAl3(s)þ Al (s): (1)

From Fig. 5(a), the grain boundary eutectic IMC phase FeAl3
can be seen as a lighter shade on the grain boundaries. Due to
atomic number (Z) contrast between the FeAl3 and the Al matrix.
For the power ratios of 0.4 and 0.6 as mentioned previously, more
fluid-flow allows the migration of Fe into the top of the weld.
When studying the Fe–Al phase diagram (Fig. 8), the solidification
of the alloy moves further to the left from the eutectic point due to
a greater Fe content. Highlighted as the metastable IMC phase
Fe4Al13, although less thermodynamically stable than the other
IMC phases in the Fe–Al system, it can form under high tempera-
tures, which is highly likely due to the high-temperatures during
laser welding. The Fe4Al13 IMC phase can also be characterized by
its needlelike morphology and ∼80 wt. % Al content.

F. Discussion on the electrical performance

The electrical resistance was found to increase with increasing
power ratios, from 0.2 to 0.6. A significant increase in resistance
was found when the power ratio increased from 0.2 to 0.4. When
comparing the weld widths to the resistance measurements, this
can be explained by the large increase in the weld width, which is

FIG. 6. Graphs comparing the electrical resistivity of the welds vs the lap-shear
strength (a), weld width (b), and lap-shear strength vs weld width (c).
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also found when increasing the power ratio from 0.2 to 0.4, for
both 2400 and 2600W welds. Findings are discussed as follows:

(1) The mixing of Fe and Al and subsequent formation of FexAlx
IMC compounds, for which clearly the increase in weld width
means the formation of a larger inhomogeneous region, albeit
at less magnitude. Wang et al.13 found that the increased for-
mation of IMCs in Cu to Al laser welded joints led to a greater
electrical resistivity, this was believed to be due to the stronger
covalent bonds in IMCs versus the metallic bonding in the
base metals. The covalent bonds required a lot more energy for
the valence electrons to move in order to form a current.
Similarly, Schmalen and Plapper,14 found the electrical resis-
tance in Al to Cu overlap welds increased when a greater
amount of IMC was formed in the weld pool. The authors
described the reasoning due to the increased amount of
material-mixing due to the use of laser beam oscillation during
welding. In the current study, the amount of total IMC volume
is clearly greater in the higher power ratios [Fig. 5(a)–5(c)]; at
the power ratio of 0.2, the IMC in the top of the weld pool can
be quite clearly sparsely distributed and in the lower total

FIG. 7. SEM-BSE images showing examples of cracks in the welds [(a) and (b)] and corresponding SEM-EDS chemical maps [(a)i and (b)i].

FIG. 8. The Fe–Al binary phase diagram (Ref. 25) to support the discussion of
the IMC formation.
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amount as compared to the larger weld pools of the power
ratios 0.4 and 0.6.

(2) The changes in the microstructure of the base metal may also
influence the electrical resistance through grain refinement.
The rapid cooling associated with laser welding means the
grain growth is restricted during cooling, this can also be seen
in Fig. 5(a) for which the grain size of the Al is approximately
2.5 μm. The finer grains mean more grain boundary length
and can hinder the electron travel through the material due
to differences in atomic arrangements at grain boundaries
compared to grain interiors, therefore, increasing the
resistance.27

IV. CONCLUSIONS

This study has investigated the influence of ring-shaped laser
beams on the weldability of 1100 aluminum alloy to hilumin steel.
Findings have been presented by considering three key power ratios
between the core and ring beam. It was found that the suitable
selection of the core/ring power ratio is a key parameter to control
metallurgical bonding and mechanical and electrical properties.
Two main conclusions have been drawn.

(1) Examination of the material-mixing and IMC formation
showed that at lower power ratios (0.2 and 0.4), the increased
power density of the laser resulted in a large amount of Fe
migration to the top of the weld pool due to greater recoil
pressure and fluid-flow. This meant the metastable IMC
phase Fe4Al13 was prominently found in the top portion of
the weld. In comparison, at the power ratio of 0.6, the ring-
dominant beam reduced the turbulence of the fluid-flow,
resulting in less Fe mixing into the top of the weld, promot-
ing the formation of the eutectic IMC phase FeAl3 on the alu-
minum matrix grain boundaries. However, it should be noted
that the total IMC volume in both 0.4 and 0.6 power ratio
welds was greater than the power ratio of 0.2 due to the for-
mation of a considerably wider weld pool.

(2) Lap-shear testing was performed and the power ratio of 0.4
showed the highest strengths of 30.6 and 31.8 N/mm at total
powers of 2600 and 2400W, respectively. However, the power
ratio of 0.4 was considered optimal because of two reasons: (a)
the formation of a wide weld pool (approximately 1.1 mm) and
(b) while preventing the migration of the Fe-rich material pro-
gressing into the top of the weld, the latter was responsible for
reduced formation of the most detrimental IMC, Fe2Al5. For
the electrical resistivity measurements, the narrower weld pool
formed from the core-dominant power ratio 0.2 showed the
least resistance. This was due to a smaller welded region, which
meant less total IMC volume.

Future work will complement experimental studies with
advanced multiphysical CFD simulations to better understand the
mechanisms behind the material-mixing and diffusion processes
and provide information about temperature/pressure fields and
fluid-flow and help elucidate the impact of beam shaping on phase
formation during dissimilar metal joining.
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