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A B S T R A C T   

This study aims to investigate the impact of laser beam shaping on metal mixing and molten pool dynamics 
during laser beam welding of Cu-to-steel for battery terminal-to-casing connections. Four beam shapes were 
tested during LBW of 300 µm Cu to 300 µm nickel-plated steel. Both experiments and simulations were used to 
study the underlying physics. A CFD model was firstly calibrated against experiments and then deployed to 
explore the effect of the increasing ring-to-core diameter, as well as a tandem laser spot configuration. The study 
showed that metal mixing is influenced by the keyhole dynamics and collapse events, but also there is an 
intricate interplay between keyhole geometry, fluid dynamics via Marangoni forces and buoyancy forces. 
Notably, the buoyance forces due to the different densities of steel and Cu, along with the recoil pressure 
contribute to the upward flow of steel towards Cu, and hence impact meaningfully the material mixing. The 
study pointed-out that the selection of a custom ring-to-core diameter and ring-to-core power is a decision with a 
trade-off between the need of stabilising the keyhole dynamics and the need to reduce the mixing. Findings 
indicated that 350 µm ring and 90 µm core with 30% of ring power (weld configuration C3) resulted in more 
stable dynamics of the keyhole, with significant reduction of collapse events, and ultimately controlled migration 
of steel towards Cu. Additionally, the pre-heating approach with the tandem beam only led to local fusion of Cu 
and no significant improvement in keyhole stability was observed.   

1. Introduction 

The push towards net-zero mobility is globally influencing industrial 
strategies in the automotive sector as reported by IEA (2022). Manu-
facturers are introducing new vehicles by replacing internal combustion 
engines with hybrid or fully electric powertrains. The battery pack is a 
critical component for un-interrupted supply of electricity to e-drives 
and other electrical systems in electric vehicles (EV). A battery pack 
typically consists of several battery modules that are electrically con-
nected in series and parallel based on the desired power and capacity 
requirements (Zwicker et al., 2020). Battery modules hold the battery 
cells that store the electrical charge and supply it on-demand to the 
electrical systems. Electrical connections play a critical role in the entire 
process of battery pack manufacturing since joints with different elec-
trical resistance may result in uneven current loads that can affect the 

overall performances of the battery system (Kumar et al., 2021). Joining 
of dissimilar materials is the most deemed since it complements the 
properties of the individual materials and allows to develop functionally 
efficient connections. Joints in EV battery pack involve low-thickness 
materials (typically 0.3–1 mm) and the welding process is normally 
performed in lap or fillet configuration. Depending upon design and 
functional requirements as well as manufacturing costs, research has 
shown that the following combinations of materials are the most 
regarded: aluminium (Al) to copper (Cu), steel to Al, Al to steel, Cu to 
steel (Das et al., 2018). 

Connections between Cu and steel have gained much attention in EV 
applications for joining cells in battery modules. For example, in the 
cylindrical format, the negative terminals are made of Cu and are 
generally connected to the steel casing of the cell (Sadeghian and Iqbal, 
2022). Several joining processes have been studied for Cu-to-steel 
welding and they include wire bonding, micro-spot welding, 
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ultrasonic welding, micro-TIG welding, electron beam welding and 
Laser Beam Welding (LBW) (Zwicker et al., 2020). LBW is an attractive 
option and has recently gained popularity due to advances in versatile 
methods for laser beam delivery and associated sensors technology for 
quality control and process monitoring that make LBW comparatively 
affordable (Kogel-Hollacher, 2020). Brand et al. (2015) demonstrated 
that LBW is a suitable process for joining battery terminals since it al-
lows the lowest electrical resistance and the highest joint strength, when 
compared to micro-spot welding and ultrasonic welding; also, it is 
potentially applicable to any cell configuration and dissimilar metal 
combinations. 

Despite the benefits of LBW, opening and maintaining a stable 
molten pool on the Cu-side is challenging when using LBW with infrared 
sources. The absorptivity of Cu at ambient temperature is approximate 
5% and increases with rising temperature, and it suddenly jumps up 
when the melting temperature is reached. A problem with this is that 
when fusion of the material does happen, a surplus of energy flows 
through it, which can vaporise the material and create spatters, as well 
as pores inside the joint. These defects can reduce the electrical con-
ductivity of the joint. At first sight, the solution to the low coupling ef-
ficiency of Cu is to switch from infrared sources to visible sources. The 
absorption increases drastically up to 60% when using visible sources. 
Green (515 nm) or blue (450 nm) lasers have been investigated by 
Kogel-Hollacher et al. (2022) and proved that lower power needed for 
same penetration achievable with infrared lasers and less thermal 
damage to enamel and insulators. Hummel et al. (2020) experimentally 
evaluated and proved the beneficial effects of blue laser during laser 
micro-welding of Cu, and achieved high welding speed with low input 
power. Nonetheless, compared to infrared lasers, the higher cost, lower 
plug efficiency and lower beam quality of visible lasers, push practi-
tioners towards the use of multi-kW infrared sources at very high 
brightness for Cu welding. 

In addition to the challenge posed by the laser beam coupling to the 
Cu, the welding of Cu to steel presents a series of problems. First, they 
are quite different in terms of physical properties such as density, 
melting points and thermal expansion and make defect-free welding 
difficult. Second, although Cu-Fe alloys are completely miscible in the 
stable liquid state and do not form brittle intermetallic compounds, the 
system shows a wide metastable miscibility gap at an undercooling 
level. The liquid phase separation occurs as the liquid cools in the 
miscibility gap resulting in the supersaturation of one or both liquids. 
Jeong et al. (2020) has shown that increasing the content of Fe tends to 

improve the mechanical properties of alloys but reduce electrical con-
ductivity and ductility. Chen et al. (2013) proved that the toughness and 
fatigue strength of the joint decreases with the increase in the amount of 
molten Cu into the steel. Thus, melting of Cu was suggested to be kept at 
a minimum. Third, excessive penetration of Cu in grain boundaries of 
steel may result in cracks in the heat affected zone and fusion zone, and 
ultimately reducing structural performance of the joint. Therefore, to 
reduce these issues, controlling the mixing of Cu and steel in the molten 
pool is quite important for producing sound joints. 

Laser beam shaping is gaining popularity since it holds the promise 
to control cooling rates and thermal gradients in and around the molten 
pool. This theoretically leads to a tailored material response to the heat 
input both spatially and temporally. A tailored power density profile 
(Fig. 1 shows typical power density profiles obtained via adjustable ring- 
mode laser) is generated via adequate insertion of optical components 
(specially coated lenses of silica substrate) in the optical chain of the 
welding head; or by electro-optical switching multiple laser beams 
generated in the laser source itself and enabled by beam combiners with 
optical phased array. Research has confirmed a positive effect of the 
laser beam shaping on the control of the weld profile and keyhole sta-
bilization with suppression of spatters and significant reduction of 
porosity in the weldments. Caprio et al. (2023) investigated the use of 
beam shaping and beam oscillation to weld 0.2 mm Ni-plated steel 
sheets in lap joint configuration, which are materials commonly 
involved in cell to busbar connections. Sokolov et al. (2021) employed 
the ARM laser coupled with Optical Coherent Tomography (OCT) in 
Al-to-Cu thin sheets and observed that the use of combined core and 
ring-shaped laser beams reduced the fluctuations of the keyhole, 
improved the stability, and ultimately the accuracy of OCT measure-
ments. Rinne et al. (2022) studied the effect of different power distri-
butions between the inner core and outer ring-shaped laser beams on 
spatter ejection and penetration depth during welding of Cu sheets. 
Wagner et al. (2022) investigated and proved the influence of dynamic 
beam shaping on the geometry of the keyhole during welding of Cu by 
varying the patterns of the intensity distribution in longitudinal and 
transversal direction. Prieto et al. (2020) implemented dynamic laser 
beam shaping with infinite pattern and assessed quality of weld seam in 
0.8 mm Al thin-sheet and observed that tailored beam with shape fre-
quency over 10 kHz enables welding speed up to 18 m/min with stable 
keyhole. 

Despite the benefits, laser beam shaping introduces new set of pa-
rameters and finding the optimal combination of number of beams, 

Nomenclature 

ARM Adjustable Ring Mode 
Ar model parameter to be calibrated (Pa) 
CFD Computational Fluid Dynamics 
cp cv specific heat at constant volume and pressure (J/kg⋅K) 
Dpen weld penetration depth (µm) 
EV electric vehicle 
f fraction of fluid (-) 
IMCs Inter Metallic Compounds 
IR infrared 
I→, R→ incoming and reflection vector in the ray-tracing model 

k thermal conductivity (W/m⋅K) 
ldiff thermal diffusion length (m) 
LBW laser beam welding 
n̂ normal to surface in the ray-tracing model 
OCT Optical Coherent Tomography 
PL laser power (W) 
Precoil recoil pressure (Pa) 

Psat saturation pressure (Pa) 
Pvap partial pressure exerted by vapour (Pa) 
Qmass evaporation rate (kg/s) 
R gas constant (J/mol⋅K) 
RI, RII curvature radius at interface (m) 
LP Laplace pressure (Pa) 
SM Marangoni forces (Pa) 
T temperature (K) 
Tv, Pv coordinated of a point on the saturation curve (K, Pa) 
VOF volume of fluid 
Wtop width of the weld seam at the top (µm) 
Wi width of the weld seam at the interface (µm) 
tend simulated welding time (s) 
α accommodation coefficient (-) 
γ ratio of specific heats of air (-) 
ΔHv latent heat of vaporization (J/kg) 
∇t gradient along the tangent direction 
ρ mass density (kg/m3) 
σ surface tension (N/m)  
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shape of beams (multiple spots, C-spot, ring-core spots, pyramid, in-
finity, spiral shapes, etc. (Prieto et al., 2020)) can be expensive and time 
consuming since it may require dedicated equipment, expertise and 
experimental setups. In this context, multi-physics computational fluid 
dynamics (CFD) enable simulations of the process to reproduce mech-
anisms which are difficult to observe with in-situ investigations. With 
the raise of computational power and multi-core computing on high 
performance clusters, advanced simulations of LBW processes are now a 
close reality. Huang et al. (2020) developed a CFD model in FLOW-3D 
WELD® to study the metal mixing during linear laser welding of 
200 µm Al to 500 µm Cu with different levels of laser power and velocity 
of the laser spot. They analysed the contribution of recoil pressure and 
Marangoni effect on the overall mixing process. Chianese et al. (2022) 
developed a multi-physics model using FLOW-3D and FLOW-3D WELD® 
to investigate the effect of part-to-part gap in LBW of Cu-to-steel thin 
sheets with beam wobbling. They showed that the presence of 
part-to-part gap and mixing mechanism between parent metals are 
linked, and the occurrence of part-to-part gap influences the tempera-
ture and velocity fields in the molten pool resulting in different mixing 
mechanisms. However, they did not implement any strategies for weld 
improvement. Drobniak et al. (2020) and Buttazzoni et al. (2021) 
implemented CFD multi-physics simulations of 1 mm-thick stainless 
steel plates with adaptive mesh refinement to predict the shape of the 
weld seam in presence of part-to-part gap, and they predicted the effect 
on the process of secondary laser beams with different shapes to opti-
mize the weld quality. Recently, Huang et al. (2023) combined experi-
mental approach and CFD simulations in FLOW-3D WELD® to reveal the 
effect of oscillation frequency and amplitude on fluid-flow and metal 
mixing during laser welding of 200 µm Al to 500 µm Cu with circular 
beam wobbling implemented. Additionally, they implemented a Scheil 
solidification model to predict the phase distributions in the welds based 
on the predicted thermo-solute conditions. 

While significant research has been already developed using linear 
laser welding or laser welding with wobbling for joining of dissimilar 
materials, a clear understanding of metal mixing and dynamics of the 
keyhole during Cu-to-steel welding with beam shaping are not clearly 
reported. Research into application of beam shaping for Cu-to-steel 
welding entails a promising prospect for further development and 
investigation. Furthermore, the use of advanced CFD models is a viable 
approach to complement experimental investigations and explore weld 
configurations with different beam shaping profiles that would be 
difficult to achieve only with experimental work. Therefore, this paper 
aims to study the impact of laser beam shaping on metal mixing and 
dynamics of the keyhole during LBW of Cu-to-steel for battery terminal- 
to-casing connections. Four beam shapes were tested during LBW of 
300 µm Cu to 300 µm nickel-plated steel. Both experiments and CFD 
simulations were used to study the underlying physics. A CFD model was 

firstly calibrated against experiments and then deployed to explore the 
effect of the increasing ring-to-core diameter, as well as a tandem laser 
spot configuration. 

2. Experimental design and model description 

2.1. Experimental design 

Materials used in this work are Copper SE-Cu58 2.0070 and Nickel- 
plated steel (commercial name: Hilumin TATA STEEL). Experiments 
consisted of 25 mm long welds in lap joints configuration with 300 µm 
Cu on top of 300 µm nickel-plated steel. 

Dimensions of the specimens were 65 mm × 30 mm. The laser 
source used was the Lumentum CORELIGHT, having 55 µm core diam-
eter and 220 µm ring diameter, and BPP 1.4 mm⋅mrad and 11 mm⋅mrad 
for core and ring, respectively. The laser fiber was coupled to the Scout- 
200 (Laser and Control K-lab, South Korea) scanner to deliver the laser 
power to the specimens via 2D F-theta scanner with telecentric lenses.  
Fig. 2 shows the welding setup and specifications of the equipment are in  
Table 1. Caustic parameters were measured using PRIMES GmbH mea-
surement system. 

Each weld seam was cut and prepared to obtain two cross sections for 
each experiment – cross sections were positioned at 10 mm and 15 mm 
away from the weld start. Three replicates were performed for each weld 
configuration. Sectioned samples were mounted in Bakelite resins and 
standard metallography procedure was performed for grinding and 
polishing to reveal weld profile under Nikon Eclipse LV150N optical 
microscope. To evaluate and characterize metal mixing with parent 
metals, elemental mapping of cross-sections was performed with an FEI 
Versa 3D dual beam scanning electron microscope using Energy 
Dispersive X-ray Spectroscopy (EDS mapping). 

Welding experiments were performed in continuous power mode 
without power modulation. The laser beam was focussed perpendicu-
larly on the upper surface of the Cu sheet, and the motion of the laser 
was linear (no wobbling). Although the use of shielding gas tends to 
avoid oxidation in the process and reduce hydrogen entrapment, when 
using scanners to deliver the laser beam, the gas nozzle cannot be 
positioned in proximity of the beam. Therefore, in this work, all ex-
periments were conducted with no shielding gas. Part-to-part gap was 
manually checked and set to a nominal zero. 

To study the impact of laser beam shaping on metal mixing and 
molten pool dynamics, 5 weld configurations (C1 to C5) were designed 
as shown in Table 2, with 4 beam shapes presented in Fig. 3. LBS#1 is 
single gaussian spot of 90 µm; LBS#2 super-imposes an inner core of 
90 µm with an outer ring-shaped profile of 350 µm, with the ring ac-
counting 30% of the total power. LBS#1 and LBS#2 were experimen-
tally tested and enabled by the static beam shaping system of the 

Fig. 1. Example of laser beam shapes obtained via an adjustable ring-mode laser.  
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Lumentum CORELIGHT source. LBS#3 follows the hollow sinh-Gaussian 
beam profile as defined in Liu et al. (2019), with 90 µm core and 500 µm 
ring, with 72% of the total power assigned to the ring. LBS#4 is a 

tandem beam with primary (90 µm) and secondary beam (150 µm) at a 
centre-to-centre distance of 300 µm, and 50% split of the power between 
primary and secondary beams – LBS#4 was introduced with the aim to 
increase the absorption rate by the pre-heating action of the secondary 
beam. LBS#3 and LBS#4 were only simulated since the laser beam 
shaping of the Lumentum CORELIGHT was only capable to work with 
fixed core-to-ring diameter ratio. Therefore, only a simulation-based 
approach (with the model pre-validated and calibrated in C1, C2 and 
C3) was deemed appropriate in this case to explore the effect of the 
increasing ring-to-core diameter and tandem laser spot configuration on 
material mixing. 

The power and speed of C1, C3, C4 and C5 were selected with an 
iterative process to ensure weld penetration depth, Dpen, ranging 400 – 
500 µm. The choice of this penetration depth is based on the require-
ment that the temperature at the lower end of the steel sheet remains 
below 550 K. This precautionary measure aims to prevent any potential 
damage to the battery cell. Additionally, to minimise the effect of the 
weld depth on the metal mixing, a uniform depth of penetration was 
adopted across the different beam shapes for comparative analysis. 
Welding speeds were kept between 250 mm/s and 375 mm/s which is in 
line with the experimental work in (Perez Zapico et al., 2021). C2 is a 
variant of C1 and corresponds to a fully penetrated weld. Although fully 
penetrated welds must be avoided during LBW of battery terminals due 
to the risk of fire ignition, this work presents this variant for two reasons: 
first, to generate an additional weld configuration to validate the 
simulation; second, to discuss how the metal mixing behaves when 
transitioning from partial penetration to full penetration. 

2.2. Model description 

A multi-physics model was developed using the commercial CFD 
code FLOW-3D® (solver version: 12.0.2.01) and its module FLOW-3D® 
WELD (release: 7, update: 1). In order to develop a numerical model 

Fig. 2. (a) Welding setup with aluminium fixture; (b) schematical representation of the welding setup; (c) definition of weld features: top weld width, Wtop; width at 
the interface, Wi; weld penetration depth, Dpen. 

Table 1 
Specifications of the welding equipment.  

Lumentum CORELIGHT Scout-200, K-lab 

Maximum power 4 kW Scanning field 70 × 70 mm2 

Wavelength 1070 ± 10 nm Collimating 
length 

160 mm 

Beam Product 
Parameter (BPP) 

1.4 mm⋅mrad for 
core and 
11 mm⋅mrad for ring 

Focusing length 254 mm 

Fiber diameter 55 µm for core and 
220 µm for ring 

Rayleigh length 0.8 mm  

Table 2 
Process parameters used for the four selected laser beam shapes in Fig. 3.  

ID Process parameters Laser 
beam 
shape 

Purpose of study 

Laser 
power 
[W] 

Speed 
[mm/s] 

C1 600 250 LBS#1 Model calibration with experiments 
to study metal mixing and molten 
pool dynamics 

C2 830 250 LBS#1 
C3 1530 375 LBS#2 
C4 2500 375 LBS#3 Only simulation to study effect of 

increased ring-to-core diameter on 
metal mixing and molten pool 
dynamics 

C5 1100 250 LBS#4 Only simulation to study the effect of 
pre-heating on molten pool 
dynamics  

Fig. 3. Normalized power density distribution for LBS#1, LBS#2, LBS#3 and LBS#4.  
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representing the essential physics during LBW of Cu-to-steel, the 
following assumptions were considered: (i) the liquid flow is considered 
Newtonian and incompressible; (ii) volumetric thermal expansion of the 
liquid metal due to temperature-dependent mass density is accounted; 
(iii) the air and vaporized metal are modelled as “void” type, with 
ambient temperature and pressure assigned to model the heat exchange 
with the metal as a natural convective flux (irradiance is neglected); (iv) 
the heat sinking effect of the clamping mask is neglected due to the 
clearance between the weld seam and the mask itself as already pre-
sented in (Chianese et al., 2022); (v) the effect of plasma plume on laser 
absorption is not directly modelled but is accounted in the calibration 
process as also proposed in previous studies by Lin et al. (2017) and Hao 
et al. (2021); furthermore, the laser absorption is assumed temperature 
dependent for Cu, constant for steel, and independent of the incidence 
angle. This assumption is in-line with the work presented by Huang et al. 
(2020), where they used the build-in ray-tracing function in FLOW-3D® 
WELD to predict the laser absorption in the keyhole. 

2.2.1. Governing equations, boundary conditions and material properties 
To reduce the computational cost of the simulations, the computa-

tional domain was divided in two zones (Fig. 4): (1) a process zone 
which was interested by phase change, and, (2) a thermal diffusion zone 
that models heat transmission in the sheets. A finer mesh size was used 
for cells in the process zone, and a mesh size 5 times greater than in the 
process zone was used for cells in the thermal diffusion zone. 

Dimensions of the process zone are 2 mm × 0.8 mm× 0.775 mm. 
The length (2 mm) of the process zone was chosen to enable the simu-
lation of approx. 1.8 mm weld length, which was experimentally eval-
uated to be sufficient for reaching the steady-state regime. The width 
(0.8 mm) of the process zone was selected to ensure that the molten pool 
was contained in it; the height of the computational domain was chosen 
equal to 0.8 mm so that, beside the stacked thickness of the processed 
sheets (0.6 mm), 0.2 mm of air (void type) are included in the compu-
tational domain. Extension of the thermal diffusion zone is calculated 
according to the Eq. (1), where k is the thermal conductivity, cp the 
specific heat at constant pressure, ρ the mass density, tend the simulation 
time, T the temperature, and Tamb= 20 ◦C the ambient temperature. The 
simulation time, tend, is function of the welding speed and the weld 
length (1.5 mm). 

ldiff = 2

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

2
k(T = Tamb)

cP(T = Tamb) • ρ(T = Tamb)
• tend

√

(1) 

Four different values of the mesh size in the process zone were 
considered during sensitivity analysis, namely 40 µm, 20 µm, 15 µm, 
and 10 µm, that resulted in mesh independent solution for mesh size 
equal to or below 15 µm, which therefore is the selected size. This led to 
total number of cells approximatively equal to 528 thousand. The ge-
ometry of the thin sheets has been modelled in the computational 

domain, so that in-plane dimensions were parallel to X and Y axis, as 
shown in the top and side view in Fig. 4(a) and (b). Welding direction 
was parallel to X axis. 

The following physics have been accounted to model the welding 
process: continuity, fluid flow via Navier-Stokes equations, energy 
conservation, evaporation, keyhole formation and evolution, solidifi-
cation, species conservation and tracking, surface tension with Mar-
angoni and Laplace forces and multiple reflections. 

Phase change - Eq. (2) governs the evaporation phenomena which 
are modelled as mass transfer between the liquid phase and the void type 
and are proportional to the difference between the saturation pressure 
Psat and the partial pressure Pvap. In this equation, α is the accommo-
dation coefficient, R is the gas constant, and T is the temperature. The 
saturation pressure is calculated as a function of the temperature ac-
cording to the Clapeyron equation (Eq. (3)), in which the couple (Pv, Tv) 
represents a point on the saturation curve; γ, cv, and ΔHv are the specific 
heats ratio, the specific heat at constant volume, the latent heat of 
vaporization, respectively. 

Qmass =
α
̅̅̅̅̅̅̅̅̅̅̅
2πRT

√ ⋅
(
Psat − Pvap

)
(2)  

Psat = Pv⋅exp
(

ΔHv

(γ − 1)⋅cvTv
⋅
(

1 −
Tv

T

))

(3) 

Recoil pressure - during laser welding process, intense localised 
heating of substrate material causes vaporization which results in recoil 
pressure. This pressure is proportional to the saturated vapor pressure. 
The relationship between the recoil pressure, Precoil, and the saturated 
vapor pressure, Psat, depends on the material properties and laser-to- 
material interaction. Eq. (4) is derived from Eq. (3) with the introduc-
tion of two coefficients, Ar and B, that will be calibrated using experi-
mental data. 

Precoil = Ar⋅exp
(

B⋅
(

1 −
Tv

T

))

(4) 

Tracking of the keyhole - surface of the keyhole is tracked by the 
volume of fluid (VOF) method (Daligault et al., 2022), which enables the 
calculation of the interface between the liquid metal and the void type, 
according to Eq. (5). 

∂f
∂t

+∇
(

V→f
)
= 0 (5) 

The interface between the cell is tracked using a scalar value f that 
indicates the fraction of fluid in it. A value of f = 0 indicates that the cell 
has only void, conversely, f = 1 corresponds to the case of a cell full of 
liquid, whereas the case of 0 < f < 1 indicates that the cell has both the 
liquid and the void type, and therefore the interface between the two 
falls in it. Similarly, metals involved in the welding process with fluid 
flow and mixing are tracked in each cell by means of a scalar value f2, 

Fig. 4. Top view (a) and side view (b) of a schematic representation of the computational domain and modelling approach with nested meshes (process zone and 
thermal diffusion zone). 
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which indicates the fraction of second material within the cells. Values 
of the generic material property φ in each cell is evaluated as weighted 
sum of the properties φ1 and φ2 of parent metals based on their mixing, 
as in Eq. (6). 

φ = (1 − f2)⋅φ1 + f2⋅φ2 (6) 

Multiple reflections - Multiple reflections are implemented using a 
discrete grid cell system through the ray tracing technique. The laser 
beam is divided into a finite number of rays, which move in the laser 
beam irradiation direction. When the ray encounters the surface of the 
material, it is reflected according to vector Eq. (7), in which R→ is the 
direction of the reflected vector, I→ the direction of the incoming ray, 
and n̂ the normal direction of the material surface. 

R→= I→− 2
(

I→⋅n̂
)

n̂ (7) 

Laplace pressure and Marangoni effect - Recoil pressure contrib-
utes to the formation of the keyhole and mainly contributes to the ve-
locity field in the fluid; however, surface tension-related phenomena 
such as Laplace pressure LP and the Marangoni force SM have great in-
fluence on the overall welding process. Laplace pressure and the Mar-
angoni force are modelled according to Eqs. (8) and (9), in which, σ is 
the surface tension, RI and RII are the principal curvature radii, and 
operator ∇t indicates the gradient along the tangent direction at the 
interface. Eq. (9) explicitly indicates the dependence of the Marangoni 
effect on the gradient of the surface tension, which in assumed 
temperature-dependent of the surface tension. 

LP = σ⋅(
1
RI

+
1
RII

) (8)  

SM = ∇tσ (9)  

2.2.2. Boundary conditions and material properties 
As shown in Fig. (4), the following boundary condition were 

assigned: wall in the X and Y direction (with constant ambient tem-
perature); assigned pressure and temperature at the boundaries of the 
computational domain in the Z directions, with natural convective heat 
flux between the metallic sheets and the air. The heat source was directly 
imported from the power profiles defined in Fig. 3. Material properties 
were imported from the JMATPRO® material database. Fig. 5 shows the 
temperature-dependent plots. 

3. Results and discussion 

3.1. Model validation 

The model has been applied to simulate all the cases listed in Table 2. 
Model validation was conducted for the weld configurations C1, C2 and 
C3 by comparing the weld profile in cross sections and Fe concentration 
line profiles against the experimental results as shown in Fig. 6. Exper-
imental and simulation results show that welding is done through 
keyhole mode. The generation of a keyhole is significantly influenced by 
recoil pressure. In the simulation, the recoil pressure is adjusted through 
the calibration of coefficients Ar and B, as indicated in Eq. 4. During the 
model calibration process, a value of Ar was determined to be 55,715 Pa, 
and the parameter B was set to 4, resulting in comparative results with 
those obtained in experiments. Five different mesh sizes were tested: 
20 µm, 15 µm, 10 µm and 5 µm. The choice of the mesh size was driven 
by the need to have a minimum of 4 cells to discretise the smallest laser 
spot (i.e., LSB#1 has the smallest beam diameter of 90 µm among the 
tested beam shapes in Fig. 3). Mesh-independent solution was achieved 
with mesh size of 15 µm and this led to approximate a million cells in the 
whole computational domain. 

The correlation was conducted looking at two cross-Section (10 mm 
15 mm away from the weld start and end) – this was motivated by the 
need to take into account the experimental errors during the calibration 

Fig. 5. Temperature-dependent material properties defined in the model.  
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Fig. 6. Comparison of the experimental and modelling results of the molten pool geometry and elemental maps for weld configurations C1 (a), C2 (b) and C3 (c).  
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and validation process. 
Fig. 6 shows cross sections and elemental maps for experiments C1, 

C2, and C3, and corresponding simulations. Two representative cross- 
sections from the same weld seam are shown in each sub-figure to 
demonstrate the capability of the model to reproduce the geometric 
shape and the mixing phaenomena at different longitudinal positions 
along the weld seam. The fusion zones are marked in each cross section 
and show good correlation with predictions from simulations, as the 
cases with partial penetration are successfully predicted in for C1 and 
C3, along with full penetration in C2. 

Elemental maps that were measured with EDS, and species concen-
tration that were predicted with simulations, are reported for compari-
son to show capability of the model to reproduce the mixing mechanism. 
For each case, plots of the concentration of Fe along with line-scans are 
reported to quantitatively demonstrate the capability of the model to 
simulated diffusion of the molten metal from the bottom sheet to the 
upper one. They show that diffusion of Fe in Cu is well predicted in C1 
and C3, as well as presence of Fe-rich clusters in the Cu near the interface 
between parent materials is reproduced in C2. 

Good correlation between measurements and predictions of the weld 
geometry and metal mixing demonstrates capability of the model to 
simulate welding scenarios with different laser beam shapes, and weld 
penetration depth spanning from partial penetration to full penetration. 
This allows to confidently deploy the simulation model in conjunction 
with experiments to study the impact of laser beam shaping on metal 

mixing and molten pool dynamics. 

3.2. Keyhole dynamics and impact on metal mixing 

As keyhole instabilities have a significant impact on weld quality (Lu 
et al., 2015), this section highlights the impact of the laser beam shapes 
on the keyhole dynamics, which ultimately contributes to metal mixing. 
The discussion is presented by linking the laser power profile to the 
velocity field within the molten pool and ultimately to the metal mixing 
between the parent metals and the occurrence of collapse events of the 
keyhole. 

Fig. 7 shows consecutive time frames in each weld configuration and 
reflects keyhole dynamic mechanisms. The keyhole’s shape and size 
vary, exhibiting irregularities, asymmetry and fluctuations. These 
shapes are directly correlated to the laser beam shape profile. The 
following observations are made:  

• Collapse events terminate in formation of pores and metal mixing. 
This is visible in the experimental results presented in Fig. 6(a) and 
(b), where relatively large pores are observed in the experimental 
cross-section. With a narrow beam profile (weld configuration C1, 
C2, C3 and C5) and high energy density, once fusion of the Cu does 
happen, a surplus of energy flows through the keyhole, increasing 
the temperature at the keyhole bottom. This generates a recoil 
pressure that pushes the fluid upwards. At the top surface and rear 

Fig. 7. Consecutive time steps of the molten pool dynamics for configuration C1 (a), C2 (b), C3 (c) C5 (d) and C4 (e). The plot shows the fluid velocity (both direction 
and magnitude) visualized by black arrows. Cross sections taken at Y= 0. 
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side of the keyhole, the opposing movements of the fluid, both 
clockwise and counter-clockwise, and driven by the Marangoni 
force, have an important consequence: they restrict the size of the 
molten pool. This restriction creates a high viscosity mushy layer that 
forms a barrier that limits the expansion of the molten pool. As result, 
closure or narrowing the top neck of the keyhole restricts the ejection 
of vapours out of keyhole which leads to increase in pressure within 
keyhole and creates a high-pressure lob. This ultimately results in 
pores formed to the toe of the keyhole as seen in Fig. 7(a) and (b). 
Although a collapse event is observed in C3 as shown Fig. 7(c), it 
does not necessarily create porosity in the solid front as sufficient 
room is available for gas vapours to escape from the bottom of the 
keyhole. The introduction of a pre-heat heating beam in weld 
configuration C5 does not produce any significant change to the 
keyhole dynamics as observed in Fig. 7(d). In partial penetration, 
narrow and deep keyhole is more unstable as slight fluctuations in 
fluid pressure, velocity and temperature on the rear wall of keyhole 
can create a collapse event. Additionally, the collapse of the keyhole 
in partial penetration creates a narrower fluid channel, resulting in 
localized increase of fluid velocity, which, in turn, affects metal 
mixing.  

• Weld configuration C4 leads to wider opening of the keyhole with 
greater stability as shown in Fig. 7(e). With the super-imposition of 
the core beam with the wider ring-shaped beam, the core beam 
penetrates the steel sheet, while the larger ring keeps the keyhole 
open at the Cu surface. This weld configuration drastically reduces 
the collapse events and the development of bubbles. It can be 
observed that the lower depth-to-width aspect ratio of the melt pool 
correlates to fewer number of collapse events.  

• Metal mixing is not only influenced by keyhole dynamics and 
collapse events, but there is an intricate interplay between keyhole 
geometry, fluid dynamics and buoyancy forces that are dependent 
upon density which varies with temperature in molten pool, and 

from top to bottom due to differences in density between Cu and 
steel. To test the influence of buoyancy forces, a simulation test was 
performed where the density of Cu and steel were artificially set to be 
equal. Fig. 8 shows the simulation results and confirm that buoyancy 
forces have an impact on the metal mixing especially at the interface 
between the two metals and in the Cu side of the weld. For example, 
the line-scan B-B in Fig. 8 shows an increase on average of the Fe vol 
% in the Cu side by 10%, when comparing results with same 
densities. 

The introduction of a ring beam (weld configuration C4 with LBS#3) 
in the laser welding process alters the shape of the keyhole compared to 
a single beam scenario (weld configuration C1 with LBS#1). In the 
single beam case, the keyhole walls develops predominantly in Z di-
rection (schematically illustrated in Fig. 9(a)). The inclusion of a ring 
beam results in the critical change of the keyhole wall’s curvature, with 
a pronounced arc-like shape at the rear (Fig. 9(b)). The change of 
keyhole wall’s curvature plays a critical role and is explained by the 
complex equilibrium between the fluid pressure, the recoil pressure and 
the gravity load. A collapse event is associated with the non-equilibrium 
of the forces in the X direction. To explain this, it is first worth noting 
that with an idealised static molten pool (no fluid velocity) the fluid 
pressure would be higher at the bottom and would be governed by the 
hydrostatic law – with this, the pressure variation occurs linearly 
downwards and would be a function of the molten pool depth. Under 
this ideal condition, the keyhole would exhibit a stable equilibrium 
regime driven by the balanced effect of recoil pressure and fluid flow. 
With the actual molten pool, the equilibrium state is, however, pertur-
bated by the non-linear variation of the fluid pressure due to the fast 
upwards motion generated by the recoil pressure itself. A near- 
equilibrium state is eventually achieved with the change of keyhole 
wall’s curvature with the resultant of the forces acting predominantly in 
the Z direction. The shallow angle of the keyhole wall observed at LBS#3 
(θ3 < θ1) effectively decomposes the combined forces exerted by the 
fluid towards the Z direction, hence moving to the near-equilibrium 

Fig. 8. Impact of buoyancy forces on the metal mixing for weld configuration C3. Sections taken at Y= 0.  
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state, with the fluid pushed downwards in Z rather than sidewise in X. It 
can be observed that the ring-to-core diameter and the ring-to-core 
power are essential to control the keyhole wall’s curvature and ulti-
mately influence of the stability of the keyhole. 

3.3. Impact of beam shaping on metal mixing 

Cu and steel are generally immiscible as studied by other researchers, 
such as Shi et al. (2013). This separation means the material solidifies as 
two separate phases from the liquid state. At this immiscible region a 
Cu-rich (α phase) and iron-rich (β phase) form FCC and BCC crystal 
structures, respectively. For the compositional data shown in Fig. 6, the 
highest amount of mixing for each of the three examples is 60%, 80% 
and 50% of Fe in the weld pool. When studying the Cu-Fe binary phase 
diagram, as performed by Chen et al. (2007), these compositions fall 
within the miscibility gap range. For which no IMCs are expected to 
form, but instead separate (α and β) phases. However, it is still clear that 
the formation of these separate phases still creates a mismatch in me-
chanical properties of the welded joint, both at the interface and 
enriched regions, which can lead to crack initiation, as reported by 
Rinne et al. (2020). For this reason, analysing the metal-mixing in dis-
similar metals is an important step toward understanding and preven-
tion of cracking mechanisms that can affect the performance of the weld. 

Influence of the beam shapes on the metal mixing, can be investi-
gated by analysing velocity fields and fluid flow which are predicted 
with the validated model. Fig. 10(a) and (b) show that in the weld 
configuration C1 and C2 (corresponding to LBS#1 - single beam with 
circular spot and gaussian distribution) the increase in laser power leads 
to more steel mixing with Cu due to greater recoil pressure and to a 
larger melt pool with more liquid metal involved. When comparing the 
parameters in Fig. 11, the increased melting of the bottom steel sheet 
leads to a greater region of keyhole necking with collapse; this can be 
due to the increased laser absorption, for which steel has a greater ab-
sorptivity than the more reflective Cu (Rinne et al., 2020). The lower 
density of steel creates an upward buoyancy force which allows the 
migration of more steel into the Cu-rich region. Fig. 11(c) and (d) show 
weld configurations C3 and C4 respectively, with combined secondary 
ring-shaped and primary laser beam (LBS#2 and LBS#3, respectively). 
They can be compared based on similar levels of weld penetration but 
different width at the interface between parent metals and at the top of 
the weld seam. Spread of the laser power over a wider surface due to the 
use of a ring results in a wider weld pool compared to simulations C1 and 
C2, which is consistent with results found by Jabar et al. (2023). How-
ever, one difference between these two cases is that, due to different 
power density distributions, to achieve adequate weld penetration 

depth, different laser power is provided leading to different thermal 
fields and time that the metal stays liquid. Line-scans of the temperature 
profiles in the melt pool can be observed in Fig. 12, with higher peak 
temperature in C4, compared to simulations C1 and C2, and C5; whereas 
a smaller secondary ring-shaped laser beam in simulation C3 results in 
intermediate behaviour. 

The higher peak temperature in C4 eventually leads to a significant 
thermal gradient that promotes significant upward buoyancy forces and 
ultimately more migration of steel towards the Cu matrix. Similarity of 
simulation C5 with C1 can be explained considering that the secondary 
laser beam pre-heats the metal without widening the keyhole. Addi-
tionally, the higher peak temperature and larger size of the melt pool in 
C4 lead to longer time in which the steel stays in the liquid phase with 
more time available to migrate toward the Cu matrix due to recoil 
pressure and buoyancy forces and to diffuse. For these reasons, if use of 
larger spot helps with keyhole stabilisation, higher laser power required 
to establish sound connection enhances mixing between parent metal. 
Therefore, selection of custom ring-to-core diameter and ring-to-core 
power is a decision with a trade-off between the need of stabilising 
the keyhole dynamics and the need to reduce the mixing. 

Velocity fields in Fig. 11 show also that the use of the ring-shaped 
secondary beam (C4), results in lower recoil pressure due to less local-
ised laser power and vaporization. For this reason, the fluid flow and 
velocity of the liquid movements in considerably lower, as shown by 
contour plots, where regions of the molten pool in red are those in which 
the flow of the liquid metal is faster. The metal mixing in the molten pool 
of C3 weld is more homogeneous than in C1 and C2, due to the localised 
heat input of the ring laser beam. Rinne et al. (2020) found the addition 
of the ring laser produced a more homogeneous distribution of Cu and 
steel in the solidified structure. The lower density of the steel can also be 
used to explain the more even distribution of steel throughout the weld 
pool of C3. This is also confirmed by the EDS line-scans in Fig. 6(c) that 
show a significant drop of Fe into the Cu matrix compared to C1 (Fig. 6 
(a)). 

The result of metal mixing has a significant effect on the crack for-
mation in the weld pool and heat-affected zone (HAZ). Two main types 
of cracking are often referred to as “hot cracking” (Rinne et al., 2020) or 
“liquation cracking” (Li et al., 2019). During any fusion welding process 
of Cu to steel the miscibility gap can be identified in the binary phase 
diagram of Cu-Fe (Chen et al., 2013). When both Cu and steel are mel-
ted, there is separation of the liquids during cooling, once the mixture 
enters the miscibility gap seen on the phase diagram the primary sepa-
ration of the α and β phases occurs. The secondary separation occurs in 
the miscibility gap because of a lack of diffusion and a supersaturation of 
the α and/or β phases. The solidified weld microstructure is found 

Fig. 9. Schematic representation of forces and pressures acting on the melt pool in case of welding with single laser beam (LBS#1) and ring-core configuration 
(LBS#3). Arrows represent forces/pressures, and the thickness is proportional of the intensity of the forces/pressures. Arrows are only shown to the rear-side of the 
keyhole since the physics involved there are more relevant for the dynamics of the keyhole. 
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Fig. 10. Plots of metal mixing in the longitudinal and a cross sections predicted with simulations C1 (a), C2 (b), C3 (c), C4 (d) and C5 (e).  
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inhomogeneous, consisting of the α and β phases. The difference in the 
thermal expansion properties of both Cu and steel can create locations of 
stress concentrations where cracks are often initiated, ad observed by 
Chen et al. (2013) and Sadeghian and Iqbal (2022). Li et al. (2019) 
proposed a three-stage mechanism for the formation of liquation cracks 
in Cu to steel laser welds. The first stage was the penetration of Cu liquid 
into the grain boundaries of the steel, secondly, the Cu liquid surrounds 
the Cu phase creating a “film” of liquid in the grain boundary. This 
drastically reduces the cohesive forces between the grain boundaries 
due to the presence of the α phase. Cracking can then be initiated in a 

similar manner to that detailed earlier. 

4. Conclusions 

A combination of multi-physics CFD modelling results and experi-
ments have been presented to study the impact of laser beam shaping on 
metal mixing and molten pool dynamics during LBW of Cu-to-steel for 
battery terminal-to-casing connections. The multi-physics model has 
been validated with ex-situ EDS element mapping and weld profile’s 
features. The model has provided useful insights about temperature and 

Fig. 11. (a) Temperature, (b) velocity, (c) Fe concentration and (d) actual melt pool for all the tested weld configurations C1 to C5. Cross sections taken at Y= 0.  

Fig. 12. Temperature profiles for weld configurations C1 (a), C2 (b), C3 (c), C4 (d) and C5 (e). Measurements were taken at X = 1.3 mm (just behind the keyhole 
wall) and Z = − 300 µm (interface between Cu and steel). 
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velocity fields, mixing mechanisms and dynamics of the keyhole, all of 
which are difficult to access via experiments due to technological diffi-
culties. The major findings of the work are summarized below:  

• Metal mixing is largely influenced by the fluid dynamics via the 
Marangoni, buoyancy forces and recoil pressure. With a greater laser 
power, recoil pressure is increased, and this leads to more weld 
penetration and melting of steel. Additionally, spread of the laser 
power results in higher width of the fusion zone. Subsequently, the 
buoyance forces due to the different densities of steel and Cu 
contribute to the upward flow of steel towards Cu, and hence impact 
meaningfully to the mixing. This can be clearly observed in weld 
configurations C1 and C2.  

• Due to the collapse events of the keyhole wall, porosity formation 
was found in welds C1, C2 and C5. Furthermore, the collapse events 
create a narrow fluid channel, which results in localised surges in 
fluid velocity, therefore, promoting metal mixing. All in all, simu-
lations revealed that increasing depth-to-width aspect ratio is 
correlated to higher frequency of collapse events in the keyhole. 
Therefore, stabilisation of the melt pool can be achieved with 
tailored laser beam shapes. 

• The study has pointed-out that the use of larger ring beam (config-
uration C4) helps with keyhole stabilisation, but at the same time 
leads to more laser power and higher temperature that contribute to 
the enhancement of mixing between parent metals. This poses a 
trade-off in the definition of a tailored ring-to-core diameter and the 
ring-to-core power. Analysis of the results showed that ring-to-core 
diameter (350–90 µm) and 30% of ring power (weld configuration 
C3) resulted in more stable dynamics of the keyhole, with significant 
reduction of collapse events, and ultimately controlled migration of 
steel towards Cu. Furthermore, compared to C4 (2500 W total 
power), the lower thermal gradient in C3 (1530 W total power) 
eventually leads to a reduction in the upward buoyancy forces.  

• The pre-heating approach with the tandem beam (C5) only led to 
local fusion of Cu and no significant improvement in keyhole sta-
bility was observed. 

The combination of experiments and numerical modelling provides a 
powerful approach to understand complex fluid flow and metal mixing 
processes during laser keyhole welding. This helps to study mixing 
behaviour along with weld pool dynamics for selection of laser welding 
strategies with beam shaping in case of dissimilar material welding, 
especially in presence of miscibility gap at higher temperature as in case 
of Cu and steel. 
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