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1 Introduction

Laser beam welding has found broad applications in the 
automotive, aerospace, nuclear, electronics, and heavy 
manufacturing industries. Unlike single-beam welding 
practices, dual-beam applications have been reported to reduce 
the cooling rate and hardness of the materials after the welding 
process [1]. There are several applications of dual-beam 
welding for specific materials such as copper alloys, aluminum,
and high carbon steels. It is also quite feasible to broaden the 
weld seams width, as the process generates a larger melt pool 
and allows control of the weld depth using the dual-beam 
strategy. Nevertheless, a detailed understanding of the dual-
beam welding process remains challenging, as the process 

involves complex instabilities and shared melt pool 
progression. There are also some experimental complexities 
involved in capturing the vapor capillary dynamics compared 
to single- beam welding. To investigate this process further, a 
compressible multiphase Mass-of-Fluid (MoF) model was 
employed to simulate dual-beam welding of CuSn6 material 
with varying inter-beam distances.

This work focusses on studying the observable effects of 
asymmetry between the weld seam depths, oscillatory behavior 
and instabilities, followed by the keyhole transition regimes
which are validated separately by high-speed X-ray imaging of 
single-beam experiment on CuSn6. 

2 Experimental Observations and Validation Data
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Abstract

This study investigates weld seam interaction and keyhole dynamics in dual-beam laser welding of CuSn6 alloy at varying inter-beam distances
of 0.3 mm, 0.6 mm, and 0.9 mm. Numerical simulations are validated against experimental cross sections and high-speed synchrotron X-ray 
images to capture the narrow, intermediate, and wide keyhole regimes. The asymmetry in the weld seam is quantified through the average root-
mean -square amplitude oscillation analysis to evaluate dynamic instability and coupling between the seams. Results show that the asymmetry
decreases with an increasing inter-beam distance, while stronger asymmetry and seam coupling are observed at a small inter-beam spacing of 0.3 
mm. This also reveals a significant transition from strongly coupled melt pool evolution at small beam spacing to structurally independent weld 
seam dynamics at larger spacing.
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Fig. 1. shows the surface weld seams at different inter-beam 
distances (X) of 0.3 mm, 0.6 mm, and 0.9 mm, highlighting the 
effect of spatial separation on weld morphology of CuSn6 
material. These experiments serve as a reference for 
comparison against numerical results. Furthermore, simulation 
results are validated against experimentally obtained cross-
sections from these experiments, as well as high-speed 
synchrotron X-ray imaging of the vapor capillary from the 
synchrotron facility at the PETRA III beamline (P07) at DESY 
in Hamburg. Detailed study and comparisons are presented in 
Section 4. While the surface weld morphology and cross-
sections correspond to dual-beam experiments, synchrotron X-
ray images are available for the single-beam configuration and 
is used to validate the keyhole dynamics.

Fig.1. Dual-beam experimental surface weld seams of CuSn6 at inter-beam
distances of 0.3 mm, 0.6 mm, and 0.9 mm, showing merged seams at 0.3 mm 

and 0.6 mm and separate seams at 0.9 mm.

3 Simulation Model and Setup

3.1 Numerical framework and mesh setup

The numerical model considers all phases (solid, liquid, 
metal vapor, and ambient gas) as a single mixture entity [2,3] 
that share common velocity, pressure, and temperature fields. 
In conventional Eulerian models, the Volume of Fluid (VOF) 
method [4] is often used to track evolution of phases via their 
respective volume fractions and update mixture quantities. This 
method is not mass conservative in compressible scenarios and 
makes the incorporation of phase changes with density 
discontinuities difficult.

Instead, the present work employs a compressible 
multiphase Mass-of-Fluid (MoF) model [2], directly tracking
the mass and energy of each phase, leading to mass
conservation and numerical stability across phase change. The 
compressible formulation allows for direct incorporation of the 
relationship between density and pressure at interfaces during 
evaporation (or condensation), implicitly yielding a recoil 
pressure and enabling pressure-dependent evaporation models. 
The evaporation mass flux’s dependency on local pressure 
leads to accurate predictions of evaporative recoil without the 
need of process-specific calibration [5]. In addition to 
evaporation, condensation and compressible fluid dynamics, 
energy-based melting and solidification, Darcy drag for fluid 
flow resistance in the mushy zone, and temperature-dependent 

surface tension are also taken into account. Material properties 
are specified as phase- and temperature- dependent. The 
computational mesh is dynamically refined during the 
simulation, which is dependent on the presence of liquid phase, 
re-solid formation or laser energy absorbed. Propagation of 
arbitrary laser beam shapes and their interaction with material, 
including multiple reflections, are furthermore included. A 
comprehensible overview of simulation model is provided in 
[2,3]. 

As the model accounts for laser-matter interaction, vapor 
recoil and surface tension effects, it is well suited for predicting 
the keyhole formation and capillary effects that are inherently 
highly dynamic in nature.

Fig. 2. (a) Detailed illustration of the mesh refinement for the left and right 
beams at an inter-beam distance of 0.3 mm; (b) Unrefined mesh block of 
CuSn6 with its dimensions; (c) 2D Gaussian intensity profiles of the left

beam (top) and the right beam (bottom), each with a 1/e2 diameter of 50 µm.

The simulation loop starts with the initialization of mesh and 
material properties. The dual-beam setup consists of two 
Gaussian beams, each with a power of 400W and a 1/e2

diameter of 50 µm propagating parallel across the CuSn6 
material plate. The plate has dimensions of 7 mm * 3 mm * 2
mm as shown in Fig. 2, with an atmospheric layer of 1mm
thickness on top. The mesh on the left illustrates the refinement 
regions of laser beam, liquid, and solid phase with a minimum
cell size of 15.625 µm and a maximum cell size of 250 µm
located at a spatial distance of -0.15 mm from the centre. The 
mesh on the right corresponds to a spatial distance of 0.15 mm,
resulting in an overall inter-beam spacing of 0.3 mm. The 
beams are focused directly on the plate surface, with a focal 
diameter equivalent to the spot size as shown in Fig. 2. The 
laser source is a 1070 nm near-infrared Gaussian beam with a 
quality factor of 1.08. Dual-beam simulations with inter-beam 
distances of 0.3 – 1.5 mm are performed to investigate the 
influence of spacing on the weld process, while the single-
beam case is additionally included to validate the model against 
synchrotron X-ray images as summarized in Table 1.
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Table 1. Simulation runs for CuSn6 with laser parameters
Spot distance 
Cases [mm]

Power P 
[W]

Feed rate v 
[mm/s]

Spot
diameter 
1/e2

[µm]

Beam
type

0.3, 0.6, 0.9,1.2,1.5

(dual beam)

400*2 100 50 Gaussian

0.0 (single beam) 100-900 100 36 Gaussian

3.2 Material properties for CuSn6

Fig. 3. Thermal conductivity data for CuSn6. The blue line shows the 
temperature-dependent values for the solid phase, and the red line shows 

temperature-dependent values for the liquid phase.

Fig. 3 shows the temperature-dependent thermal conductivity 
data for the CuSn6 alloy. In the solid region, it increases 
gradually with temperature, as stated by B. J. Monaghan et al.,
which is typical for copper-based metal alloys [6]. Within the 
mushy zone, a reduction in thermal conductivity is assumed
when the material transitions from the solidus to the liquidus 
temperature as shown in Table 2, to account for the phase 
coexistence and associated disruption of heat transport 
pathways. In the liquid zone, the value increases in a linear 
manner. The variations in the thermal conductivity values 
follow the solid and liquid regions up to the solidus and 
liquidus temperatures as stated in Table 2 respectively. Beyond 
1500 K, the value is assumed to remain approximately 
constant. 

Due to the limited availability of high-temperature 
thermophysical data for CuSn6, the properties were adopted 
from previously reported copper-tin based alloys [6]. The 
dataset is restricted within physically reasonable bounds to 
enable reliable predictions of penetration depth, keyhole 
morphology and transitions without introducing any non-
physical parameter changes. Material properties for the vapor 
state of CuSn6 are assumed to be comparable to those of Cu-
ETP [3], while the ambient gas properties are taken from the 
same reference. Table 2 summarizes the temperature-
dependent properties obtained from the simulation for the 
different states of CuSn6.

Table 2. Material properties for solid and liquid state of CuSn6
Physical properties Temperature 

[K]
Value Unit

Specific heat capacity 298

900

377

415

m2/s2/K

m2/s2/K

Surface Energy 300

1323

2868

1.79

1.79

2.034

kg/s2

kg/s2

kg/s2

Viscosity 1356

1950

4.265∙10-7

2.009∙10-7

m2/s

m2/s

Refractive Index 250

1400

2850

2.9

0.95

0.98

-

-

-

Extinction coefficient 250

1400

2850

3

4.65

4.68

-

-

-

T_solidus - 1173 K

T_liquidus - 1323 K

4 Results and Discussion

4.1 Comparative analysis of seam geometry and depth 
evolution for dual-beam configurations

Fig. 4. (a) Comparison of penetration depth in the cross section of CuSn6 at a 
0.3 mm spot distance between experiment and simulation; the simulation 

image is shown after cooling of the workpiece. (b) Depth-time comparison of 
the left and right weld seams for the 0.3 mm case obtained from simulation 

data.

Fig. 4 shows the transverse cross section of welded CuSn6 
plate separated by an inter-beam distance of 0.3 mm with
asymmetric penetration depth on the left and right seams. Good 
agreement is observed between experimental and simulation 
penetration depths. Although the overall depth is captured well, 
a mild asymmetry remains between the left and right seams as 
shown in Fig. 4, and is quantified using an asymmetry 
parameter (𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚) using the following equation (1): 

Thermal conductivity curve of  u n 

Th
er
m
al
 c
on

du
ct
iv
ity

   
 m

 
 

  

  

   

   

   

Temperature    

 o
lid

us

 ushy
 one

 i
 u

id
us

                     

 olid  i uid
 e

ne
tra

tio
n 
de

pt
h 
 m

m
 

    m     m

 epth vs time plot   nter   eam distance     mm

Time  s 
                            

   
   
   

   
   

 eft
 i ht

 a 

   

 xperiment  imulation

    m
     m

    m



Nivetha Muthuvijayapandian  et al. / Procedia CIRP 143 (2026) 424–429 427

𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 = 1
𝑁𝑁 ∑ 2|𝑑𝑑𝐿𝐿(𝑡𝑡𝑖𝑖)− 𝑑𝑑𝑅𝑅(𝑡𝑡𝑖𝑖)|

(𝑑𝑑𝐿𝐿(𝑡𝑡𝑖𝑖)− 𝑑𝑑𝑅𝑅(𝑡𝑡𝑖𝑖))

𝑁𝑁

𝑖𝑖=1
(1)

where 𝐴𝐴𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 is the mean asymmetry over time t, 𝑑𝑑𝐿𝐿(𝑡𝑡𝑖𝑖) is the 
instantaneous depth of left seam, and 𝑑𝑑𝑅𝑅(𝑡𝑡𝑖𝑖) is the 
instantaneous depth of right seam, and N is the number of time 
instants of depth measurements. It is also found that the relative 
difference between the seams is evidently high as shown in 
weld seam depth against time plot in Fig. 4. This difference is 
quantified as the time averaged asymmetry Amean in the steady-
state simulation time window of 25-50 ms and is computed to 
be 10.19% for the 0.3 mm case. The relatively high percentage 
shows that the melt pool evolution is greatly imbalanced 
throughout the process, along with spike variations observed
frequently in the seams.

Fig. 5. (a) Comparison of penetration depth in the cross section of CuSn6 at a
0.6 mm spot distance between experiment and simulation; the simulation 

image is shown after cooling of the workpiece. (b) Depth-time comparison of 
the left and right weld seams for the 0.6 mm case, obtained from simulation 

data.

Fig. 5 shows the transverse section of CuSn6 with an inter-
beam distance of 0.6 mm, where a W-shaped cross-section 
pattern is observed. In this case, the penetration depth exhibits 
imbalanced behaviour between the seams, leading to 
comparatively lower asymmetry than in the 0.3 mm case. The 
time averaged asymmetry in the 0.6 mm case is quantified to 
be 6.97%, reflecting the instability in melt pool dynamics. This 
transient depth fluctuations subtly connect to the intermittent 
keyhole shape deformations and transition behaviour which is 
consistent with the validation from the single-beam experiment 
as shown in Fig. 9.

Fig. 6 shows the cross sections corresponding to an inter-
beam distance of 0.9 mm. Unlike the 0.3 mm and 0.6 mm cases, 
the increased beam separation reduces heat accumulation,
diminishing thermal interaction between the seams. This 
results in significantly lower instability and largely
independent melt pool evolution. As the inter-beam distance 
increases, the asymmetric pattern in the depth variation 
becomes less pronounced, while the differences between the 
individual seam evolutions remain observable. The quantified 
mean asymmetry averaged over the time window 25-50 ms is 

found to be 4.47% for the 0.9 mm case, representing a clear 
reduction compared to the 0.3 mm and 0.6 mm cases.

Fig. 6. (a) Comparison of penetration depth in the cross section of CuSn6 at a
0.9 mm spot distance between experiment and simulation; the simulation 

image is shown after cooling of the workpiece. (b) Depth-time comparison of 
the left and right weld seams for the 0.9 mm case, obtained from simulation 

data.

Fig. 7 suggests the mean asymmetry plotted for the 0.3
mm, 0.6 mm, 0.9 mm, 1.2 mm, and 1.5 mm cases. The 
asymmetry mean for 1.2 mm and 1.5 mm inter-beam distance 
is found to be 4.40% and 3.47% respectively, which is even
lower than in the other cases. Amean decreases monotonically 
with increasing inter-beam spacing, which serves as a clear
indicator of weak thermal coupling and reduced oscillatory 

Fig. 7. Comparison of Amean of penetration depth for different inter-beam 
distances

behavior. The geometric imbalance at reduced inter-beam 
distances becomes more pronounced, as the cross sections and 
weld shape change abruptly due to increased asymmetry. 

Fig. 8 shows the average RMS (ARMS) values of penetration 
depth fluctuations for the 0.3 mm, 0.6 mm, 0.9 mm, 1.2 mm, 
and 1.5 mm cases. The RMS fluctuation amplitude of the 
penetration depth for each seam is defined by equation (2),
serving as a quantitative indicator of keyhole depth instability,
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𝑅𝑅𝑅𝑅𝑅𝑅 = √(1
𝑁𝑁) ∑ (𝑑𝑑(𝑡𝑡𝑖𝑖) − 𝑑̅𝑑)2𝑁𝑁

𝑖𝑖=1 (2)

where 𝑑𝑑(𝑡𝑡𝑖𝑖) is the penetration depth of the left or right seams 
at any time instant (𝑡𝑡𝑖𝑖), 𝑑̅𝑑 is the mean depth over the time 
window, and 𝑁𝑁 is the number of time instants considered. The 
mean RMS amplitude of each seam then gives the average  

Fig. 8. Comparison of the average RMS amplitude of penetration depth for 
different inter-beam distances

RMS (ARMS) oscillation amplitude of both left and right seams. 
The highest value being observed in the 0.3 mm case, which is 

approximately 63 μm, reveals the predominant nonlinear 
oscillatory behavior arising from shared melt pool evolution 
and thermal-hydrodynamic coupling between the seams. With 
increasing inter-beam distance, the average RMS amplitude 
consistently decreases, although minor variations are observed
in the curve, particularly for the 1.2 mm case. This suggests that
thermal diffusion persists even at larger inter-beam distances, 
but with reduced amplitude oscillations, resulting in weakly 
coupled and largely independent seam dynamics. Previous 
studies on dual laser beam welding have reported that the 
welding behavior is sensitive to the laser beam separation
which influences keyhole stability and weld seam geometry
[7]. Consistent with this observation, our results further reveal 
that the oscillatory behavior weakens with increasing inter-
beam distance. This in turn connects to the keyhole transition 
regimes discussed in Section 4.2, where both single- and dual-
beam approaches exhibit the keyhole formation behavior,
highlighting the oscillatory effects, particularly in dual-beam 
scenario.

4.2 Validation of keyhole regimes with synchrotron X-ray imaging

Fig. 9. (a) Synchrotron X-ray imaging of the single-beam experiment on CuSn6 with a power ramp of 100-900 W and a feed rate of 100 mm/s and the keyhole 
vapor capillary outlines (shown in white) are manually annotated for visualization  and are not directly captured in the experiment; (b) Simulation of the single-
beam case, under the same laser beam parameters (second row), shown for comparison with the experimental images in the first row; (c) Simulation of the left 

seam in the dual-beam case with an inter-beam distance of 0.6 mm (third row), compared to the experimental single-beam images in the first row.
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Due to experimental complexities in capturing the capillary 
images during dual-beam welding, the single-beam case is 
reproduced using simulation for validation. As introduced in
Section 2, the dynamic evolution of keyhole vapor capillary in 
the single- beam configuration is validated against highspeed 
synchrotron X-ray images as shown in Fig. 9. The recording 
frequency of experimental images is 5000 Hz (0.2 ms between
frames) while the simulation gives the temporal resolution in 
the range of 10-7 s according to the Courant number. Although 
there are significant time increments, the keyhole transition 
sequence can be aligned correspondingly. 

Both experiment and simulation capture the transition that 
is divided into three regimes namely: narrow, intermediate, and 
wide keyhole regimes. These regimes highlight keyhole 
instability and oscillatory depth fluctuations that occur in the 
process dynamics, regardless of the beam configuration. The 
intermediate stage is characterized by almost sustained uniform
fluctuations in the depth, resulting in a wider keyhole cavity at 

tsim = 211.5 ms in the single-beam case, as shown in Fig. 9. 
Additionally, a slightly enlarged keyhole cavity that is formed 
at the verge of wider regime, captured at tsim = 211.4 ms in the 
single-beam case and tsim = 20.6 ms in the dual-beam case,
indicating the transition toward the wider keyhole regime 
which is also evident in the experimental image at texp = 194.8
ms. This consistent agreement between the experiment and the 
simulation images of both single and dual-beam cases suggests
that the model captures the essential physics involved in highly 
dynamic processes that involves the keyhole transition.

5 Conclusion and Outlook

The proposed framework of compressible MoF approach 
demonstrates reliable predictions of weld geometry and 
keyhole transitions in dual-beam welding of CuSn6. Validation 
against experimental cross sections and X-ray images confirms 
that the model successfully reproduces the keyhole 
morphology and transient evolution observed experimentally. 
Quantitative analysis of weld asymmetry indicates that 
increasing the inter-beam distance reduces coupling and 
oscillatory behavior between the seams. The smallest spacing 

of 0.3 mm exhibits the highest asymmetry and penetration 
depth oscillations, reflecting the strongly coupled interactions
between the seams. Overall, the framework provides a robust 
baseline for further investigation of instability and transition 
behavior which have not yet been fully characterized as part of
the chaotic nonlinear dynamics in multi-beam processes.
Future studies will focus on systematically modulating the key 
process parameters to regulate the oscillatory behavior and to 
enhance the stability of the keyhole regime.
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