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Laser butt welding of thin stainless steel 316L sheets in asymmetric 
configurations: A numerical study 
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A B S T R A C T   

Laser butt welding of thin metal sheets is a widely used fusion-based joining technique in industrial 
manufacturing. A comprehensive understanding of the complex transport phenomena during the welding process 
is essential for achieving high-quality welds. In the present work, high-fidelity numerical simulations are 
employed to investigate the influence of various symmetric and asymmetric welding configurations on the melt- 
pool behaviour in conduction-mode laser butt welding of stainless steel sheets. The analysis focuses on the effects 
of laser power density, heat source misplacement and different welding scenarios, including plates with a root 
gap, high-low mismatches, and dissimilar thicknesses, on the molten metal flow and heat transfer. The results 
show that advection is the dominant mechanism for energy transfer in the melt pool, and its contribution in-
creases with higher laser power. The non-uniform temperature distribution over the melt-pool surface induces 
Marangoni shear forces, driving the flow of molten metal and leading to the formation of vortices and periodic 
flow oscillations within the pool. The effects of various types of asymmetries on the thermal and molten metal 
flow fields, as well as the process stability, are thoroughly examined and compared with symmetrical welding 
configurations. These comprehensive simulations provide valuable insights into the fluid flow dynamics and 
thermal field evolution during laser butt welding of thin metal sheets. The knowledge gained from this study can 
facilitate process optimisation and guide the improvement of weld quality in practical applications.   

Introduction 

Asymmetry in laser butt welding is prevalent in industrial 
manufacturing and often results from misalignment of workpieces 
(Tang et al., 2023), misplacement of the heat source (i.e. uneven dis-
tribution of heat input) (Andrews and Nicol, 1981), and dissimilarities in 
plate thicknesses (Li et al., 2020) or material compositions (Ai et al., 
2022; Flint et al., 2021). Such an asymmetry can alter the complex heat 
and fluid flow during welding, which in turn can affect the melt-pool 
shape, process stability and quality of the joints (DebRoy and David, 
1995). However, correct control of the workpieces assembly and the 
welding set-up is usually challenging in practice, particularly for thin 
sheets (plate thickness < 1 mm) (Chen et al., 2022; Walther et al., 2022). 
Hence, a better understanding of heat and fluid flow during welding is 
essential to control the process adequately, determine welding param-
eter tolerances, and achieve desired joint properties with a reduced 
number of defects. 

In laser welding, the material absorbs thermal energy from a laser 

beam and heats up locally above its melting temperature. This results in 
the formation of a melt pool that solidifies subsequently, creating a 
permanent joint. The control of laser welding processes primarily relies 
on maintaining a delicate balance between the thermal energy absorbed 
from the laser beam and the thermal energy dissipated to the sur-
roundings and within the material (Zhou and Tsai, 2005). However, heat 
transfer in welding is a complex phenomenon involving multiple 
mechanisms such as conduction, advection, and radiation (Lancaster, 
1986), and depends on various factors including the physical properties 
of the material, the geometrical configuration of the workpieces, and 
process parameters such as power density, welding speed, and charac-
teristics of the laser system (Ayoola et al., 2017; Baruah and Bag, 2017; 
Chludzinski et al., 2021; Ebrahimi et al., 2021c; 2022). Moreover, the 
interaction between the laser and the material, as well as the presence of 
unsteady molten metal flow, solid-liquid phase transformations, and 
moving boundaries of the melt pool, further complicate heat transfer in 
fusion welding. Analytical methods often lack sufficient accuracy in 
predicting thermal and fluid flow fields in welding, and rarely provide 
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reasonable solutions for complex welding scenarios (Zhou and Tsai, 
2005). Experimental approaches face numerous challenges in detecting 
thermal and fluid flow fields during welding due to high temperatures, 
dynamic molten metal flow, opacity, and the small size of the melt pool 
(Aucott et al., 2018), and can be prohibitively expensive for exploring 
design possibilities. Physics-based numerical simulations offer a viable 
alternative by providing reasonably accurate representations of thermal 
and fluid flow fields in welding. They present an opportunity to reduce 
costs associated with experiments (Cook and Murphy, 2020; Ebrahimi 
et al., 2021a; 2021b; 2021d) and contribute to the realisation of the 
goals of ‘Industry 4.0’ (De Pond et al., 2020). 

The majority of previous studies on numerical simulations of fusion- 
based butt welding focus on symmetrical configurations (Chukkan et al., 
2015; Patterson et al., 2021; Tsirkas et al., 2003; Xu et al., 2019; Zhang 
et al., 2020). Numerical investigations of asymmetric butt welding 
generally address situations involving dissimilar material properties 
(Hejripour et al., 2019; Li et al., 2022; Liang and Luo, 2017; Wei et al., 
2015) or plate thicknesses (Kholoud and Akbari, 2021; Li et al., 2020; 
Xia and Jin, 2016; Zhang et al., 2019). To date, little attention has been 
paid to other types of asymmetric configurations that arise due to 
misalignment of workpieces, misplacement of the heat source and 
imperfect contact of workpieces; however studies have revealed that 
these asymmetries can significantly impact the quality of butt welds 
(Andrews, 1996; Ferreira and Branco, 1991; Lotsberg, 2009; Xiao et al., 
2021). Moreover, previous studies commonly neglect the influence of 
internal flow behaviour during welding and incorporate its effect on 
energy transfer by introducing calibration parameters into the model 
(Lindgren and Lundbäck, 2018), limiting the general applicability of 
these models in predicting thermal and fluid flow fields in different 
welding scenarios (Ebrahimi, 2022). A major drawback of using cali-
bration parameters is that their values are not known a priori and require 
tuning for each specific welding situation. This is due to the non-linear 
response of convection in fusion welding to changes in process param-
eters, material properties, and operating conditions (Ebrahimi et al., 
2019a). Convection plays a substantial role in energy transfer during 

fusion welding and additive manufacturing (DebRoy and David, 1995; 
Wei et al., 2021) of metallic materials. Hence, ignoring its effect can 
adversely affect the accuracy and reliability of numerical simulations. 
Further studies are needed to enhance the current understanding of in-
ternal flow behaviour and heat transfer in asymmetric welding 
configurations. 

The present study focuses on the characterization of thermal and 
fluid flow fields in conduction-mode laser butt welding of metal sheets. 
The objective is to examine the influence of various asymmetric con-
figurations including workpiece misalignment, heat-source misplace-
ment, and imperfect workpiece contact, on the heat flow and weld bead 
profile in laser butt welding with different laser power densities. To 
achieve this, high-fidelity physics-based numerical simulations are 
employed to predict and analyse the complex and transient transport 
phenomena that occur during laser butt welding. The specific emphasis 
of this study is on conduction-mode laser welding due to its widespread 
use in achieving high-quality joints in thin metal sheets. The simulations 
in this study take into account the influence of intricate and transient 
laser-matter interactions, such as the effects of surface temperature and 
morphology on laser absorptivity, using an enhanced laser-beam ab-
sorption model (Ebrahimi et al., 2022). 

Methods 

The influence of different asymmetric configurations, shown sche-
matically in Fig. 1, on conduction-mode laser butt welding of stainless 
steel (AISI 316L) sheets is studied numerically in the present work. An 
Yb:YAG fibre transmissible laser with an emission wavelength (λ) of 
1.030 µm, a spot diameter (D4σ) of 1 mm and a Gaussian intensity 
profile is employed to locally melt the metal sheets that are initially at 
an ambient temperature of Ti = 300 K. The laser beam is aligned with 
the z-axis and is perpendicular to the sheet surface. The travel speed 
(V ) is set to 10 mm− 1 and three different laser powers (P ) of 200 W, 
250 W and 350 W are studied. Argon shielding gas is employed to protect 
the melt pool from oxidation. In the simulations, two layers of argon gas 

Fig. 1. Schematic of laser butt welding, 
dimensional parameters and the 
boundary conditions employed in nu-
merical simulations. (a) longitudinal 
cross-section of the melt pool for 
partially (left) and fully penetrated 
(right) conditions, (b) different 
geometrical configurations studied in 
the present work, and (c) a representa-
tion of the computational domain and 
the boundary conditions prescribed on 
the outer boundaries. The computa-
tional domain is defined in a Cartesian 
coordinate system, and the thickness Hs, 
width W and length L of the plate are 
500 μ, 3.5 mm and 13 mm respectively. 
The height of the gas layer Hg is 1 mm. 
Part of the gas layer is clipped in sub- 
figure (c) for visualisation.   
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above and below the sheets with a height of Hg = 1 mm were included to 
track the deformations of the melt-pool surface. For each configuration 
shown in Fig. 1(b), several additional cases are considered in which the 
laser beam is misplaced intentionally to study its effect on the melt pool 
evolution. Details of the geometrical parameters used to define the 
problem are presented in Fig. 1 and Table 1. In total, 72 cases are studied 
in the present work. 

High-fidelity physics-based numerical simulations were constructed 
on the basis of our previous computational model (Ebrahimi et al., 
2021c; 2022) that has a generic foundation and is able to predict 
essential features of conduction-mode laser welding such as heat and 
fluid flow, solid-liquid phase transformation, melt-pool surface oscilla-
tions, and variations in laser absorptivity due to changes in surface 
morphology and temperature. The model has been developed based on 
the finite-volume approach within the framework of a proprietary 
solver, ANSYS Fluent (Release 19.2), and is described in detail and 
validated rigorously elsewhere (Ebrahimi, 2022; Ebrahimi et al., 2022). 
Here, the model is leveraged to explain the physics of heat and fluid flow 
in laser butt welding. The volume-of-fluid (VOF) method (Hirt and 
Nichols, 1981) was employed in the model to track the motion of the 

melt-pool surface. The source and sink terms in the momentum and 
energy equations, and the laser absorptivity and surface tension models 
were implemented by employing user-defined functions programmed in 
the C programming language. Laser absorptivity is a system parameter 
and its value is influenced by several factors, including the composition 
of the base material, surface temperature, laser beam incident angle, 
shielding gas efficiency, and characteristics of the laser system (Ebra-
himi et al., 2022; Kromer et al., 2023; Ye et al., 2019). An enhanced 
model that takes these factors into account was utilised in the present 
work to determine the laser absorptivity during the process, obviating 
the need for calibrating the value of absorptivity in the simulations. The 
enhanced absorptivity model is described in detail in our previous work 
(Ebrahimi et al., 2022). The molten metal and the shielding gas are 
assumed to be Newtonian fluids and their densities do not change with 
pressure. Accordingly, the governing conservation equations for mass, 
momentum, energy and the scalar function ϕ, which represents the local 
volume-fraction of the metal phase in a computational cell, are defined 
as follows: 

Table 1 
Summary of the parameters studied in the present work. Hs is 500 μ for all the cases studied in the present work. In symmetrical welding configurations with perfect 
contact, the value of Wg is 0 μ.  

Parameter Imperfect contact High-low mismatch Dissimilar plate thickness  

Wg [μm] 100 – –  
Hm [μm] – 100, 250 –  
Hst [μm] – – 600, 750  
Laser beam position 

along the x-axis, xb [μm] 
0, +100, +250 0, +100, +250, 

− 100, − 250 
0, +100, +250, 
− 100, − 250   

Fig. 2. Numerically predicted melt-pool shapes, and thermal and fluid flow fields over the melt-pool surface for different laser powers. The plates are in a sym-
metrical configuration (i.e. xb = 0 µm) and have perfect thermal contact. xb is the laser beam position along the x-axis. 
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Dρ
Dt

+ ρ(∇⋅u) = 0, (1)  

ρ Du
Dt

= μ∇2u − ∇p − C
(1 − ψ)2

ψ3 + ϵ
u + Fs, (2)  

ρ Dh
Dt

=
k
cp
∇2h − ρ

D
(
ψL f

)

Dt
+ Sq + Sl, (3)  

Dϕ
Dt

= 0. (4)  

Here, t is the time, u the fluid velocity vector, ρ the density, p the 
pressure, μ the dynamic viscosity, cp the specific heat capacity, k the 
thermal conductivity, h the sensible heat, L f the latent heat of fusion, ψ 

the local liquid volume-fraction, (ψL f) the latent heat, C the mushy- 
zone constant, equal to 107 kg m− 2 s− 2 (Ebrahimi et al., 2019b), and ϵ 
a constant incorporated to avoid division by zero, equal to 10− 3. Forces 
acting on the melt-pool surface (i.e. surface tension force, Marangoni 
shear force and recoil pressure) are incorporated into the model by 
adding the source term Fs to the momentum Eq. (2) (Ebrahimi et al., 
2021c). The source term Sq is added to the energy Eq. (3) to model the 
thermal energy input from the laser beam (Ebrahimi et al., 2022). Heat 
losses from the base material due to radiation, convection and vapor-
isation are accounted for by adding the sink term Sl to the energy 
equation (Ebrahimi et al., 2022). 

Thermo-physical properties of AISI 316L are considered to be 
temperature-dependent and are adopted from Ebrahimi et al. (2022). 
Accordingly, the effects of thermal buoyancy force are taken into 

Fig. 3. Numerically predicted weld bead, melt-pool shape, and temperature distribution over the melt-pool surface for different laser powers at t = 1 s. The results 
were obtained for welding of metal sheets with a root gap of Wg = 100 µm in a symmetric configuration (i.e. xb = 0 µm). 
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Fig. 4. Numerically predicted weld bead, melt-pool shape, and temperature distribution over the melt-pool surface for different laser powers at t = 1 s. The results 
were obtained for welding of metal sheets with a root gap of Wg = 100 μm in an asymmetric configuration (xb = 100 μm and 250 μm). 

Fig. 5. Numerically predicted weld bead, melt-pool shape, and temperature distribution over the melt-pool surface for different laser powers at t = 1 s. The results 
were obtained for welding of metal sheets with a high-low mismatch. Left column: Hm = 100 μm, and right column: Hm = 250 μm. The laser beam scans the 
centreline (xb = 0 μm). 
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account using a temperature-dependent density model in the present 
simulations. Thermal conductivity, viscosity and density of argon are 
small compared to those of AISI 316L, and their variations with tem-
perature are generally negligible during conduction-mode laser welding 
(Ebrahimi, 2022). Thus, the physical properties of argon are assumed to 
be constant and the values are taken from Ebrahimi et al. (2022), Jaques 
(1988). In each computational cell, the effective material properties are 
computed as follows: 

ξ = ϕ ξm + (1 − ϕ)ξg, (5)  

where, ξ corresponds to density ρ, viscosity μ, thermal conductivity k or 
specific heat capacity cp, and subscripts ‘m’ and ‘g’ indicate metal or gas 
respectively. 

The computational grid consists of about 1.5 × 106 hexahedral cells 
with minimum cell spacing of 25 μm that results in about 35 cells along 
the melt-pool width, which is demonstrably sufficient to achieve grid- 
independent results (Ebrahimi, 2022; Ebrahimi et al., 2021c). Spatial 
and temporal discretisation were performed employing the second-order 
central differencing scheme and a first-order implicit scheme respec-
tively. The advection of the scalar field ϕ was formulated using an 
explicit compressive VOF method (Ubbink, 1997). The coupling be-
tween velocity and pressure fields was resolved employing the PISO 
(pressure-implicit with splitting of operators) scheme (Issa, 1986), and 
the pressure interpolation was performed using the PRESTO (pressure 
staggering option) scheme (Patankar, 1980). A fixed time-step size of Δt 
= 2 μs was chosen, resulting in a Courant number (Co =‖ u ‖ Δt /Δx)
less than 0.3. Simulations were executed in parallel employing 16 cores 
(AMD EPYC 7452) for each simulation, leading to a run-time ranging 
between 50 to 135 h. The validity of the present model in predicting heat 
and fluid flow in laser melting is meticulously investigated by comparing 
the numerical predictions with experimental, numerical and analytical 
data, and are reported in our previous works (Ebrahimi, 2022; Ebrahimi 
et al., 2019a; 2021c; 2022). 

Results and discussion 

Melt-pool behaviour in symmetrical welding configurations with perfect 
contact 

Figure 2 shows the numerical results of the transient thermal and 
fluid flow analysis for different laser powers when welding metal sheets 
in a symmetrical configuration with perfect contact. The figure presents 
snapshots of the temperature and velocity fields over the melt-pool 
surface at two different time instances after reaching the quasi-steady- 
state condition, and the predicted melt-pool shapes. The high energy 
density of the laser beam causes localized heating of the plates, resulting 
in the formation of a melt pool. The main mechanisms of heat transfer in 
this process are convection within the melt pool and conduction through 
the surrounding solid material. Approximately 3% of the energy 
absorbed by the material from the laser beam is lost from the plates due 
to heat dissipation by convection and radiation. As shown in Fig. 2, 
increasing the laser power P leads to an increase in the melt-pool depth. 
For P = 200 W, the melt-pool depth does not reach the plate thickness, 
and a partially-penetrated pool is formed. However, for P = 250 W and 
350 W, full penetration is achieved. 

The temperature distribution over the melt-pool surface leads to 
local changes in molten metal surface tension, resulting in the genera-
tion of the Marangoni shear force. The molten metal flow in conduction- 
mode laser welding is primarily driven by the Marangoni shear force, 
where surface tension gradients over the melt-pool surface drive flow 
towards regions of higher surface tension. The molten metal surface 
tension is affected by its chemical composition and the presence of 
surface active elements such as sulphur, oxygen, selenium and tellurium. 
The results indicate an inward flow over the surface, which is ascribed to 
the enhancement of molten metal surface tension due to an increase in 
the surface temperature. The interaction between the fluid flowing from 
the front part of the pool toward the rear with the opposing flow from 
the rear part results in the formation of a pair of vortices on the pool 

Fig. 6. Numerically predicted weld bead, melt-pool shape, and temperature distribution over the melt-pool surface for different laser powers at t = 1 s. The results 
were obtained for welding of metal sheets with dissimilar thicknesses. Left column: Hst = 600 μm, and right column: Hst = 750 μm. The laser beam scans the 
centreline (xb = 0 μm). The dashed blue line indicates the boundary between the metal sheets before welding. 
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surface, causing a periodic flow oscillation. An increase in the energy 
input to the material results in an increase in the peak temperature and 
the melt-pool volume. For temperatures above the critical temperature 
(Tc ≈ 1610 K), the surface tension decreases with a further increase in 
the temperature, leading to the formation of an outward fluid motion. 
Fluid flow oscillations due to the interaction between vortices on the 
surface, and flow instabilities that emerge in the vicinity of the laser spot 
centre, due to interactions between the inward and outward flows, result 
in a complex unsteady flow pattern in the pool that is inherently three- 
dimensional. 

Analysis of the numerically predicted thermal and fluid flow fields 
shows that advection is the primary mechanism for energy transfer in 
melt pools during laser welding of metallic sheets, as evidenced by 
Péclet numbers (Pe = ρ cp D ‖ u ‖ / k) of approximately 40 (for a laser 
power of P = 200 W), 80 (for a laser power of P = 250 W), and 110 
(for a laser power of P = 350 W). The results suggest that the contri-
bution of advection to the total energy transfer in the pool increases with 
increasing the energy input to the material. This is attributed to the 
enhancement of the magnitude of temperature gradients and, hence, the 
Marangoni shear forces generated on the surface of the melt pool. 

Welding of metal sheets with a root gap 

The weld bead, melt-pool shape, and the temperature distribution 
over the melt-pool surface for different laser powers at t = 1 s are shown 
in Fig. 3. These results were obtained from numerical simulations of 
welding metal sheets with a root gap in a symmetric configuration (xb =

0 µm, where xb is the laser beam position along the x-axis). As the 
temperature rises locally due to the laser heat input, the initial melting 
occurs at the edges of the plates. The molten metal gradually accumu-
lates and forms a liquid bridge that connects the plates. Upon cooling, 
the liquid bridge solidifies and creates a joint between the plates. The 
predicted fluid flow field shows that the molten metal flow pattern in 
welding metal sheets with a root gap resembles that in welding metal 
sheets with perfect contact with similar laser powers after reaching the 
quasi-steady state. The presence of a gap between the plates results in a 
lower amount of laser energy absorbed by the plates compared to the 
cases with perfect contact. Hence, joint formation and attainment of the 
maximum melt-pool width are delayed after the process initiation. This 
delay decreases with increasing the laser power. Once the plates melt 
and a liquid bridge forms between them, the amount of laser energy 
absorbed by the plates increases and becomes comparable to that in the 
case of perfect contact. However, a lower amount of laser energy is 
absorbed by the plates, and a lower peak temperature is observed over 
the melt-pool surface compared to the case of perfect contact. This is 
because the front part of the laser beam scans regions where the gap 
exists. 

The thermal field generated in the plates and consequently the 
melting behaviour and process stability are influenced by the location of 
the heat source. Figure 4 shows the effects of heat source location on the 
weld bead, melt-pool shape, and the temperature distribution over the 
melt-pool surface for different laser powers at t = 1 s. Joint formation 
and attainment of the maximum melt-pool width occur earlier when the 
heat source is placed 100 μm away from the centreline than in welding 
of plates with a root gap in a symmetric configuration (see Fig. 3). This 
can be attributed to the fact that less laser energy is lost through the gap 
when the centre of the laser beam with a Gaussian intensity profile is 
located on one of the plates, resulting in rapid melting of the plate and 
formation of a liquid bridge between the plates. The difference between 
the weld bead appearances obtained in welding metal sheets with a root 
gap in a symmetric configuration (xb = 0 μm) and asymmetric config-
uration (xb = 100 μm) are found to become insignificant with 
increasing the laser power. 

Displacing the laser beam further away from the centreline to a 
distance of xb = 250 μm results in significant melting of one of the 
plates. The edge of one of the plates undergoes significant melting, 
primarily influenced by the surface tension exerted by the molten metal 
at the plate’s periphery. Thus, the edge transforms into a semi- 
cylindrical shape. As the volume of the molten metal gradually in-
creases during welding, a liquid bridge forms that joins the plates. When 
employing a laser power of 200 W, the volume of molten metal is limited 
and the molten metal flow is unstable, resulting in periodic perforations 
during the welding process. Increasing the laser power increases the 
volume of molten metal, thereby establishing a more stable liquid bridge 
between the plates. 

Welding of metal sheets with a high-low mismatch 

The weld bead geometry, the shape of the melt pool, and the tem-
perature distribution on the melt-pool surface at are presented in Fig. 5 
for different laser powers. These results were obtained by numerically 
simulating the welding process of metal sheets with high-low mis-
matches of 20% and 50% of the plate thickness, and the laser beam was 
assumed to scan along the centreline (xb = 0 μm) of the metal sheets. 
The melt pool surface forms an angle with the horizontal plane when 
there is a high-low mismatch between the plates, and the melt-pool 
depth increases in the same direction accordingly. The laser beam 
incident angle is slightly increased by the inclination of the melt pool 
surface, but this increase in the incident angle is insignificant (less than 
40◦) to cause a notable change in the laser absorptivity for the cases 
studied in the present work. However, plate positioning influences the 
contact area between the plates, affecting the thermal field evolution in 
the plates. For thin metal sheets, where the melt-pool size is comparable 
to the plate thickness, the thermal field generated in the plates causes 
the melt-pool depth to grow towards the bottom surface of the higher 
plate, as shown in Fig. 5 for a laser power of 200 W. The effective plate 
thickness beneath the laser beam is reduced by an increase in the high- 
low mismatch, and thus the melt pool can reach the bottom surface of 
the higher plate. The thermal field generated in the plates and the melt 
pool shape evolution are affected by the displacement of the laser beam 
from the centreline. The effects of heat source location on the weld bead, 
melt-pool shape, and the temperature distribution over the melt-pool 
surface for different laser powers when welding metal sheets with a 
high-low mismatch are presented in Appendix ‘The effects of heat source 
location in welding metal sheets with a high-low mismatch’. 

Welding of metal sheets with dissimilar thicknesses 

The weld bead, melt-pool shape, and temperature distribution over 
the melt-pool surface for various laser powers at t = 1 s are depicted in 
Fig. 6. These results were derived from numerical simulations of butt 
welding of metal sheets with dissimilar thicknesses, assuming that the 
laser beam scans the metal sheets’ centreline (xb = 0 μm). The melt- 
pool size decreases with increasing plate thickness due to the 
enhanced cooling effect resulting from the increased heat diffusion to 
the surrounding material. This results in a higher cooling rate in the 
thick plate than in the thin plate, and thus the melt pool develops to-
wards the thinner plate. This observation is consistent with the experi-
mental measurements of thermal field and melt-pool shape during laser 
butt welding of Ti6Al4V sheets with dissimilar thicknesses reported by 
Li et al. (2020). The plate thickness has negligible influence on the peak 
temperature and molten metal velocity, particularly for low laser 
powers. A comparison of the results obtained for welding with a laser 
power of 250 W shows that full penetration is attainable when the dif-
ference between the plate thicknesses is approximately 10%. However, 
when the difference in plate thickness exceeds 10%, a higher laser power 
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is required to achieve full penetration. Displacing the laser beam notably 
influences the development of the melt pool and thus the joint quality, as 
shown in Figs. A.3 and A.4 in appendix ‘The effects of heat source 
location in welding metal sheets with a dissimilar thicknesses’. 

Conclusions 

The influence of various symmetric and asymmetric welding con-
figurations on the melt-pool behaviour in conduction-mode laser butt 
welding of stainless steel sheets was studied using high-fidelity numer-
ical simulations. The simulations have incorporated detailed models for 
heat transfer, solid-liquid phase transformation, and melt-pool dy-
namics, as well as an enhanced laser-beam absorption model that takes 
into account the effects of surface temperature and morphology on local 
laser absorptivity. The analysis has focused on the effects of laser power 
density, heat source misplacement and different welding scenarios 
involving root gaps, high-low thickness mismatches, and dissimilar plate 
thicknesses on the molten metal flow and heat transfer during welding. 
The main findings of this study are:  

• Advection is the dominant mechanism for energy transfer in the melt 
pool, and its contribution increases with increasing laser power.  

• The temperature distribution over the melt-pool surface creates local 
variations in molten metal surface tension, generating the Marangoni 
shear force that drives the molten metal flow and leads to the for-
mation of vortices and periodic flow oscillations within the pool.  

• The presence of a gap between the plates reduces the amount of laser 
energy absorbed by the plates and delays joint formation and 
maximum melt-pool width. However, once a liquid bridge forms 
between the plates, the amount of laser energy absorbed by the 
plates increases and becomes comparable to perfect contact.  

• The displacement of the laser beam from the centreline affects the 
thermal field evolution and melt pool shape. Displacing the laser 
beam slightly towards one of the plates in welding of thin plates with 
a root gap results in rapid melting of the plate and liquid bridge 
formation. Displacing the laser beam further away from the centre-
line results in significant melting of one of the plates and can lead to 
the formation of periodic perforation during welding with low laser 
powers.  

• The high-low mismatch between the plates causes the melt-pool 
surface to form an angle with the horizontal plane and influences 
the direction along which the melt pool grows. The thermal field 
evolution causes the melt pool depth to grow towards the bottom 
surface of the higher plate.  

• The melt-pool size decreases with increasing plate thickness due to 
enhanced cooling resulting from increased heat diffusion to the 
surrounding material. The melt pool develops towards the thinner 
plate when welding plates of dissimilar thicknesses. 

These comprehensive simulations provide valuable insights into the 
fluid flow dynamics and thermal field evolution during laser butt 
welding of thin metal plates. The results reveal how different asym-
metric configurations affect the melt-pool shape, process stability and 

joint quality. The knowledge gained from this study can facilitate pro-
cess optimisation, determining welding parameter tolerances, and guide 
the improvement of weld quality in practical applications by enabling 
better control of the workpiece assembly, the welding set-up, and the 
laser parameters. 

The present model can serve as a basis for future research by 
extending it to incorporate the effects of arc plasma, metal vapour, 
shielding gas, and electromagnetic phenomena in electric arc-based 
fusion welding processes. This extension would provide a more 
comprehensive understanding of heat and mass transfer during welding. 
Moreover, the impact of asymmetric configurations on the microstruc-
ture and mechanical properties of the welds can be investigated through 
metallurgical analysis and mechanical testing of the welded specimens. 
Insights into the relationship between welding parameters, asymmetry, 
and the resulting weld properties can be offered by correlating these 
results with the predicted thermal and fluid flow fields from numerical 
simulations. 
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Appendix A 

The effects of heat source location in welding metal sheets with a high-low mismatch 

Numerical simulations of welding metal sheets with high-low mismatches of 20% and 50% of the plate thickness were performed for different laser 
powers. The weld bead geometry, the melt-pool shape, and the melt-pool surface temperature at t = 1 s are shown in Figs. A.1 and A.2 for the cases 
where the laser beam centre was on the lower plate (xb = − 250 μm) and the higher plate (xb = 250 μm), respectively. These results demonstrate the 
effect of displacing the laser beam from the centreline in welding thin plates with a high-low mismatch. 
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Fig. A.1. Numerically predicted weld bead, melt-pool shape, and temperature distribution over the melt-pool surface for different laser powers at t = 1 s. The results 
were obtained for welding of metal sheets with a high-low mismatch. Left column: Hm = 100 µm, and right column: Hm = 250 µm. The centre of the laser beam is 
located on the lower plate (xb = − 250 µm). 

Fig. A.2. Numerically predicted weld bead, melt-pool shape, and temperature distribution over the melt-pool surface for different laser powers at t = 1 s. The results 
were obtained for welding of metal sheets with a high-low mismatch. Left column: Hm = 100 µm, and right column: Hm = 250 µm. The centre of the laser beam is 
located on the higher plate (xb = + 250 µm). 
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Fig. A.3. Numerically predicted weld bead, melt-pool shape, and temperature distribution over the melt-pool surface for different laser powers at t = 1 s. The results 
were obtained for welding of metal sheets with dissimilar thicknesses. Left column: Hst = 600 μm, and right column: Hst = 750 μm. The centre of the laser beam is 
located on the thicker plate (xb = − 250 μm). The dashed blue line indicates the boundary between the metal sheets before welding. 

Fig. A.4. Numerically predicted weld bead, melt-pool shape, and temperature distribution over the melt-pool surface for different laser powers at t = 1 s. The results 
were obtained for welding of metal sheets with dissimilar thicknesses. Left column: Hst = 600 μm, and right column: Hst = 750 μm. The centre of the laser beam is 
located on the thinner plate (xb = 250 μm). The dashed blue line indicates the boundary between the metal sheets before welding. 
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The effects of heat source location in welding metal sheets with a dissimilar thicknesses 

Numerical simulations of welding metal sheets with dissimilar thicknesses were performed for different laser powers. The thickness of one of the 
plates was increased by 20% and 50% of the plate thickness Hs that is 500 μm. The weld bead geometry, the melt-pool shape, and the melt-pool surface 
temperature at t = 1s are shown in Figure for the cases where the laser beam centre was on the thicker plate (xb = − 250 μm) and the thinner plate (xb 

= 250 μm), respectively. These results demonstrate the effect of displacing the laser beam from the centreline in welding thin plates with dissimilar 
thicknesses. 
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