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Abstract. Laser welding is a widely employed technique in modern industry, valued for its ability
to achieve high-speed and high-quality welds. However, the weld quality depends heavily on
precise control of laser parameters, as improper settings can lead to common defects. For
aluminium alloys, such as 6082, minimizing heat input and managing cooling rates are critical to
prevent issues like solidification cracking and ensure consistent weld integrity. Pulsed laser
sources, as opposed to continuous ones, offer the advantage of reducing thermal stresses while
maintaining high penetration depths. This study numerically investigates a dual-region laser source
operating in pulsed mode for micro-welding applications. The laser comprises a high-intensity
core for deep keyhole formation and an outer ring designed to stabilize the molten pool. Using a
Volume of Fluid-based simulation framework, various pulse strategies were evaluated and
compared to a novel configuration where the core operates in pulsed mode while the ring remains
continuous. The results show that traditional rectangular pulses produce the highest cooling rates,
increasing the risk of solidification cracks. However, incorporating a cooling-down phase and
ramping the pulse shape effectively reduces the cooling rate, resulting also in more homogeneous
penetration depths. The constant base power from the outer ring further enhances this effect by
preheating the material before the pulse and extending the solidification time afterward. This
extended solidification time reduces cracking risk and improves surface roughness. The study
concludes that controlling the pulse shape and utilizing a constant base power from the ring can
significantly reduce the cooling rate—by up to 45%, depending on the pulse shape—thereby
enabling high-speed, high-quality welding of aluminium alloys, which are traditionally difficult to
weld due to their thermal sensitivity.

Introduction

Laser beam welding (LBW) is a widely utilized technique in industrial manufacturing for joining
metals due to its precision, speed, and weld quality. Unlike traditional methods such as arc or
resistance welding, LBW employs a highly focused laser beam, offering one of the highest power
densities available. This enables advantages such as high precision, low residual stress, a narrow
heat-affected zone (HAZ), and a high depth-to-width ratio, making it indispensable in industries
like automotive, aerospace, and electronics [1]. The increasing demand for lightweight, fuel-
efficient, and environmentally sustainable solutions, especially in the automotive sector, has
accelerated the adoption of aluminum alloys. Aluminum's high strength-to-weight ratio, corrosion
resistance, and thermal conductivity make it an excellent choice for structural and functional
components. However, welding aluminum alloys poses significant challenges compared to steel
due to aluminum's higher reflectivity, thermal conductivity, and expansion coefficient, as well as
its lower viscosity [2,3]. These characteristics, particularly in 6XXX series alloys, increase
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susceptibility to weld defects such as porosity and hot cracking [4,5]. Defect formation is closely
tied to the dynamics of the molten pool and the cooling rate during solidification. To mitigate these
defects, researchers have focused on strategies to reduce the cooling rate and control temperature
gradients. Techniques such as pulsed welding, which delivers power in bursts [6], or altering the
temporal pulse shape, like ramp-down or step-down pulses, have shown promise in reducing hot
cracking [7,8]. Additionally, hybrid approaches, combining continuous and pulsed lasers [9,10],
or Laser-GMAW [11,12] have demonstrated improved absorptivity and reduced defects by
moderating the cooling rate and solidification dynamics. A more accessible alternative to complex
hybrid setups is the use of dual-region laser sources with adjustable intensity distributions, such as
the IPG Adjustable Mode Beam (AMB) laser. These systems enable independent control of a high-
energy core for deep penetration and a surrounding ring for stabilizing the molten pool [13]. While
extensively studied in continuous-wave applications [14], their potential for pulsed welding
remains relatively unexplored. In recent years, numerical modeling has emerged as a powerful tool
for investigating laser welding processes, offering a level of reliability that increasingly
complements and, in some cases, rivals experimental methods [15,16] . These models enable
researchers to gain insights into complex phenomena such as cooling rates, keyhole dynamics, and
fluid flow within the molten pool—data that is often challenging or impossible to obtain through
conventional experimental techniques. This study investigates the use of a dual-region laser source
in pulsed welding of 6082 aluminum alloy, commonly used in automotive applications. By
independently controlling the core and ring regions—employing a pulsed core and a continuous
ring—this research explores the impact of various pulse strategies on weld quality. Numerical
simulations, conducted using FLOW-3D WELD, provide insights into the influence of laser
parameters on defect mitigation and weldability, offering a robust alternative to experimental
studies.

Materials and Methods

Experimental setup: To calibrate and validate the numerical models, experimental bead-on-plate
welds were performed using an IPG YLS 1000-1000 SM AMB laser. The system comprises two
fibers—a 14 pm core and a 100 um ring—delivered to an IPG scanning head for precise beam
movement. The laser was focused on square sheets of A16082-T6 (55 x 55 x 1.5 mm), which were
securely clamped to minimize distortion or movement during welding. No shielding gas was used.
The characteristics of the two laser beams are summarized in Table 1 while the chemical
composition of the material used in Table 2. The actual setup can be seen in Fig. 1.

Table 1 — Laser characteristic

Core beam Ring beam
Maximum Power [W] 1000 1000
Collimation length [mm] 160 160
Focal length [mm] 500 500
Fiber core diameter [pm] 14 100
Beam divergence [mrad] 50 80
Spot diameter [pum] 45 120-310
Wavelength [nm] 1070 1070

Table 2 — Chemical composition of Al 6082 [wt%]

Al Mg Mn Zn Cr Ti Si Cu Fe Other
Balance 0.6-1.2 0.4-1 <0.2 <0.25 <0.1 0.7-1.3 <0.1 <0.5 <0.15
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Figure 1 — Experimental sétu

The weld path, laser power, and scanning velocity were controlled using IPG’s proprietary
software, IPGScan.

Post-processing involved cutting the weld samples perpendicular to the weld bead using
electrical discharge machining (EDM). The cross-sections were mounted in resin, ground with SiC
abrasive papers (80 to 2500 grit), and polished with a 1 pm alumina suspension. The samples were
etched with Kellar’s reagent to reveal the weld seam geometry. The weld bead cross-sections were
analyzed using a Zeiss Observer A1M optical microscope to measure geometric dimensions.
Additionally, the surface arithmetic mean roughness of the pulsed sample was assessed using a
Keyence VHX-7000N digital optical microscope. In laser pulsed welding, energy is delivered in
discrete bursts rather than a continuous flow, with key parameters including the period (time
between pulses), pulse width (duration of a pulse at full width half maximum), and peak power
(maximum instantaneous power during a pulse). Beyond these parameters, the shape of the laser
pulses plays a key role in the welding process. Four distinct pulse shapes were investigated
(showed in Fig. 2), each offering different energy delivery characteristics while keeping the same
energy delivered for each pulse:

e Rectangular pulse: Delivers a constant power output throughout the entire pulse width,
with an instantaneous change in power at the start and end of the pulse.

e Cool-down pulse: Begins at maximum power and linearly decreases to zero.

o Ramp-up pulse: Linearly increases power from zero to the peak value and then instantly
returns to zero.

e Trapezoid pulse: A hybrid profile that combines both linear power increase and power

decrease.
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Figure 2: Pulse shapes investigated
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Numerical investigation: Several modelling approach can be used to investigate laser welding,
such as the Level Set, Phase Field, and the Volume of Fluid (VoF) method [17]. In this work the
investigation is carried out using the commercial software Flow3D and its laser suite Flow3D-
WELD. The Volume of Fluid (VoF) [18], natively implemented in Flow3D, is used to track the
dynamics of the interface between the metal region (both solid and liquid phases) and the
surrounding air (modelled as atmospheric pressure and ambient temperature). This method
calculates a scalar function F, which represents the ratio of the volume occupied by the metal to
the total volume of the grid cell (an example is showed in Fig. 3) (Eq. 1):

F=0 Air
0<F<1 Airandmetalinterface (1)
F=1 Metal
Interface
—
"0.3&4/0.09 0.00 Air
.
1.00 0.79>] 0.15 0.00
k
Metal 1.0 0.99 0.88

Figure 3 — Volume of Fluid method

The evolution of F follows a conservation equation (Eq. 2):

oF oF oF oF

E+UE+U£+WZ=0. (2)
where u, v, and w represent the components along the x, y, and z axes, respectively, of the velocity
vector u. The following physical phenomena are considered: viscous flow, heat transfer and energy
conservation, phase change with evaporation and solidification, volumetric thermal expansion,
surface tension with Marangoni forces, multiple laser reflections with Fresnel absorption, and
gravity.

The mass conservation (Eq. 3) along with the Navier-Stokes equation (Eq. 4) for the momentum
conservation are solved to obtain the velocity and pressure fields:

a
a—‘:+V-(pu)=O, 3)

pZ=p(Z+ @ Vu)=-Vp+ V- {u|vu+vw -2 wi|} &)

where p is the density, p the pressure and p the dynamic viscosity. Energy conservation is solved
using the Eq. 5:

dpe

- TV (pew)=-Vq—p-V-u, ®)

where e is the internal energy per unit mass and q is the conductive heat flux vector.

The evaporation rate is modeled as a mass transfer between the metal and the air component,
proportional to the difference between the saturation pressure and the external air pressure:

Qeva = \/% (Psat - Pvap)- (6)
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R is the gas constant (8.314 ﬁ), a a dimensionless coefficient called accommodation and Pgat
is the saturation vapor pressure given by the Clapeyron equation (Eq. 7):

1
Pgqr = Py exp {ﬁ (T_v - %)}, (7)

where P, and T, identify a point in the saturated curve, y is the vapour specific heat ratio, ¢, is the
vapour specific heat at constant volume and AH, is the latent heat of wvaporization.
Finally, the recoil pressure P,..,; acting on the material surfaces is automatically evaluated
starting from the mass transfer calculated in Eq. 6.

The last force considered is the Marangoni force acting on the melting metal. As a result of
temperature variations, a surface tension gradient is formed at the liquid-solid interface, producing
a force Sy (Eq. 8) directed along the normal direction of the interface and equal to:

Su = Vo0, (8)

where I, indicates the gradient evaluated along the tangent direction of the melting interface of
the surface tension o.

The multiple reflection model is based on the idea that when the laser beam enters in contact
with the material only a fixed portion of energy is absorbed and the rest is reflected to the opposite
wall and acts as a new energy beam [19]. The energy absorption is described by the classical
Fresnel formula [20]. This mechanism gives an intensity-independent absorption coefficient A,
which essentially depends on the polarization state of the laser beam, the incident material and the
angle of incidence 0 of the laser beam as measured from the surface normal.

A=1-

©)

1 (1+(1—.¢.(T)cose)2 s(T)Z—Zs(T)cose+Zcosze)
2 \1+(1+&(T)cos8)2  &(T)2+2¢(T)cosB+2c0s28)’

where € can be derived knowing the electrical conductance per unit depth of the metal and the
dielectric constant of both the metal and the plasma formed during the weld. As these values are
hardly obtainable and the effect of the plasma plume rising from the keyhole is not directly
considered, it is necessary to tune the model using experimental results.

Fig. 4 contains all the temperature dependent properties of the materials used for the
simulations, including the value of ¢ obtained after the calibration. along with the other materials
properties.
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Figure 4 — Temperature dependent properties of AI6082-T6

Only half of the domain is simulated, using the symmetry of the linear weld bead along its
central plane to simplify the model and reduce computation time. The laser source is discretized
into two distinct regions: a Gaussian-profile core beam and an external ring modeled with a top-
hat profile. The computational domain comprises of two overlapping regions with different mesh
dimension. The inner region, encompassing the laser-material interaction, employs a finer mesh
with a cell size of 10 um to better represent all the phenomena previously mentioned. The outer
region, responsible for capturing thermal diffusion, uses a coarser mesh with a cell size of 50 pm.
The overall domain dimensions are 10 mm in the x-direction (welding direction), 4 mm in the y-
direction (perpendicular to welding), 2 mm in the z-direction, equal to the material full thickness
with 0.5 mm of air in the top. The finely meshed inner region, by contrast, is confined to 3 mm in
the x-direction, 0.5 mm in the y-direction, and 0.5 mm in depth. The total number of cells was
around 1 million. Boundary conditions are defined as follows: the top surface is subjected to fixed

atmospheric pressure, while the remaining boundaries, except the symmetry plane in the y=0
direction, are set as walls.

The configuration studied are summarized in Table 3

Table 3 — Laser configurations studied

Configuration Pulse shape | Pulse width | Frequency | Pmax Core | PmaxRing | Speed
[ms] [Hz] [W] [W] [mm/s]

Core and Ring Rectangular, | 1.5 500 300 300 100

PW, Ramp up,

Core PW and Cool down,

Ring CW Trapezoidal

Results and Discussion

The tuning of the numerical models was performed by analyzing two distinct welding
configurations. The first involved using only the core region at 300 W, while the second used only
the ring region at 1000 W. Cross-sectional profiles from both simulations and experiments are
compared in Fig. 5. The two distinct beams create welds that are very different in nature. The core
region, with its higher power density, produces a keyhole weld, characterized by a deep and narrow
penetration profile. In contrast, the ring region, with its lower power density, forms a conduction
weld, which is shallower and wider. The software accurately reproduced both types of welds,
capturing the distinct differences in their penetration and shape with high precision.
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Figure 5 — Comparison between experimental and simulated weld used for model tuning

The details of the measurements for penetration depth and weld width are summarized in Table
4, which includes the maximum values for both the simulations and experimental results. The
experimental measurements are based on the average of three sections taken from the middle of
the weld bead, while the simulated values are obtained by averaging the entire weld. The
comparison between the experimental and simulated data shows that the differences remain
consistently within acceptable limits, with less than a 7% variation for both the penetration depth
and weld width. For the validation, an additional case was selected—a rectangular PW weld, with
both the core and ring regions operating at 300 W, 500 Hz, and a 1.5 ms pulse width. The validation
results, also shown in the table, further confirm the model’s accuracy, with deviations even below
the 7% observed during the tuning phase.

Table 4 — Experimental and simulated weld dimensions for the tuning and validation

Depth [pm] | Sim depth Diff. Width [pm] Sim width | Diff.
[um] [pm]
Tuning 1 | 280.1 2731 2.46% | 297.4 279.8 5.92%
Tuning 2| 55 5 168.8 3.92% | 488.4 454 7.04%
Validation | 5 4 259.6 536% | 484.7 460 5.09%

The arithmetic surface roughness (Ra) of the validation case was measured along the red line
shown in Fig. 6. The surface roughness profile exhibits periodic variations, with areas where the
material is displaced outward and regions where it is recessed, typical of pulsed welding. This
trend is well captured in both experimental and simulation results. This measurement serves as the
final validation step, confirming that the numerical model successfully represents the physical
behavior of the welding process.
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Figure 6 — Comparison between simulated and experimental arithmetic roughness of pulsed
welding used for model validation

To investigate the solidification trends, the average temperature during the solidification
process was measured for both configurations. Fig. 7 presents the temperature distribution in
quartiles, with the darker red and blue bands representing the first two quartiles. The solid line
indicates the average temperature, while the dashed lines represent the maximum and minimum

temperatures within the molten pool.
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Figure 7 — Comparison of material cooling trends during PW for different pulse shape and pulse

configuration

The temperature profiles indicate distinct cooling behaviors for the two configurations analyzed
for all the pulse shapes considered, with notable differences in the solidification process. In the
Both PW configuration, the cooling rate is faster, as evidenced by the steeper decline in
temperature compared to the Core PW & Ring CW configuration. The continuous heat input from
the ring operating in CW mode prolongs the molten state of the material, increasing the
solidification time and reducing the cooling rate as shown in Table 5.
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Table 5 — Average cooling rate [K/s]

Rectangular Cool Down Ramp up Trapezoidal
Both PW | Ring CW | Both PW | Ring CW | Both PW | Ring CW | Both PW | Ring CW
2.42E6 1.43E6 1.23E6 9.28E5 1.07E6 7.13E5 1.13E6 9.25E5

These results further confirm that the continuous ring configuration leads to a slower cooling
rate. For the rectangular pulse, that exibits the highest cooling rate due to the sharp, instantaneous
transitions between high and low power levels, the cooling rate in the Ring CW configuration is
reduced by approximately 41% compared to the Both PW configuration. The continuous ring
reduces the cooling rate in all cases, with the minimum reduction being approximately 18%,
observed in the trapezoidal pulse configuration. These reductions indicate that operating the ring
in continuous wave mode (CW) provides a smoother cooling process by moderating the steep
temperature gradients typically observed with fully pulsed configurations. The average penetration
depth is also influenced by the pulse configuration. Fig. 8 shows the average penetration depth
with a standard deviation of the four pulse shapes compared between the standard case and the
ring CW one. The graph shows that penetration depth remains consistent across all pulse shapes
and configurations, with only significant differences between the Both PW and Core PW & Ring
CW modes. This indicates that using a continuous wave ring reduces the cooling rate without
compromising weld penetration.

3501 m Both PW
BN Core PW & Ring CW

Penetration Depth (microns)
g g

o
S
=3

o
=]

04

Rectangular Cool Down Ramp Up Trapezoidal

Figure 8§ — Comparison of penetration depth with different configuration

Conclusion

A dual-beam laser source was investigated using numerical models, initially calibrated with
experimental results. A novel strategy, involving pulsing of the core while keeping the outer ring
continuous, was compared to the standard case where both beams share the same pulse parameters.
At the high speeds typically used in industrial applications, the ring beam does not have a high
enough energy density to achieve deep keyhole welding but plays a crucial role in preventing the
steep temperature gradients that can lead to the formation of solidification cracks. In addition to
the standard rectangular pulse, three other temporal pulse shapes were investigated to further
reduce the temperature gradient and improve weld quality. These included: a ramp-up pulse, where
the power is linearly increased; a cool-down pulse, where the power is linearly decreased; and a
combination of the ramp-up and cool-down pulses. The results showed that the cooling rate was
significantly reduced by using a constant base power from the ring beam, which allowed for a
more gradual heating and cooling process. This gradual thermal cycling could leads to several
advantages: reduced distortion, more homogeneous material behavior, better penetration with
greater depth, and a reduced standard deviation in penetration depth across the weld. The improved
heat management contributes to the reduction of solidification cracks and enhances surface finish
quality. The insights gained from this study provide a strong foundation for further investigations
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into the viability of this configuration, particularly in optimizing the interaction between the core
and ring beams. Future work could explore combining these pulse shapes with additional
parameter optimization to further refine the cooling rate control and improve the overall welding
performance for industrial applications.
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