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ABSTRACT

The behaviour of the weld pool in high-power laser beam welding is significantly influenced by laser
absorption and keyhole stability, which determines the final weld qualities. However, their dynamic features
and multi-coupled interactions make in-depth analyses difficult. This study addresses the challenges by
conducting a thorough statistical evaluation of the effects of welding parameters on laser absorption and
keyhole fluctuations, using experimental investigations and a well-validated numerical model. From a
statistical aspect, the laser energy distribution and the keyhole collapse, commonly considered highly time-
varying, show clear regularities. Three distinct regions of the time-averaged energy distribution are identified.
The possibility of the keyhole collapse positions obeys a universal normal distribution. The statistical data
show greater potential in revealing some well-known, industry-related but unclearly explained findings, such
as the saturation of the weld penetration with increasing heat input and the physical basis of the contributions
of different welding parameters in the porosity reduction.
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INTRODUCTION

High-power laser beam welding (LBW) has become increasingly attractive in industrial
applications due to its high efficiency and precise control [1]. The most important
characteristic of LBW is the formation of a narrow and deep keyhole inside the weld pool,
generated by intense laser-induced evaporation. Within this keyhole, the laser beam reflects
multiple times against dynamic, irregular keyhole surfaces. Although liquid metals exhibit
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low direct laser absorptivity [2], the cumulative absorption from repeated reflections enables
thermal efficiencies of up to 90% [3]. This absorption mechanism profoundly influences the
welding process, driving melting, chemical reactions, and microstructural evolutions.
However, these interactions can also lead to common defects such as spatter, hot-cracking,
and porosity. Hence, deeper physical insights into laser absorption and keyhole dynamics are
critical for optimizing the LBW process.

Monitoring keyhole behaviour during welding is challenging due to the opaque nature of
liquid metals and rapidly evolving geometries. Techniques such as Optical Coherence
Tomography (OCT) have provided transient one-dimensional measurements of the keyhole
depth [4]. Alternatively, the sandwich configuration, using a metal plate and heat-resistant
glass, allows a two-dimensional side view of the keyhole, captured through high-speed
cameras [5]. However, detailed keyhole features, like fine surface fluctuations, are often
obscured in this method due to the image overexposure. The x-ray transmission imaging
technique significantly improves visualization, offering clear two-dimensional or even three-
dimensional reconstruction of the transient keyhole geometry. High-quality synchrotron x-ray
sources achieve micrometer-level spatial and MHz-level temporal resolution, enabling precise
observation of fine structural details within keyhole dynamics [6-8].

Direct measurement of laser absorption inside the keyhole remains technically unfeasible.
Consequently, indirect strategies, such as reconstructing keyhole shapes using high-speed
photography [9] or x-ray radiography [10,11] followed by ray-tracing analysis, have been
developed. These approaches estimate energy distribution and overall absorptivity, revealing,
for instance, that approximately 40% of the laser energy is absorbed by the front keyhole wall
[9].

Recently, multi-physics modelling has become an effective tool for understanding LBW
phenomena. By integrating physics-based beam interaction models with interface tracking
algorithms, these simulations effectively predict laser absorption and keyhole topology [12-
14]. Studies using these models have identified the inclination angle of the keyhole’s front
wall as a crucial factor influencing absorption and energy distribution [15]. A more inclined
front wall, common at higher welding speeds, tends to distribute energy uniformly.
Additionally, microscopic protrusions on keyhole walls strongly influence energy absorption,
driving keyhole instability and fluctuations [16,17].

However, current experimental and numerical analyses typically examine short and
sometimes selective instances of the keyhole dynamics, which lack statistical robustness. Only
limited research has been performed from a statistical perspective. For example, in the study
of Pang et al., the keyhole depth fluctuations were found to have a normal distribution [18].
Important aspects like average laser absorption during melting or the likelihood of porosity-
related keyhole collapse remain unexplored.

Addressing these gaps, this paper presents a comprehensive statistical analysis using multi-
physics modelling to investigate laser energy absorption and keyhole stability over an
extended duration (more than 100 ms). Statistical evaluations explore how welding parameters
(welding speed and focus position) influence keyhole dynamics and energy absorption. This
approach reveals novel insights into LBW physics, highlighting the advantages of statistical
methods in understanding and optimizing this complex process.
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METHODOLOGY

EXPERIMENTS

Bead-on-plate welding experiments were performed using 304 stainless steel plates measuring
200 mm length, 60 mm width, and 10 mm thickness. The laser source was a Trumpf disk laser
system emitting at a wavelength of 1.03 pm with a focal diameter of
0.42 mm. The laser beam was vertically aligned to the plate surface. Welding parameters
investigated included welding speed (1.5 m/min to 3.0 m/min) and focal position (ranging
from -6 mm to +3 mm). Before welding, the steel surfaces were mechanically cleaned to
remove oxide layers. Cross-sections were prepared from welded samples for further
examination, involving grinding, polishing, and etching using a V2A solution. Optical
microscopy was utilized to analyse these cross-sections metallographically, capturing the
fusion zone profiles and measuring penetration depths to validate experimental results.

MULTI-PHYSICS MODELLING

Under the following assumptions: (1) the liquid metal behaves as an incompressible
Newtonian fluid, (2) fluid flow remains laminar, and (3) buoyancy is modelled using the
Boussinesq approximation, where density variations due to temperature are neglected except
in buoyancy terms, the governing equations for heat transfer, fluid flow, and free surface
deformation during LBW can be expressed as follows:

V-v=0 1)
p(g—\tlJr(vV)vj=—Vp+yV2v—yKv+Sm +F (2)
p[i—?+(v~v)h}:V~(kVT)+Q ©)
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Equation (1) represents mass conservation, where v is the velocity vector. Equation (2)
describes momentum conservation, where p denotes material density, t physical time, p
pressure, u dynamic viscosity, and K the damping coefficient associated with solidification.
The vector Sy, includes various source terms such as buoyancy and gravitational forces, while
F represents volumetric forces derived from surface phenomena [19], including capillary
pressure, Marangoni stress, and recoil pressure. Equation (3) expresses energy conservation,
with 4 as enthalpy, T temperature, k thermal conductivity, and Q the heat source term
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representing converted surface energy. Equation (4) is the volume-of-fraction (VOF) equation
used to track the interface, where f is the volume fraction of steel.

The model incorporates key factors affecting melting and keyhole dynamics. Laser heating
is simulated using a physics-based beam propagation model, which will be described further
in the following part. Additional heat from scattering and absorption is considered through
two diffuse heat-source models [20]. Thermal losses from convection, radiation, and
evaporation are applied at the interface. Capillary pressure, Marangoni stress, and
temperature-dependent recoil pressure [21] are included to simulate the keyhole evolution.
The stagnation pressure and shear stress generated by the vapor jet are modelled analytically
using the Knudsen layer theory and the free jet theory [20] for accurate simulation of the
keyhole dynamics.

Accurate modelling of beam propagation and laser-material interactions is essential for
understanding laser absorption and keyhole behaviour. In this study, a ray-tracing algorithm
is implemented to track the laser beam, including initial and subsequent reflections on the
keyhole surface. Beam focusing or defocusing due to the caustic effect are also considered.
Since the VOF method does not explicitly define the interface, reflection accuracy is typically
restricted by the cell size [22]. To improve precision, a localized Level-Set (LS) approach
reconstructs the keyhole interface mathematically [23], allowing the exact determination of
reflection points without significantly increasing computational costs.

Commonly used laser absorption models rely on the incident angle alone, requiring
empirical calibration for other physical factors [24,25]. A novel Fresnel reflection model based
on the Drude—Lorentz theory [26], calculating the relative electric permittivity of metals, is
employed in this study. This new model considers the incident angle, laser wavelength, surface
temperature, and electrical conductivity, which eliminates the adjustment/calibration of
empirical parameters.

The simulation domain consists of a 10 mm thick metallic phase and a 1 mm thick argon
gas phase. The initial mesh includes a uniformly meshed central region (2 mm to 8 mm in the
x-direction and -2 mm to 2 mm in the y-direction) with 0.2 mm hexahedral cells, which
gradually increase in size to approximately 0.7 mm outside this region. A multi-level mesh
adaptation approach is used to refine the mesh progressively from 0.2 mm to 0.1 mm and
finally to 0.05 mm within the region of interest (keyhole and weld pool). ANSY'S Fluent 23.1
is used to solve the governing equations. The total number of cells increases from an initial
78,000 to around 680,000 as the keyhole and weld pool evolve, as illustrated in Fig. 1. The
simulations run on a high-performance computing cluster at Bundesanstalt fiir
Materialforschung und -priifung, where at least 10 ms of physical simulation time is achieved
every 24 hours using 88 cores and 256 GB of memory.
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Fig. 1 The mesh refinement from the multi-level mesh adaptation

RESULTS AND DISCUSSION

Fig. 2 presents a representative validation of the simulated penetration depths across the
studied welding parameter ranges in the current study. The proposed model achieves good
accuracy, exhibiting minor deviations of approximately -11% to +5% compared to
experimental measurements. In the following section, a detailed parametric investigation will
be performed to statistically analyse the effects of welding speed and focal position on laser
energy absorption and keyhole stability over an extended period of more than 100 ms.

10
d
T ot w7
£ .
N—r d
.E 8- // /’
E // //Ql;
+— 7 -
S 7t R LT A
o // jt ///
o 7’ -
(] s Phe
E 6 // j.i/
3 "
= 5| J /,FET
(@] 7, //
///
4 ~ 1 1 1 1 1
4 5 6 7 8 9 10

Experimental penetration depth (mm)

Fig. 2 Comparison between experimental and simulated penetration depths
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STATISTICAL ANALYSIS OF LASER ABSORPTION

Fig. 3 illustrates the influence of welding speed on the time-averaged laser energy absorption
along the longitudinal cross-section. All contours are normalized relative to the maximum
power density for the respective welding conditions. A transient keyhole profile (solid black
line) is included for spatial reference. At all welding speeds, the front keyhole wall
consistently shows higher absorption due to the initial laser incidence. The upper region of the
rear wall also absorbs a notable amount of energy. Compared with the transient laser energy
density [10,11,16,17], the time-averaged laser energy exhibits a relative regular distribution
regime.

To analyse the overall energy distribution along the thickness direction and the welding
directions, the time-averaged power density (in W/m?) at each z-level/x-level is integrated to
yield a line distribution (in W/m), which is then divided by the welding speed to obtain the
averaged linear energy. As shown in Fig. 4(a), three distinct regions are observed along the
thickness direction: an upper zone with intensive energy absorption, a middle region
exhibiting a relatively uniform distribution, and a lower region where absorbed energy
declines sharply. While the welding speed has limited influence on the general distribution
shape, an inverse correlation is evident in the upper region, namely higher welding speeds
correspond to reduced energy absorption. Fig. 4(b) shows the energy distribution across the
front and rear keyhole walls. For clarity, the laser axis is used to separate the front and rear
wall regions. Steep gradients in front of the axis indicate concentrated energy absorption on
the front keyhole wall, while gentler slopes behind it reflect more gradual absorption on the
rear wall. On a time-averaged basis, the absorption ratio on the front wall decreases from 37%
to 30.5% as welding speed increases from 1.5 m/min to 3.0 m/min.
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Fig. 3 The influence of welding speed on time-averaged laser absorption: (a) 1.5 m/min, (b) 2.0
m/min, (c) 2.5 m/min, (d) 3.0 m/min. (laser power: 4 kW, focal position: -3 mm)
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Fig. 4 Time-averaged linear energy: (a) along the thickness direction, (b) along the welding
direction (laser power: 4 kW, focal position: -3 mm)

The focal position has a more pronounced impact on the pattern of laser energy distribution
than the welding speed. Even with similar linear energy input, variations in focal position
result in different time-averaged energy profiles, leading to different penetration depths, as
shown in Fig. 5. Fig. 6 further demonstrates the significant influence of the focal position on
the time-averaged energy distribution, particularly in the middle and lower regions of the
keyhole. A negative focal position of -3 mm produces the deepest penetration, attributed to a
stable absorption zone extending to the keyhole bottom. At focal position of -6 mm, this stable
zone becomes less distinct, with a gradual reduction in absorbed energy along the depth. In
contrast, with a zero or positive focal position, the absorbed energy increases slightly near the
keyhole bottom rather than declining, an unusual distribution potentially associated with the
formation of porosity and hot cracking [27]. Additionally, as the focus shifts from positive to
negative, the absorption ratio on the front keyhole wall steadily decreases-from 40.5% to
36.8%.
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Fig. 5 The influence of focal position on the time-averaged laser absorption: (a) -6 mm, (b) -3
mm, (c) 0 mm, (d) +3 mm (Laser power: 4 kW, welding speed: 2 m/min)
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Fig. 6 Time-averaged total linear energy: (a) along the thickness direction, (b) along the welding
direction

STATISTICAL ANALYSIS OF THE KEYHOLE STABILITY

To comprehensively assess keyhole stability, several indicators are considered in this study:
collapse position, fluctuation frequency, and collapse duration. A collapse is defined as the
moment when the front and rear keyhole walls come into contact. The location of this contact
is a key metric for evaluating stability, while the number of collapses per second is defined as
the fluctuation frequency. Each collapse also has a corresponding duration, measured from the
initial contact to the moment when the walls separate again.

Fig. 7 presents the possibility of collapse occurrences along the keyhole depth. Most
collapses occur near the keyhole tip and follow a normal distribution, aligning well with
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previous findings [18,28]. Lower welding speeds, which generate deeper keyholes, are
associated with broader collapse ranges. As the welding speed decreases from 3.0 m/min to
1.5 m/min, the collapse range increases from 0.7 mm to 2.0 mm, leading to larger gas bubbles
and potentially more serious porosity issue. The collapse frequency remains relatively stable
between 7 kHz and 8.4 kHz for welding speeds between 1.5 m/min and 2.5 m/min, but rises
sharply to 180 kHz at 3.0 m/min.

Fig. 8 shows a scatter plot of individual collapse durations versus position, with each point
representing a single collapse occurrence. The points are color-coded using kernel density
estimation (KDE). Higher KDE values (red regions) indicate more frequent collapse
behaviour in that area. It is clearly indicated that although keyhole fluctuations occur at high
frequencies (from several kilohertz up to hundreds of kilohertz), most collapses are short-
existing (under 1 ms) and are rapidly reopened due to a strong recoil pressure. A comparison
of Fig. 8(a)-8(d) reveals that increasing welding speed significantly reduces the number of
long-duration collapses. Since only collapses with extended durations are likely to form gas
bubbles in the weld pool and potentially lead to porosity in the final weld, it can be expected
that the reduction of the long-duration collapses will enhance the keyhole stability.
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Compared to welding speed, the focal position exhibits a complex influence on keyhole
stability. A deeply focused beam positioned at -6 mm (relative to the workpiece surface) not
only induces collapses at the keyhole bottom, which follows also a normal distribution, but
also leads to occasional collapses in the upper keyhole region, as illustrated in Fig. 9(a). These
upper-region collapses are typically short in duration and are expected to contribute only
marginally to overall keyhole instability, as shown in Fig. 10(a). As the focal position is
adjusted upward, these upper-region collapses disappear, and collapses are confined to the
keyhole bottom. Fig. 9 and Fig. 10 further demonstrate that the collapse region, closely related
to potential bubble size, becomes narrower, and the number of long-duration collapses
decreases as the focal plane moves closer to the surface. This behaviour suggests a reduced
likelihood of porosity formation at shallower focal positions.

At the same time, the collapse frequency increases from 4.8 kHz to 9.1 kHz as the focus is
raised from -6 mm to +3 mm. While this rise in frequency may increase the number of
collapses, which potentially contributes to porosity formation, the simultaneous reduction in
collapse area and duration may counterbalance this effect. Overall, the impact of focal position
on keyhole dynamics is found to be both non-linear and non-monotonic, consistent with
observations reported in several experimental studies [29-31].
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CONCLUSION

With the integration of experimental investigation and multi-physics modelling, this paper
presents a statistical evaluation of the effects of welding parameters, including welding speed
and focus position, on laser energy absorption and keyhole stability in high-power LBW. The
main conclusions are summarized as follows:

1. Three distinct regions of laser absorption are identified from a time-averaged
perspective: an upper region with higher absorption, a middle region with relatively
uniform energy intensity, and a lower region where energy absorption declines
sharply. This distribution pattern is only slightly influenced by variations in welding
speed whereas focus position exerts a notably stronger impact on the energy
distribution.

2. On atime-averaged basis, the front keyhole wall accounts for approximately 30% to
40% of the total absorbed energy due to its intensive and localized interaction with
the laser beam.

3. The majority of the keyhole collapses occur in the lower region, and their spatial

distribution follows a normal distribution. Increasing welding speed is effective in
narrowing the collapse zone and shortening collapse durations. The influence of focus
position is found to be non-linear and non-monotonic.
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