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ABSTRACT 

Dynamic beam shaping enables diverse possibilities to influence the performance of laser-based 

manufacturing processes, for example by tailoring the spatial intensity distribution of light in real time. One 

such possibility is shape sequencing, which involves switching between two or more beam shapes during 

laser-matter interaction, with each shape being active for a specified time frame (shape duration) within the 

sequence. When properly understood and utilized, shape sequencing could serve as an effective optimization 

approach in high-power laser materials processing applications such as Laser Beam Welding (LBW). 

In this work, a multi-physical simulation model is used as a comprehensive framework to evaluate the 

impact of shape duration on the dynamics of the LBW process, with the aim of mitigating instabilities that 

can lead to defects such as pores, spatter, lack of penetration, cracks, etc. The long-term goal is not only to 

identify optimal welding parameters, but also to understand why certain shaping strategies lead to better or 

worse process outcomes. As a demonstration, an aluminum-magnesium alloy is chosen as the workpiece 

material for a deep penetration welding (DPW) scenario. The numerical model is initially validated by 

comparing simulation results with macrographs of experimentally produced welds and is subsequently used 

to analyze a welding setup incorporating dynamic beam shape sequencing. The study reveals that shape 

sequencing can effectively induce vibrations at predefined frequencies on the keyhole surface, manifesting 

as periodic pulses whose width is determined by the shape durations. This pulsed excitation is subsequently 

transmitted to the melt pool, influencing its behavior. Certain shape durations favor a more or less effective 

excitation of the melt pool. 
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INTRODUCTION   

In addition to adjusting process variables such as beam power, feed rate, weld path, or focus 

position, modulating the properties of the laser beam opens up an even wider range of 

parameter configurations that may help achieve targeted key performance indicators (KPIs) 

of the welding process. This approach, referred to as beam shaping, can be implemented by 

means of various methods and technologies. Schmidt et al. [1] categorize beam shaping into 

three types: spatial, temporal, and polarizational. Spatial beam shaping involves using shaping 

devices to produce a specific intensity and/or phase distribution at the workpiece after the 

beam propagates through free space. Temporal beam shaping refers to the modulation of the 

wave phase (instantaneous frequency) or amplitude (power) over time. Polarizational beam 

shaping modifies the polarization state of light using optical elements such as half-wave or 

quarter-wave plates. A central aspect highlighted in [1] is that, regardless of the beam shaping 

method or technology, the interaction between a moving laser beam and the material always 

results in dynamic energy coupling. Therefore, it is crucial that the laser beam interacts with 

the material within a suitable time frame that can meaningfully influence the welding process 

or any of its mutually dependent subprocesses. 

From a technological perspective, the spatial, temporal, or polarization properties of light 

can be modulated in an initial step and then remain constant throughout material processing, 

which is commonly referred to as static beam shaping. However, they can also be modulated 

“on the fly” and repeatedly during processing, which is referred to here as dynamic beam 

shaping. This work explores dynamic beam shaping based on Civan’s coherent beam 

combining (CBC) proprietary technology [2], which enables both spatial and temporal 

modulation of light. For CBC beams, Weber et al. [3] proposed an additional classification by 

comparing the “relevant time” of the process (or subprocess), referred to therein as the process 

time constant, with the time(s) determined by the motion of the heat source. In this context, 

the laser-matter interaction regime is considered quasi-static when the beam moves faster than 

the response time of a particular physical process, causing the material to experience a 

temporally and spatially averaged influence of the heat source; dynamic when the beam 

motion occurs over a time significantly longer than the relevant process timescale; and 

resonant when the beam motion occurs over a time approximately equal to the characteristic 

process time.  

Building on this, a reasonable follow-up step is to identify the characteristic timescales or 

frequencies of the subprocesses in LBW and to determine how this information can guide the 

selection of beam shaping parameters that effectively operate on one or more of these 

subprocesses to achieve improved welding results. Depending on the technology, beam 

shaping can involve several independently adjustable parameters, i.e., multiple degrees of 

freedom, that define the behavior of the laser heat source and, therefore, the process outcome. 

While this offers great versatility, the complexity of the highly dynamic and interdependent 

physical interactions during welding makes it difficult to recognize the precise role of each 

individual shaping parameter in the mechanisms governing weld attributes.  

For Civan’s CBC technology, experimental studies have been recently conducted to 

evaluate the impact of different shaping parameters on the welding process. Dittrich et al. [4] 

performed bead-on-plate (BoP) welding tests on oxide-free copper using 18 beam shapes with 



shape frequencies between 0.1 and 300 kHz, at a fixed power and feed rate of 6 kW and 6 m 

min-1, respectively. It was observed that, in the considered process window, simpler shapes 

such as spots, short lines or small rings, produced better weld quality at different frequencies 

than larger and more complex shapes. Sawannia et al. [5] investigated the influence of 

switching frequency (shape duration) when sequencing between a single spot and four spots 

during welding of AISI 304 stainless steel plates (5 mm thickness), at a welding speed of           

6 m min-1 and power of 5 kW. They tested switching frequencies of 0.01, 0.1, 1, and 10 kHz 

(corresponding to shape durations of 100, 10, 1, and 0.1 ms, respectively) and identified a 

clear process response to shape sequencing for durations larger than 10 ms. Prieto et al. [6] 

analyzed the influence of beam shape, feed rate, and shape frequency on overlap welding of 

0.8-mm-thick AA3003 aluminum alloy sheets using input powers between 2.4 and 3.6 kW. 

They found that infinity and spiral shape patterns yielded satisfactory results in terms of 

interface width, penetration, and interface defects when using shape frequencies above 10 kHz 

at feed rates up to 18 m min-1. Olschok et al. [7] carried out BoP tests on 8-mm-thick AH36 

steel at a speed of 1.2 m min-1. A single-point fixed pattern and three dynamic shapes at 

frequencies of 0.1 and 100 kHz were tested, all achieving full penetration with powers between 

10 and 13 kW. The authors reported that shape frequency strongly influenced the melt pool 

geometry and resulting weld bead. At 100 kHz, the melt pool became narrower and longer. At 

0.1 kHz, the welds produced by the dynamic shapes were similar in geometry and 

microstructure to the weld produced by the single-point pattern, whereas at 100 kHz, the cross 

sections showed a markedly different geometry and coarser grains.       

Although an impact of dynamic beam shaping on the LBW process can be demonstrated 

experimentally, as in the examples above, deeper understanding of the specific effects of 

individual parameters is difficult to obtain through experimentation alone. In this regard, 

numerical simulation becomes an essential tool for advancing knowledge about the 

capabilities of different beam shaping strategies with respect to welding process optimization. 

As an application example, this work investigates one specific shaping parameter from 

Civan’s CBC technology: the switching frequency (or shape duration) during sequencing of 

two shapes. Numerical simulations using the multiphase Mass-of-Fluid model described in 

[8] are conducted to gain insights into the effect of this parameter on the welding process. A 

5xxx series aluminum-magnesium alloy is selected for the study, focusing on full penetration 

welds in a BoP configuration with 6 mm thick plates. This alloy series is widely used in 

aerospace, transportation, and construction owing to their low density, cost-effectiveness, high 

specific strength, good ductility and toughness, and excellent machinability, weldability, and 

corrosion resistance [9]. Defects such as pores and cracks are among the main challenges in 

LBW of such alloys [10]. 

The first part of this work provides a brief description of the numerical model, with an 

emphasis on the simulation aspects relevant to this practical application. It includes an 

overview of the laser heat source and its technology-specific shaping parameters. To ensure 

the simulation study is conducted within a sufficiently robust numerical framework, the model 

is validated by comparing simulation results with macrographic cross-section images for two 

significantly different parameter sets. Using the validated model, sequencing with beam 

shapes symmetrical about the process mid-plane is simulated with different symmetrical-in-

time durations, i.e., identical durations for each shape, to evaluate the effect of this single 



parameter on the welding process. The results are presented and discussed in the final part of 

the document, with the aim of identifying and explaining the main effects of shape duration 

and the specific shaping strategy on the process outcome, as well as their potential relationship 

with system dynamics. 

NUMERICAL MODEL AND SIMULATION SETUP 

The selected beam shaping strategy was investigated through one-pass BoP welding 

simulations of 5083 aluminum-magnesium alloy, employing a multi-physical numerical 

model custom-built within the OpenFOAM® architecture (Open Field Operation and 

Manipulation) [11], where the systems of coupled partial differential equations are solved via 

the Finite Volume Method (FVM). Originally introduced over a decade ago [12-13], the model 

has since been turned into a universal framework capable of simulating various scenarios of 

laser-based manufacturing both in the domains of micro- and macro-processing [14]. Fig. 1 

exemplarily shows one of the deep penetration welding (DPW) processes simulated within 

this study, highlighting some of the key features captured by the simulation model.  

 

Fig. 1 Longitudinal clip of the simulated LBW process in a 9 mm-thick 5083 aluminum plate 

The model itself was recently described in detail and rigorously validated by Zenz et al. [8]; 

hence, the reader is referred to [8] for a comprehensive list of underlying assumptions, 

governing equations, numerical implementation details, and validation results for different 

materials and process regimes relevant to laser beam welding. Instead of the widely used 

Volume-of-Fluid (VoF) method, it employs the so-called Mass-of-Fluid (MoF) method, in 

which the mass and energy of each phase are directly tracked through conservation equations, 



yielding an inherently mass- and energy-conservative framework, even across phase-change 

events and throughout compressible scenarios.  

Gaseous phases are included in the modeling domain and, in contrast to virtually all other 

published models, evaporation and condensation rates are formulated as pressure-dependent, 

with the local pressure on the gaseous side of the liquid-vapor interface taken into account to 

yield accurate, dynamic rates of evaporation and condensation. Furthermore, the recoil 

pressure resulting from newly formed and expanding vapor acting on condensed matter is a 

direct result of the compressible multiphase formulation including gaseous matter; hence, as 

opposed to most published approaches, no simplified recoil pressure model is necessary.  

Consequently, the MoF-based framework offers strong predictive capabilities for highly 

dynamic events in laser-material processing, with no need for calibration to a specific scenario 

(unlike models that neglect pressure-dependent evaporation and condensation), as recently 

demonstrated by Zenz et al. [15]. On this basis, it is particularly well-suited to reproduce and 

analyze transient system behavior and the resulting process characteristics under temporally 

and spatially modulated laser intensity distributions, including the low- and high-frequency 

response of the system to such modulation. By accounting for local gas-side pressure 

variations and their dependence on laser irradiation, as well as the topological constraints 

affecting the transport of newly formed vapor out of the laser irradiation zone, no process-, 

time- or space-dependent evaporation efficiency is required to capture the resulting non-

equilibrium state of evaporation and condensation. Further details and a rigorous comparison 

of the compressible multiphase MoF model with a simulation model omitting pressure 

dependence in evaporation and condensation are provided in [15].  

While the underlying physics are formulated in a general manner and are universally 

applicable to many laser-based manufacturing processes, the model requires material 

properties, process parameters, geometry, and initial and boundary conditions as inputs, just 

as in real-life applications. The following subsections focus on these parameters. 

GENERAL ASPECTS OF THE SIMULATION SETUP 

For the BoP welding configuration, Fig. 2 shows a schematic of the computational domain, 

which consists of the 5083-alloy workpiece and upper and lower layers of still air at 1 atm as 

the surrounding gas. Appendix I lists the temperature-dependent material properties used in 

the simulations for both the aluminum–magnesium alloy and air. Where no literature data 

were available for the specific alloy, values for pure aluminum were assumed. 



 

Fig. 2 Dimensions of the computational domain (left) and mesh (right), with refinement in regions 

corresponding to beam propagation, liquid, and resolidified material phases 

The initial mesh comprises cubic cells of 1 mm side length, distributed uniformly across 

the computational domain. Dynamic mesh refinement is employed, with a maximum of three 

refinement levels, resulting in the smallest cell elements having a side length of 125 µm. A 

portion of the mesh longitudinal section is also included in Fig. 2. The computational time 

step was adapted according to the Courant–Friedrichs–Lewy (CFL) condition, with a 

maximum value limited to 0.5 in the present simulations. An upper bound of 3 µs was further 

imposed on the time step, selected based on the lifetime of a single CBC point of the dynamic 

shapes employed (see Table 1 in next section). The workpiece boundaries were set to a fixed 

velocity of (0, 0, 0) and a zero-gradient condition for temperature, while the atmosphere 

boundaries were assigned a zero-gradient condition for velocity and an inlet/outlet condition 

for temperature. 

In the computational domain, the coordinate system is located at the top of the workpiece. 

The arrows indicate the start and end positions of the laser’s linear path, with the beam oriented 

perpendicular to the workpiece. The geometry was chosen to be sufficiently large to allow the 

process to reach a quasi-steady state. An important aspect of the chosen geometry is that no 

process symmetry is assumed, i.e., the entire weld bead is simulated. This allows, on one hand, 

modelling the specific shaping strategy analyzed, namely side-by-side shape sequencing, and, 

on the other hand, capturing asymmetric phenomena, such as the alternating lateral movement 

of the melt pool, that would be missed if symmetry conditions were assumed. 

HEAT SOURCE AND PROCESS PARAMETERS 

Beam shaping is applied using Civan’s Dynamic Beam Laser (DBL), which integrates 

Coherent Beam Combining (CBC) and Optical Phased Array (OPA) technologies. CBC takes 

a seed laser input, splits it, and amplifies it in parallel across multiple channels before 

recombining them coherently to produce a single high-power, high-quality beam. OPA 

controls the phase of each element in a 2D array, allowing the output beam to be shaped and 

steered arbitrarily without moving parts. Together, CBC maximizes power, while OPA 



provides precise control over beam shape and direction [2]. The principle of operation of the 

DBL, as well as a detailed description of the shaping parameters, can be found in [3]. The 

beam shapes used in this study are shown in Fig. 3. 

 

Fig. 3 Dynamic beam shapes: Shape 1 comprises 2 CBC-points; Shapes 2(a) and 2(b), 22-CBC 

points each. The white arrow aligns with the weld mid-plane and indicates the feed direction 

Each beam shape consists of a sequence of individual CBC points, with only one point 

active at a time during a shape cycle. Consequently, the patterns observed in Fig. 3 represent 

the superposition of the focal intensity distributions of all CBC points composing the shape, 

assuming an infinitely high shape frequency (𝑓𝑆𝑅 → ∞). For this study, a main-lobe focal 

diameter of 85 µm (FWHM) was used, corresponding to a focal length of 1.5 m and a depth 

of focus of 11.5 mm at a laser wavelength of 1064 nm. At this focal length, the CBC point can 

cover an area up to 520 µm wide. The main lobe is defined as a single spot at the center of the 

laser active area. In the numerical model, each CBC point is implemented as a series of two-

dimensional arrays describing the intensity distribution at different planes along the 

propagation direction. Values at out-of-plane positions are linearly interpolated between the 

two nearest adjacent planes. 

Table 1 summarizes the main shaping parameters, following the nomenclature presented in 

[3], while Table 2 lists the process parameters used for numerical validation (simulations 1a 

and 1b, based on experiments by Civan) and for examining different switching frequencies 

when sequencing between Shapes 2(a) and 2(b) (simulations 2a, 2b, and 2c). 

Table 1 Shape parameters 

Shape parameter Symbol Shape 1 
Shapes 2(a) 

and 2(b) 

Total number of positions in the shape      𝑁𝑃𝑜𝑠 2 22 

Number of set points at the i-th position 𝑁𝐶,𝑖 1 1 

Total number of points in the shape 𝑁𝑆𝑃 =∑ 𝑁𝐶,𝑖
𝑁𝑃𝑜𝑠

𝑖=1
 2 22 

Shape refresh frequency 𝑓𝑆𝑅 10 kHz 15 kHz 

Point order followed within the shape - - Random 

Time for drawing the complete shape 𝑡𝑆𝑅 = 1/𝑓𝑆𝑅 100.0 µs 66.67 µs 

Lifetime of one single CBC point 𝑡𝑆𝑃 = 𝑡𝑆𝑅/𝑁𝑆𝑃 50.0 µs 3.03 µs 



Table 2 Process parameter sets 

Parameter 1a 1b 2a, 2b, 2c 

Plate thickness   6 mm 9 mm 6 mm 

Power   5.5 kW 9.2 kW 5.5 KW 

Feed rate   35 mm s-1 60 mm s-1 35 mm s-1 

Shape sequencing  No Yes Yes 

Shapes employed Shape 1 
Shape 2(a)  

Shape 2(b)  

Shape 2(a) 

Shape 2(b) 

Shape duration in sequence 

(switching frequency) † 
- 10 ms (100 Hz) 

2a: 5 ms (200Hz) 

2b: 10 ms (100 Hz) 

2c: 15 ms (66.67 Hz) 

† The same shape duration applies to Shape 2(a) and Shape 2(b). 

RESULTS AND DISCUSSION 

MODEL VALIDATION 

A validation procedure was carried out to ensure that the simulations generated sound 

numerical results and adequately reflected the process under study, even when performed with 

widely different parameter sets, namely 1a and 1b. Fig. 4 shows a comparison between the 

simulation results and experimentally obtained macrographs of the weld cross-sections. 

 

Fig. 4 Comparison between simulation and experimental results for parameter sets 1a (left) and 

1b (right), using cross-sections representative of the process 

Despite uncertainties in the material properties, particularly at high temperatures in the 

liquid state, the simulation results show good agreement with the experimentally obtained 



cross-sections. Accuracy can be further improved by increasing the mesh resolution, 

reviewing the interpolation methods for describing the beam intensity, or performing 

additional iterations in the identification of thermophysical properties. 

For the 9 mm plate, a larger difference is observed between simulation and experiment, 

mainly in the lower part of the weld bead, where the simulation predicts a wider bead due to 

more heat reaching the plate’s lower section. This discrepancy could be related to a simplified 

description of the beam intensity distribution along the propagation direction. Although the 

numerical model is capable of a full three-dimensional description of the caustic, the 

simulations assumed a constant beam diameter along the plate height, given a depth of focus 

of 11.5 mm. This simplification appears reasonable for the 6 mm plate, which is the main 

focus of this study. However, for the 9 mm plate, beam divergence near the lower section can 

reduce the actual heat input, resulting in a narrower weld. 

WELDING PROCESS EVALUATION 

The evaluation of the welding process starts by comparing the influence of the beam shaping 

parameters on the geometry of the melt pool (~10 mm in length). As shown in Fig. 5, the 

overall dimensions and shape of the melt pool are very similar across all parameter sets for 

the 6 mm plate. This is consistent with the fact that the linear heat input (power-to-velocity 

ratio) is the same for all cases. Furthermore, the lateral asymmetry introduced by the 

sequencing strategy applied is subtle, since most of the intensity of the half-arrow (see Shapes 

2(a) and 2(b) in Fig. 3) is concentrated at the process mid-plane. 

Certain features can be identified in the velocity fields included in Fig. 5, which presents 

exemplary results from Simulation 1a for a plane perpendicular to the laser beam (0.5 mm 

below the workpiece top surface) and a longitudinal section of the process. In the former, 

vortices can be observed on each side of the keyhole region, located in the widest part of the 

melt pool. A high-turbulence region also develops near the necking zone at the rear part of the 

pool. In the longitudinal view, a clear clockwise recirculation pattern is visible. Despite 

evolving differently over time, similar flow structures were observed for the parameter sets in 

which shape sequencing was applied.    



 

Fig. 5 Three-dimensional melt pool geometry (left), velocity vectors on a plane perpendicular to 

the beam (top right), and on the mid-plane (bottom right) 

Selected process indicators, including the occurrence of spatter, dripping events, porosity, 

and keyhole closure events, were examined, and the results are summarized in Fig. 6. For 

spatter and drips, event monitoring was performed during the simulation with a sampling 

frequency of at least 333 kHz (corresponding to a computational time step of less than 3 µs), 

providing very high sensitivity. Only ‘macro’ droplets with a volume equivalent to that of a 

sphere with a diameter of minimum 0.15 mm, were considered, as in [16]. Keyhole full closure 

events were identified based on keyhole aperture measurements at the process mid-plane, 0.5 

mm below the workpiece surface. The latter was done in a postprocessing phase, using a 

sampling frequency of 2 kHz. Porosity was also estimated during postprocessing as the 

fraction of the bead volume occupied by pores. 



 

Fig. 6 Assessment of spatter, dripping, porosity, and keyhole closure   

Measurements indicate spatter rates of 16.1-22.0 events per mm of weld (563-770 Hz), 

while dripping remains lower at 3.5-4.1 events per mm (122-143 Hz), except in Sim 2c, where 

it was significantly reduced. Among parameter sets 2a to 2c, a shape duration of 10 ms 

produced the highest spatter rate. Volumetric porosity was lowest for parameter set 1a (2-point 

shape), at about one-tenth of the porosity obtained for the other parameter sets, where side-

by-side sequencing was used. The latter is an important indicator of potential instabilities in 

the welding process, resulting from the specific shaping strategy and parameters employed. 

Typical pores for the sequenced shapes at durations of 5, 10, and 15 ms are shown in Fig. 7. 

 

Fig. 7 Fusion line pores from non-optimal shape durations in side-by-side sequencing 

Note the pronounced asymmetry in the bead cross section for the 10 ms shape duration 

(Sim 2b). This asymmetry appears to promote the formation of a relatively large pore on the 

opposite side. A comparable, though weaker, effect is observed in the other two cross sections. 

The pores share similar characteristics, being enlarged and located along the fusion line. 

The average keyhole aperture and its standard deviation were estimated as 590 ± 196 µm, 

454 ± 155 µm, 418 ± 136 µm, and 449 ± 166 µm for parameter sets 1a, 2a, 2b, and 2c, 

respectively. These values correspond closely to the maximum displacement of the CBC point 

for each specific shape pattern, as shown in Fig. 3, where Shape 1 spans a larger distance in 

the feed direction than Shapes 2(a) or 2(b). Keyhole closure events were observed at a 

frequency of about 20 Hz for parameter sets 2a to 2c, and about 83 Hz for parameter set 1a. 



This relatively large difference can be explained by the behavior of the keyhole along the 

propagation direction. The leftmost part of Fig. 8 illustrates this, showing a longitudinal clip 

of the keyhole for both shaping configurations. In the case of the 2-point shape, the 

measurement routine (due to the way it was implemented) captured not only full keyhole 

closures but also partial closures, where the path of the rear high-intensity beam is interrupted 

by molten metal while the leading high-intensity beam continues through the keyhole. The 

tool for measuring keyhole closure did not account for this specific behavior of the 2-point 

shape. This situation does not occur with the half-arrow shapes, where only one high-intensity 

beam is present at a time, accompanied by one or more weaker side maxima depending on the 

position of the CBC point. When the path of the single high-intensity spot is interrupted, a full 

closure is very likely to occur. 

 

Fig. 8 Keyhole behavior and vibration modes on a plane perpendicular to beam propagation. The 

vectors represent the velocity field in the melt pool.  

Another interesting observation arises from the behavior of the keyhole in a plane 

perpendicular to the beam, as shown in the central part of Fig. 8. The keyhole produced by the 

2-point shape shows marked differences from that generated by switching between the two 

half-arrows, in terms of both geometry and vibrational modes, as schematized in the rightmost 

part of Fig. 8. The modes shown are the most prominent, identified through visual inspection 

of postprocessed high-resolution simulation videos. The 2-point configuration exhibits a 

dominant vibration in the transverse direction relative to the feed, where the two high-intensity 

beams, separated by a constant distance throughout the process, effectively lock the vibration 

mode in this transverse direction. By contrast, sequencing between two half-arrows results in 



a radial vibrational mode, combined with a slight displacement of the keyhole center 

(exaggerated in Fig. 8), leading to a swaying motion of the keyhole surface. 

These findings point to the first important insight: the keyhole exhibits different vibration 

modes depending on the beam shape and shaping strategy. Therefore, each shaping 

configuration should be analyzed with respect to its specific vibration modes. In the next 

subsection, the process dynamics are examined in greater detail. 

INFLUENCE OF SHAPING STRATEGY ON THE WELDING PROCESS 

Based on the observed vibrational modes for the shaping configuration with side-by-side 

sequencing, two sampling points were selected along the process longitudinal plane to monitor 

the local velocities during welding: 𝒗𝒌 at the keyhole wall and 𝒗𝒎  at the upper free surface 

of the melt pool, as shown in Fig. 9. These measurements were used to evaluate how the 

system responds to different shaping configurations, namely parameter sets 1, 2a, 2b, and 2c. 

The probe for 𝒗𝒌 is at the rear part of the keyhole surface, located 0.5 mm below the workpiece 

surface, while the probe for 𝒗𝒎 is located at the melt free surface, 2 mm behind the moving 

laser. The velocity measurement was performed at each computational step of the simulation, 

corresponding to a minimum sampling frequency of 333 kHz.  

 

Fig. 9 Selected probe locations for velocity measurement 

After reviewing the different velocity signals obtained at the keyhole, the transverse 

component with respect to the feed direction, 𝑣𝑘,𝑥, reveals a particularly interesting behavior, 

as shown in Fig. 10. When sequencing with two shapes symmetric about the process mid-

plane, as in this work, the excitation induced by beam shaping manifests as a pulsed pattern 

at the keyhole wall, acting in the transverse direction to the feed. The pulse period corresponds 

to a full sequencing cycle, i.e., the sum of the two shape durations. This is demonstrated in 

Fig. 10 for all simulations where sequencing was applied. Parameter set 1a, which represents 

a process-symmetric shape without sequencing, is included for reference. 



 

Fig. 10 Transverse component of the velocity signal at the keyhole, 𝑣𝑘,𝑥 

The nature of the pulses can be understood from the specific beam-shaping strategy applied, 

exemplified in Fig. 11 with a shape duration of 10 ms.  

 

Fig. 11 Transverse component of the velocity signal at the keyhole, 𝑣𝑘,𝑥 

At time 𝑡 = 𝑡0, the sampling point at the back of the keyhole, initially vibrating at low 

amplitude, is instantaneously excited by Shape 2(a), inducing a high-amplitude vibration 

during 10 ms (pulse width). When switching to Shape 2(b), this vibration is effectively 

cancelled by the opposite excitation, resulting in a relatively calm signal for the next 10 ms. 

The cycle then repeats. In this case, a complete cycle lasts 20 ms (10 ms + 10 ms), 

corresponding to a frequency of 50 Hz. For symmetric-in-time sequencing with individual 

shape durations of 5 and 15 ms, the cycle periods are 10 ms and 30 ms, corresponding to 

frequencies of 100 Hz and 33.3 Hz, respectively. 

The velocity signals from the keyhole wall were further analyzed in the frequency domain 

using Welch’s method [17] to estimate the Power Spectral Density (PSD), which shows the 

frequencies at which most of the vibration energy is concentrated, making it a useful 



complement to the Fast Fourier Transform (FFT) in the identification of dominant frequencies. 

The results are shown in Fig. 12, where, for each parameter set, both a low-frequency analysis 

(up to 200 Hz) and a high-frequency analysis (up to 5 kHz) were performed.  

 

Fig. 12 PSD analysis for 𝑣𝑘,𝑥 

In the low-frequency domain, the PSD clearly shows that the frequency corresponding to 

one complete sequencing cycle, i.e., the sum of the shape durations, is directly mirrored at the 

keyhole surface. This is a remarkable insight, as it demonstrates that the excitation frequency 

of the keyhole (at least in its upper region) can be directly controlled by adjusting a simple 

shaping parameter, namely the shape duration. In the high-frequency domain, a very similar 

frequency appears across all parameter sets, including the one without shape sequencing. This 

frequency, in the range of 2.5 to 3.5 kHz, is most likely related to local surface modes 

corresponding to small-scale vibrations of the membrane forming the keyhole wall. Such 

modes could be excited, e.g., by proper selection of the shape refresh frequency, 𝑓𝑆𝑅 . 
The velocity signals at the melt pool free surface and the corresponding frequency analyses 

are shown in Figs. 13 and 14, respectively. The selected sampling point exhibits a velocity 

amplitude nearly an order of magnitude lower than that observed at the keyhole. Reduced 

fluctuations around zero are observed for the sequenced configurations compared to parameter 

set 1a. In the high-frequency domain (up to 2 kHz), frequencies in the range of 300-500 Hz 

draw attention. These may correspond to damped oscillations originating from the periodic 

opening and closing of the keyhole (radial vibration mode) at a higher frequency. A more 

detailed and precise analysis is required for this specific vibration mode, as well as for the 



lateral displacement of the keyhole center, i.e., the swaying or meandering effect illustrated in 

Fig. 8. 

 

Fig. 13 Transverse component of the velocity signal at the melt pool upper free surface, 𝑣𝑚,𝑥 

From the measurements at the melt pool, the most notable observation arises in the low-

frequency PSD plots in Fig. 14, where the full-cycle sequencing frequencies for symmetric 

shape durations of 10 and 15 ms (corresponding to 50 and 33.3 Hz, respectively) are clearly 

identifiable, with the 33 Hz peak being more pronounced than the 50 Hz peak. For parameter 

set 2a, with a 5 ms shape duration, a peak at 100 Hz is also present, but very weak. The PSD 

plots for this shape duration show qualitatively similar behavior to that of the reference case 

without shape sequencing. 

The latter suggests two things. First, the mechanical lateral vibrations induced by the laser 

beam on the keyhole (by means of side-by-side shape sequencing) are successfully transmitted 

through the melt pool, as observed at a point on its free surface, 2 mm behind the heat source. 

Second, the excitation produced by certain shape durations is transmitted with higher energy, 

making these durations more effective in stimulating the vibrating system. 



 

Fig. 14 PSD analysis for 𝑣𝑚,𝑥 

The beam shapes and shape durations chosen for the applied sequencing strategy clearly 

influence the process, with some having a stronger effect than others. In this case, since the 

system could not be properly dynamically balanced, the examined configurations resulted in 

unsatisfactory welding outcomes, including pores or pronounced asymmetries in the cross 

section, as shown in the weld characterization presented in the first part of this study. There 

may exist a specific switching frequency (or multiple frequencies) that yields improved weld 

quality. The initial idea behind sequencing Shapes 2(a) and 2(b) was to introduce a subtle 

asymmetry in the process, small enough to preserve overall weld symmetry, yet sufficient to 

excite the melt pool and influence the temperature gradients that govern, e.g., grain growth 

during solidification, thereby helping to mitigate defects such as pores or mid-line cracks. 

However, achieving this effect requires identifying the optimal shape duration(s). 

One possible approach is to excite a process subsystem at its resonant frequency. Work in 

this direction has been carried out, for example, by Otto [18] in CO₂-LBW of steel. In his 

study, the plasma intensity signal emitted during the welding process was measured over time 

and subsequently analyzed to determine the predominant frequency of the plasma emission. 

The laser power was then modulated at this frequency (resonant stimulation), which lead to 

the stabilization of the penetration depth of the weld bead. This temporal beam shaping 

approach was based on the idea that energy can be supplied very efficiently to an oscillating 

system by exciting it at its resonant frequency. If an overall system consists of several coupled 

subsystems, it can be influenced by external periodic excitation so that it performs stable 

oscillations at the resonant frequency of one of its subsystems. As described in [18], the 

advantage of this method is that a system with chaotic behavior can be transformed into a 

system with periodic dynamics without the need for feedback of the system dynamics. 

Stabilization of the welding process is therefore possible without the use of a closed control 



loop. In the case of the specific welding process analyzed in this study, it is still unclear which 

subsystem and which frequencies are most relevant, and this remains a topic of ongoing 

research. Determining this is particularly challenging because each system is unique and lacks 

a standard reference. For example, two systems with different shape durations will vibrate at 

different eigenfrequencies, even if all other process parameters are identical. The goal is to 

identify the relevant welding subprocess and its time scale, so that the desired welding 

outcome can be achieved by stimulating this subprocess at the proper frequency. 

CONCLUSIONS 

Although the tested duration times for the selected shape sequencing configuration produced 

unsatisfactory welds, the key outcome of this work is the demonstration that precise excitation 

of the keyhole surface can be achieved through dynamic beam shaping by simply adjusting 

one of the shaping parameters. In this regard, high-fidelity numerical modeling enabled the 

visualization and analysis of particular aspects of the process that may be beyond the reach of 

experimental setups. The important insights of this study are summarized below: 

1. Different beam shapes and shaping strategies induce different vibration modes in the 

keyhole, so each configuration should be assessed according to its particular vibration 

characteristics. 

2. Sequencing two shapes that are symmetrical about the process mid-plane, as 

performed in this work, induces a pulsed excitation transverse to the feed direction 

on the keyhole surface, with the pulse width determined by the shape durations. 

3. The pulsed signal is subsequently transmitted to the melt pool, influencing its 

behavior. Certain shape durations favor a more or less effective excitation of the melt 

pool. 

This work provides just one example of the many beam shaping configurations that can be 

analyzed through simulation. Future work will focus on examining other shaping parameters 

and strategies.  
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APPENDIX I 

Table A1 Material properties of EN AW-5083: solid state 

Property T (K) Value Unit Ref. 

density  𝜌    300 2660 kg m-3 [19] 

 773 2556 kg m-3 [19] 

 873 2510 kg m-3 [19] 

bulk modulus  𝐾 300 75.2 ∙ 109 kg s-2 m-1 [20] 

specific heat capacity  𝑐𝑝 300 900 m2 s-2 K-1 [19] 

 873 1224 m2 s-2 K-1 [19] 

thermal conductivity  𝜆 300 120 kg m s-3 K-1  [19] 

 873 164 kg m s-3 K-1 [19] 

surface energy  𝜎 300 0.64 kg s-2 [21] 

refractive index  𝑛 300 0.97 - † 

 858 2.82 - † 

extinction coefficient  𝜅 300 10.6 - † 

 858 10.6 - † 

† Assumed value based on the absorptivity at ~1 μm wavelength reported in [22]. 

Table A2 Material properties of EN AW-5083: liquid state 

Property T (K) Value Unit Ref. 

density  𝜌    950 2386 kg m-3 [23] 

 1650 2177 kg m-3 [23] 

 2790 2040 kg m-3 [22] 

bulk modulus  𝐾 933 38.0 ∙ 109 kg s-2 m-1 [24] 

 2400 14.0 ∙ 109 kg s-2 m-1 [24] 

kinematic viscosity  𝜈 864 6.10 ∙ 10-7 m2 s-1 [25] 

 1000 4.57 ∙ 10-7 m2 s-1 [25] 

 1600 2.30 ∙ 10-7 m2 s-1 [25] 

 2793 1.41 ∙ 10-7 m2 s-1 [25] 

specific heat capacity  𝑐𝑝 933 1127 m2 s-2 K-1 [23] 

thermal conductivity  𝜆 933 89.3 kg m s-3 K-1  [23] 

 1500 105.1 kg m s-3 K-1 [23] 

 2000 112.7 kg m s-3 K-1  [26] 

 2600 115.1 kg m s-3 K-1 [26] 

surface energy  𝜎 933 0.87 kg s-2 [26] 

 1550 0.80 kg s-2 [26] 

refractive index  𝑛 933 6.65 - † 

 2793 6.65 - † 

extinction coefficient  𝜅 933 10.6 - † 

 2793 7.15 - † 

† Assumed value based on the absorptivity at ~1 μm wavelength reported in [22]. 



Table A3 Material properties of EN AW-5083: vapor state 

Property T (K) Value Unit Ref. 

density  𝜌    - ideal gas law   

bulk modulus  𝐾 - 1 ∙ 105 kg s-2 m-1  

kinematic viscosity  𝜈 - ideal gas law   

specific heat capacity  𝑐𝑝 2800 770 m2 s-2 K-1 [27] 

 6000 845 m2 s-2 K-1 [27] 

thermal conductivity  𝜆 3000 0.15 kg m s-3 K-1  

 5000 0.24 kg m s-3 K-1   

surface energy  𝜎 - 0 kg s-2  

refractive index  𝑛 - 1 -  

extinction coefficient  𝜅 - 0 -  

Table A4 Material properties of EN AW-5083: state-independent properties 

Property T (K) Value Unit Ref. 

molar mass  𝑀    - 26.98 ∙ 10-3 kg mol-1 [28] 

solidus  𝑇𝑠𝑜𝑙𝑖𝑑𝑢𝑠 - 864 K [19] 

liquidus  𝑇𝑙𝑖𝑞𝑢𝑖𝑑𝑢𝑠 - 911 K [19] 

boiling temperature  𝑇𝑏𝑜𝑖𝑙𝑖𝑛𝑔 - 2793 K [28] 

latent heat of fusion  𝐿𝑓𝑢𝑠𝑖𝑜𝑛 - 394.3 ∙ 103 m2 s-2 [29] 

latent heat of vaporization  𝐿𝑣𝑎𝑝𝑜𝑟𝑖𝑧𝑎𝑡𝑖𝑜𝑛 - 1.09 ∙ 107 m2 s-2 [28] 

Table A5 Material properties of air 

Property T (K) Value Unit Ref. 

molar mass  𝑀    - 28.014 ∙ 10-3 kg mol-1  

density  𝜌    - ideal gas law   

bulk modulus  𝐾 - 1 ∙ 105 kg s-2 m-1  

kinematic viscosity  𝜈 - kinetic theory   

  𝜈0 = 1.593 ∙ 10-5 m2 s-1 [27] 

  𝜌0 = 1.1233 kg m-3 [27] 

  𝑇0 = 300 K  

specific heat capacity  𝑐𝑝 300 1041.3 m2 s-2 K-1 [27] 

 1800 1270.8 m2 s-2 K-1 [27] 

thermal conductivity  𝜆 300 2.597 ∙ 10-2 kg m s-3 K-1 [27] 

 900 6.052 ∙ 10-2 kg m s-3 K-1  [27] 

 1800 10.088 ∙ 10-2 kg m s-3 K-1 [27] 

surface energy  𝜎 - 0 kg s-2  

refractive index  𝑛 - 1 -  

extinction coefficient  𝜅 - 0 -  
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