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ABSTRACT  

Most recent thermal models show that parameters, such as scanning velocity, spot diameter, and power of laser 

beams have significant effects on weld pools of laser formation. Model laser welding helps to improve the 

understanding of laser-material interactions for different materials and laser configurations. Therefore, it 

provides information to identify sources of defects such as lack of fusion or porosity as well as to design process 

windows and welding schedules. An accurate prediction of the solidification microstructure of the weld pool is 

essential for the weld metal and requires kinetics and thermodynamics consideration. This work discusses the 

fluid flow and heat transfer to compare the graphical representation using computational fluid dynamics (CFD). 

A transient 3D model showing the solidification and formation of the weld pool is presented. The simulation 

results demonstrate the transient dynamics of weld pool features such as length, width, and depth during laser 

welding along with laser power, scanning velocity, and spot diameter. The agreement between the simulation 

and the related previous results showed reasonable reliability for the studied model and the findings of this work 

provide acceptable prediction ranges of weld variables to obtain the required welding geometry. 
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INTRODUCTION 

Background  

Laser-based manufacturing processes have witnessed rapid growth in recent years. Laser welding is a joining 

process, which uses a laser to weld together different alloys. It is used in a variety of manufacturing industries 

including automotive aerospace and electronics. Computational fluid dynamics CFD simulation is used to model 

laser welding [1]. These types of simulations will help to improve the understanding of laser-material 

interactions for different materials and laser configurations. Therefore, this helps to identify sources of defects 

such as lack of fusion or porosity as well as to design process windows and welding schedules. Ultimately, these 

types of analyses can save time and resources by providing a more streamlined way to explore the effects of 

alloy composition on process design and subsequent outcomes. It also represents a way to quickly perform 

parametric studies without all the manual labor involved with experimental testing. Finite Element Analysis 

(FEA) models also provide at part scale thermal and stress analysis [2–5], it also provides greater insights into 

the melt pool dynamics at the micro-scale, which are important for identifying defects related to lack of Fusion 

and porosity formation.  

Therefore, its output data such as temperature and pressure data can be extracted from these simulations and 

used as inputs for larger-scale FEA models, which don't take into account all of the contributing physics. Laser 

melting of an additive manufacturing process can be pulsed, where a laser is turned on and off at discrete and 

repeatable intervals [6–11], and continue where the laser is on for the duration of the weld on the thermal profile 

in laser powder bed Fusion  [12–14]. Applications to use a pulsed laser are the spot and seam welds [15–19]. 

These applications are utilized to deliver the energy and discrete intervals and higher energy densities that will 

lead to keyhole formation which melts and vaporizes the material. In addition to input energy and material 

properties, flow through the experiment allows analyzing the effect of laser beam shaping on multiple dynamics. 
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Beam shaping can greatly impact melt-pool stability. The shape and profile of the laser beam can mean the 

difference between keyhole and conduction mode welding without change in input energy as can be seen in Fig. 

1. 

 

Figure 1. Conduction vs. keyhole mode 

Conduction mode welding is a low energy density method [20–25], which does not lead to material vaporization 

while keyhole mode logging has high energy density and can penetrate deeper into the material [22,23,26–31]. 

Beam shaping can also have a profound effect on melt-pool stability in both modes of welding [32]. Beam 

shaping has been studied by many researchers such as in [33–43]. The star-shaped and multi-core laser beam is 

shown in Fig. 2. 

 

Figure 2. Star and multi-core laser beam 

Most notably multi-core beams [44,45] have been used to produce stable keyhole welds. This leads to faster 

production capabilities and less post-processing of the world [46]. 

Literature review 

Several studies perform simulations showing aluminum and copper alloys being welded together [47–53]. It is 

possible to analyze the mixing and composition in the melt pool and the temperature gradients cooling rates, 

fusion, and porosity as well as cross-sectional profiles and melt cool stability. A case study was done by some 

researchers at Shiloh industries [54], where two types of plate thickness were used as shown in Fig. 3. 
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Figure 3. Comparison of weld sections in experiment vs. simulation 

They were looking at two joint configurations; TM-1 joint, where the base of the plates are aligned with the 

power of 3.3kW, speed of 5.5m/min, and plate thickness in the range (1.8-0.7)mm, and TM-5 joint, where the 

plates are joined in a staggered configuration with the power of 3.3kW, speed of 5.5m/min, and plate thickness 

in the range (1.0-0.7)mm. The simulation of flow 3D weld showed that only the top surface of the joint was 

being welded, which motivates us that we can capture the exact profile of the cross-section of the weld joint 

because it is required to accurately account for the temperature-dependent surface tension effects. The 

comparison of the experiment versus the simulation results showed very good agreement between those profiles. 

METHODOLOGY  

Computational approach  

By following fundamental laws; conservation of mass, conservation, conservation of energy (1st law of 

thermodynamic), of linear-momentum (Newton's 2nd law), it is possible to derive the differential equations that 

governing of computational fluid dynamics (CFD).  In this work, the motion of single-phase fluids is 

considered; therefore, a continuum is either gas or liquid. Three unknowns are obtaining as solving these 

equations, and five scalar parameters when considering the velocity components individually, that include 

pressure, temperature, and the velocity vector. The temperature and pressure can be adopted as thermodynamic 

independent variables to define the fluid equilibrium state [55, 56]. In order to evaluate the laser-based welding 

for aluminum alloys using CFD modeling, a transient simulation of the proposed CFD-based 3-D model is 

conducted during laser welding process. CFD modeling platform is used. The analysis of the results is based on 

Navier Stokes algorithm to examine the fluid flow and heat transfer [57]. To find the keyhole and conduction 

modes during laser welding, four process surroundings at different laser power, spot diameters, and scanning 

velocities were selected. Firstly, the on-off pulse laser at discrete and repeatable intervals is compared with the 

continuous laser, which is on for the duration of the weld.  

Then, to understand the effect of material properties and energy density on fusion and porosity formation, a 

simulation was performed showing the keyhole formation stages. Then, to see the effects of beam shaping on 

laser melting, three different multi-core configurations on the multiple dynamics are implemented. Finally, 

when working with deep penetration welds, it is often to be welding in keyhole mode in an isolation place. In 

addition to multi modeling phase change and recoil pressure, there are extra physics that often need to be 

considered to accurately capture the dynamics of the keyhole itself that is also evaluated in this work. The 

platform model provides an ability to change among various operation parameters like material properties, 

dimension, and welding speed to create different conditions of welding process. To get better accuracy and 

efficiency, the meshes functions are closed to regions in contact and heat sources to the laser-beam. The mesh 
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patterns were helpful to attain both reduction of simulation time and accurate results. Piecewise polynomials 

method is chosen to identify the material features as a temperature dependence to adjust the process density, 

thermal conductivity, viscosity of the material, and constant pressure specific heat [58]. 

Welding dissimilar metals 

The ability to simulate dissimilar metal welds is common in industries such as electronics, battery 

manufacturing, automotive, and aerospace applications. Using different materials and production is 

often labeled for saving our material costs as well as product optimization. Certain materials, such as aluminum, 

are bonded with steel or copper to decrease the weight of a part or serve functional purposes such 

as providing non-conductive areas. There are challenges though to bonding different alloys and not all have 

compatible properties. So it's important to not only consider thermo-physical properties such as melting points, 

but also chemical properties such as solubility and chemical bonds. 

RESULTS AND DISCUSSION 

Accounting all relevant physics during laser weld simulation 

In order to demonstrate the importance of accounting for all relevant physics, five different laser power 

conditions have been conducted. The simulation has configured such that the first attempt was a laser source 

with a value of x is applied on the aluminum sheet, the second was with 2x power, the third was 2x power 

source and shield gas, the fourth was 2x power, shield gas, and recoil pressure. Finally, the configuration was set 

with 2x power, shield gas, recoil pressure, and laser reflections. Fig. 4 demonstrates the simulation outcome at 

the end of the 0.1-sec interval. 

 

 

 

 

 

Figure 4. Simulation outcome at the end of 0.1 sec interval 

The effect of adding physics models to the simulation starting on the top left 1X power shows a conduction 

mode wealth. When the power increases to 2X, the melt pool getting a bit wider and deeper. It can be seen also 

the effect of shield gas pressure on the melt pool dynamics. The effects of adding vaporization and recoil 

pressure, which is an interesting feature, are shown in Fig. 2c. This leads to an entirely different molten profile 

as we can see with that keyhole formation. Accounting of laser reflections, as shown in Fig.2e, leads further 

propagates of the keyhole formation. This comparison shows why accounting for these physics can be crucial by 

getting an accurate picture and understanding of a welding process. 

                1x power                       2x power                     2x power + shield gas 

 

2x power+ shield 

gas+recoil pressure+ 
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Pulsed and Continues Laser Melting Simulation 

The on-off pulse laser at discrete and repeatable intervals is compared with the continuous laser, which is on for 

the duration of the weld. Laser melting simulation for these types of industry stock parameters is shown in Fig 5. 

 

Figure 5. Simulation results of pulsed and continuous laser melting over time 

Using a pulsed laser allows for welding temperature-sensitive materials such as electronics where the interest is 

to limit the heat-affected zones. The continuous laser is used for more deep penetration welds, which is often 

necessary when welding dissimilar metals. It is possible to prepare a table comparing these two types of laser 

melting as listed in Table 1. 

Table 1. Comparison table between pulsed and continuous laser melting types 

 

Spot and seam weld comparison  

To understand the effect of material properties and energy density on fusion and porosity formation, a 

simulation was performed showing the keyhole formation stages is shown in Fig. 6. These simulation results 

demonstrate spot and seam welds where a pulsed laser is used to deliver the energy and discrete intervals with 

higher energy densities. This leads to keyhole formation, which melts and vaporizes the material. Based 

upon extinction of the laser, molten material flows back into the keyhole and leaves a fused region. It seemed 

well that utilizing the sequence of spotless overlapping in such a way to create a scene. It can be seen that the 

effect that input energy has on both fusion and ferocity. The simulation on the left-hand side shows greater 

fusion but also void formation with a higher power, while on the right-hand side, less fusion with no porosity. 

These types of simulations can be run parametrically to understand conditions that will lead to the ideal joint 

formation.

Laser melting type 

pulsed continuous 

Laser is an on-off pulse laser at 

discrete and repeatable intervals 

The laser is on for the duration of 

the weld 

Useful for controlling heat-affected 

zones, such as in electronic 

manufacturing.  

Useful for deep penetration welds 

and joining many similar metals. 
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Figure 6. Keyhole formation progress of spot and seam welds 

Laser shaping  

In order to see the effects of beam shaping on laser melting, three different multi-core configurations on the 

multiple dynamics are implemented. The results are shown in Fig. 7 
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Figure 7. Three different multi-core configurations on the multiple dynamics 

Three different multi-core configurations on the multiple dynamics are tested in the simulation. The left one 

with the smallest radius produces a larger depression in the milk bold, while the configuration on the right has a 

more stable multiple profiles and flow through the wealth. This gives the freedom to define any arbitrary shape 

with varying degrees of power densities so that you can fully explore different configurations. 

Laser keyhole welding 

When working with deep penetration welds, it is often to be welding in keyhole mode in an isolation place. In 

addition to multi modeling phase change and recoil pressure, there are extra physics that often need to be 

considered to accurately capture the dynamics of the keyhole itself. This includes upwards of vapor pressure. As 

the material vaporizes within it, the keyhole is rapid as sensed upwards and can have dramatic effects on the 

dynamics within the flow 3D weld. It considers different heat transfer coefficients which may present within the 

keyhole as the varying temperatures along the keyhole wall can have a large effect on the heat transfer from the 

molten metal into the surrounding body.  

 

Figure 8. Keyhole laser welding with multiple reflections 

Referring to Fig. 8, multiple laser reflection data can be calculated, which is reflected in this schematic. The 

laser irradiates the inner wall and it is depending on the angle. It may reflect further into the keyhole rather than 

being fully absorbed. These results in more heat being trapped within the keyboard and can have major 

implications or its evolution. Therefore, flow through the weld can consider these laser reflections in three 

different ways; by temperature dependency, through the cosine function, or by the Fresno equation. This also 

determines the absorption rate as a function of various material and laser properties as shown in Fig. 9. 
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Figure 9. Keyhole laser welding progress over the time 

We can see these laser reflections capture current simulation on the third panels with avoid region being 

depicted on the second and the solid fraction captured in the first.These findings show acceptable predictions of 

weld solidification patterns and bead geometries, which also shows an acceptable error when using an image 

processing toolbox. As a result, these results offer a model for estimating welding features for welding 

conditions and various laser parameters. 

CONCLUSIONS  

The results showed several main findings that are represented as follows: 

• The welding pool gets extra egg-shaped at higher laser power and scanning velocity. Additionally, the 

shape of the welding pool is in a wide spot diameter. In contrast, low-level laser power and a slow-

scanning velocity result in circular welding egg-shaped. 

• Both the melted metal velocity and the maximum temperature are increasing with a higher level of 

laser power, which leads to larger penetrations. The simulation results demonstrated that laser welding 

is influenced by heat. Accordingly, a wider laser spot diameter with lower laser power density results 

in no melt penetrations.  

• With constant power, the laser beam of a smaller size increases the liquid metal temperature, welding 

pool depth, and velocity. Therefore, a lower liquid metal velocity and wider beam diameter lead to 

lower peak temperature. 

• Finally, utilizing maximum velocity of scanning such as 2 m/s will increase the productivity and weld 

efficiency.  
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