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ABSTRACT 

The simulation of the TIG/GTAW process with arc-melt pool coupling involves several material properties 

that are not well known. The main goal of this study is to quantify the numerical sensitivities of these arc 

material properties on the melt pool behaviour and provide recommendations on influential parameters. The 

most sensitive properties are thermal conductivity, density, heat capacity and viscosity of argon. For instance, 

a 10% increase in 𝐶𝑝 can result in an increase of more than 23% in the melt pool volume. This sensitivity 

study includes a detailed presentation of the 2D axisymmetric magneto-thermo-hydrodynamic finite element 

simulation developed with a dynamic coupling between the arc and melt pool and free surface deformation 

of the plasma-anode interface. 
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INTRODUCTION 

Numerical modelling of the TIG process is a relatively recent subject of research. One of the 

founding models is probably the works of Hsu and Pfender [1] when he produced a magneto-

thermo-hydrodynamic model of the arc in a stationary regime and in an axisymmetric 

configuration. His model is applied to currents between 100 and 300 A and arc heights 

between 10 and 20 millimetres. This numerical work is associated with experimental 

temperature measurements by spectrometry, with two objectives. First, to adjust the material 

parameters associated with electron emission and ion neutralization at the surface of the 

tungsten electrode. Secondly, to quantify the predictivity of the numerical results. These 

numerical and experimental results are enriched by the work of McKelliget and Szekely [2]. 
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Hsu noted the sensitivity of the electromagnetic resolution near the cathode. This was the 

subject of work by Lowke et al. [3], who developed a methodology to simulate the transition 

between the cathode and the plasma without taking into account ambipolar diffusion and 

performed a mesh decoupling between thermo-hydrodynamics and electromagnetics. 

Recently, a model focusing solely on the arc was studied by Velázquez-Sánchez et al. [4] to 

better understand the mechanisms dominating heat transfer. Maps were thus proposed to locate 

the dominant heat input and output in the different areas of the arc. In parallel with the work 

on the arc, the modelling of the melt pool has been the subject of numerous studies involving 

an approximation of the effect of the arc by electromagnetic, thermal and hydrodynamic 

source terms. The work of Oreper et al. [5], Szekely et al. [6], Zacharia et al. [7], Choo et al. 

[8], and Debroy et al. [9] are based on this methodology, providing an improved understanding 

of the phenomena inside the melt pool.  

Subsequently, arc-melt pool coupling was developed in 2D axisymmetric configuration 

with, for example, the work of Lin et al. [10] integrating a stationary simulation of the arc and 

the melt pool with surface deformation. This model was used by Kim et al. [11] to study the 

effect of current pulsation on melt pool behaviour. A reference model is the work of Tanaka 

et al. [12] for which multiple iterative developments have been carried out, such as the 

consideration of metal vapours in the arc coming from the melt pool with Murphy et al. [13]. 

Recently, Brochard [14] resumed the development of this model. He developed the 

justification and analysis of the multiple assumptions with an experimental comparison 

focused on the heat absorbed by the anode. Traidia et al. [15] added to the model the 

deformation of the interface between the plasma and the melt pool which is a very important 

element to consider at high intensities. The deformation of the surface under the effect of the 

arc pressure is calculated by an approach that minimizes its mechanical energy by the 

Helmholtz equation. This model was used to quantify the influence of the shielding gas and 

the effect of current pulsations. In addition to this work on the 2D axisymmetric model, a 

methodology was developed to project the results into 3D. This hybrid approach enables the 

simulation of the melt pool with slow torch advance, which is a major step forward. More 

recently the 2D axisymmetric model of Nahed et al. [16] integrated an arc-melt pool coupling 

with a deformable surface. He used a local kinematic and dynamic coupling, which is more 

physical than the global energy approach. A sensitivity study was conducted with this model 

to improve the understanding of the electrode sharpening. A fully 3D model of the arc and 

melt pool with a non-deformable interface was produced. The recent work of Ebrahim et al. 

[17] and Wu et al. [18] are an example of applications at the industrial process scale. Other 

more fundamental work studies the modelling of radiative transfers within the arc such as 

those of Baeva et al. [19], or the effect of metal vapours like Wang et al. [20].  

In the nuclear industry, the welding process is used to assemble large steel components. To 

improve control of the process, numerical simulation of TIG/GTAW (Tungsten Inert Gas/Gas 

Tungsten Arc Welding), and more specifically of the electric current pulsation cycles, is being 

developed to develop the understanding of the physical phenomena and their influence on the 

melt pool, including: welding difficulties (lack of penetration, migration of chemical species, 

etc.), and effects of process parameters (electric current, torch speed). A magneto-thermo-

hydrodynamic model with surface deformation and melt pool-arc coupling in a 2D 

axisymmetric configuration is developed. This model requires several material parameters for 
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which limited data is available in the literature, which explains why all previously cited 

modeling studies relied on the same dataset. These properties are difficult to characterize, 

especially at high temperatures and based either on thermodynamics analyses or global 

estimation by inverse methods. Due to the inability to estimate all the variabilities associated 

with these properties, a sensitivity study is performed to quantify their effects on the melt pool 

and present an importance analysis. This arc-scale sensitivity study for this specific 

configuration has not been the subject of any previous work in the literature with a coupling 

between arc material properties and consequences on the melt pool. These numerical results 

can be used to justify the necessity of improving the understanding of phenomena that can 

modify the material properties of the plasma, such as metallic vapor. This study is performed 

at an arc length of 2 mm, which is closer to the industrial application of the process compared 

to other works : 5 mm [13], 7 mm [4], 10 mm [1]. 

The first part of this article provides a comprehensive description of the model, developed 

with the COMSOL Multiphysics® software, including: a description of the process and the 

associated physical phenomena, the geometry used in the simulation, the mathematical 

formulation, the presentation and justification of the associated assumptions, the material 

properties used, the spatial discretization and the numerical model used. The second part is 

focused on the numerical analysis, including: a general presentation of the results at the scale 

of the arc and melt pool, an energy balance of the phenomena involved, and a sensitivity 

analysis of the material properties. 

MAGNETO-THERMO-HYDRODYNAMIC SIMULATION OF THE TIG PROCESS 

PROCESS PRESENTATION AND PHENOMENA INVOLVED 

The TIG/GTAW (Tungsten Inert Gas/Gas Tungsten Arc Welding) process is an arc welding 

method. An electrical arc is formed between an infusible tungsten cathode and an anode 

consisting of the metal welded. The interstitial medium is a plasmagenic gas such as argon or 

helium. The heat generated by the arc leads to a localised fusion of the metal. The main 

physical phenomena in arc welding are electromagnetism, heat transfer, fluid flow, solid 

mechanics, and metallurgy. The goal of our work is to improve the understanding of the melt 

pool that is why we study only the physics that have a significant impact on the melt pool: 

electromagnetism, heat transfer and fluid flow. The right of the figure 1 summarises all the 

phenomena in the arc and the melt pool. 

GEOMETRY 

The configuration studied is a static fusion spot on a stainless steel (304L) cylinder with no 

filler metal. The weld is made in the center of its upper face. This part is placed on a device 

developed to have as much as possible dissipation only in convection and radiation. The device 

is designed to achieve relative axisymmetry of the electromagnetic field. A tungsten electrode 
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with 2% of thorium is used. The shielding gas is argon (ARCAL™ PRIME) with 99.995% 

purity according to the supplier. It is blown through a straight ceramic nozzle. The left of the 

figure 1 is an illustration of the simulated configuration. 

Fig. 1 Illustration of the phenomena present and the geometry (not at scale) of the TIG process 

MATHEMATICAL FORMULATION 

Nomenclature 

𝐴 Magnetic vector potential 𝑛⃗⃗ Normal vector 

𝐴𝑟 Richardson constant ∇𝑠 Surface divergence 

𝐵 Darcy’s law coefficient 𝑝1 Pressure in plasma 

𝐵⃗⃗ Magnetic flux density 𝑝2 Pressure in anode 

𝐶 Darcy’s law coefficient 𝜙 Axial displacement of the mesh 

𝐶𝑝 Heat capacity at constant temperature 𝜙𝑎 Work function at the anode interface 

𝑒 Elementary charge 𝜙𝑒 Work function associated with 

thermoionic emission 
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𝐸⃗⃗ Electric field 𝜙𝑐 Work function at the cathode 

interface 

𝜖 Net emissivity 𝜓 Axial displacement of the interface 

anode-plasma 

𝜖𝑎 Anode surface emissivity 𝑞⃗ Heat flux vector 

𝜖𝑐 Cathode surface emissivity 𝑄𝑎𝑛𝑜𝑑𝑒 Total heat flux at anode surface 

𝑓𝑙 Liquid fraction of metal 𝜎 Electrical conductivity 

𝑔⃗ Acceleration of gravity 𝜎𝐵 Stefan-Boltzmann constant 

𝛾 Surface tension coefficient for 

Marangoni 

𝜎1̿ Stress viscous tensor of plasma 

𝛾∗ Equivalent surface tension coefficient 

for interface deformation 

𝜎2̿̿̿ Stress viscous tensor of anode 

𝛾𝑙 Equivalent surface tension coefficient 

for interface deformation 

𝜌 Density 

𝛾𝑠 Equivalent surface tension coefficient 

at solid state for metal 

𝜌𝑟𝑒𝑓 Reference density for thermal 

expansion of liquid metal 

𝐻⃗⃗⃗ Magnetic density 𝑠𝑣𝑎𝑝 Vaporisation source term 

ℎ𝑐𝑜𝑛𝑣 Convection coefficient 𝑇 Temperature 

𝐼0 Input intensity 𝑡 Tangential vector 

𝐽 Current density vector 𝑇𝑟𝑒𝑓 Reference temperature for thermal 

expansion of liquid metal 

This formulation is inspired and compared with the work of Hsu et al. [1], Tanaka et al. 

[12], Brochard [14], Traidia et al. [15], Cadiou et al. [21] and Nahed et al. [16] whose arc 

models are compared to the experimental data of Hsu et al. [1] as shown in the appendix by 

figures 12 and 13. This simulation involves multiple equations associated with:  

- Three physics: electromagnetism, fluid flow in plasma and metal, and heat transfer. 

- Plasma-anode interface deformation: Helmholtz’s equation for minimising the 

associated energy and modified Laplace’s equation to move the surrounding mesh. 

The equations associated with this model are detailed for each physical, but for simplicity, 

the axisymmetric conditions are not included. These equations apply to the geometric domains 

and boundaries as shown in figure 2. Figure 3 summaries the couplings between these different 

equations. 



Mathematical Modelling of Weld Phenomena 14 

 

Fig. 2 Solving domains 

 

Fig. 3 Schematic representation of the couplings between equations 
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Electromagnetism (𝛺𝑐 ∪ 𝛺𝑝 ∪ 𝛺𝑎𝑙 ∪ 𝛺𝑎𝑠) 

The electromagnetic field in cathode, plasma and anode is described by Ampere’s law (4), 

Ohm’s law (5) and Faraday’s law (6) under static conditions. A Lorentz gauge is introduced 

by equation (7) to ensure the uniqueness of the solution. At the top of the tungsten electrode 

(𝜕𝛺𝜖𝐴𝐵), the surface integral of the current density is imposed by the equation (8), with 𝐼0 as 

the input intensity. The nullity of the electric potential is defined by equation (9) on the 

underside of the cylinder (𝜕𝛺𝜖𝐺𝐹), where the ground is connected. Electromagnetic isolation 

conditions are imposed by equations (10) and (11) on the outer boundaries of the domain 

(𝜕𝛺𝜖𝐵𝐷 ∪ 𝐷𝐹 ∪ 𝐹𝐺), with 𝑛⃗⃗ as the normal vector of these boundaries. 

𝐵⃗⃗  𝛻 × 𝐴      (1) 

𝐵⃗⃗  𝜇𝑟𝜇0𝐻⃗⃗⃗      (2) 

𝐸⃗⃗  −𝛻𝑉      (3) 

𝛻 × 𝐻⃗⃗⃗  𝐽      (4) 

𝐽  𝜎𝐸⃗⃗       (5) 

𝛻 𝐽  0      (6) 

𝛻 𝐴  0      (7) 

∫ −𝐽 𝑒𝑧⃗⃗ ⃗⃗ 𝑑𝑆  𝐼0
 

𝐴𝐵
     (8) 

𝑉  0       (9) 

𝑛⃗⃗ 𝐽  0      (10) 

𝑛⃗⃗ × 𝐴  0⃗⃗      (11) 

𝑗𝑐 corresponds to the normal current leaving the cathode at cathode-plasma interface (∂Ωc ∩
∂Ωp). It includes two distinct phenomena: 𝑗𝑒𝑚, which corresponds to a flow of electrons 

associated with the thermionic effect (15) using Richardson’s law (13) and 𝑗𝑖𝑜𝑛, which 

corresponds to the neutralisation of ions at the cathode-plasma interface (14). These two 

current densities later used to consider the associated thermal phenomena. 

𝑗𝑐  𝐽 𝑛𝑐𝑎𝑡ℎ𝑜𝑑𝑒→𝑝𝑙𝑎𝑠𝑚𝑎⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗ ⃗⃗       (12) 

𝑗𝑒𝑚  𝐴𝑟𝑇
2 𝑒𝑥𝑝 (−

𝑒𝜙𝑒

𝑘𝐵𝑇
)     (13) 

𝑗𝑖𝑜𝑛  {
𝑗𝑐 − 𝑗𝑒𝑚 𝑓𝑜𝑟 𝑗𝑐 − 𝑗𝑒𝑚 > 0

0 𝑜𝑡ℎ𝑒𝑟𝑤𝑖𝑠𝑒
    (14) 

𝑗𝑒  𝑗𝑐 − 𝑗𝑖𝑜𝑛      (15) 
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Heat transfer (𝛺𝑐 ∪ 𝛺𝑝 ∪ 𝛺𝑎𝑙 ∪ 𝛺𝑎𝑠) 

The heat equation (16) is solved over the entire domain in its temporal form, including 

source terms associated with the Joule effect and plasma radiation losses with partial self-

absorption (18). The temperature at the top of the tungsten electrode (𝜕Ω ∈ 𝐴𝐵) is imposed 

by equation (19), reflecting the cooling of the torch. At the periphery of the plasma (𝜕𝛺 ∈
𝐵𝐷 ∪ 𝐷𝐸), a convection loss generated by the fluid outlet is considered, which is why 

conduction is considered null (20). At the anode boundary (𝜕𝛺 ∈ 𝐸𝐹 ∪ 𝐹𝐺), a loss by 

convection and radiation is defined by equation (21). 

𝜌𝐶𝑝
𝜕𝑇

𝜕𝑡
 𝜌𝐶𝑝𝑢⃗⃗ 𝛻𝑇  𝛻 𝑞⃗  𝑆    (16) 

𝑞⃗  −𝜆 × ∇𝑇     (17) 

𝑆  {
𝐽 𝐸⃗⃗ − 4𝜋𝜖 𝑓𝑜𝑟 𝛺 ∈ 𝛺𝑝

𝐽 𝐸⃗⃗ 𝑓𝑜𝑟 𝛺 ∈ 𝛺𝑎𝑙 ∪ 𝛺𝑎𝑠 ∪ 𝛺𝑐
    (18) 

𝑇  𝑇0      (19) 

𝑞⃗ 𝑛⃗⃗  0      (20) 

−𝑛⃗⃗ 𝑞⃗  ℎ𝑐𝑜𝑛𝑣 × (𝑇0 − 𝑇)  𝜖𝑎𝜎𝐵 × (𝑇0
4 − 𝑇4)   (21) 

At the cathode-plasma interface (∂Ω ∈ Ωp ∩ Ωc), the flux is defined by equation (22) with the 

heat input generated by ion neutralisation and heat sink due to thermoionic emission and 

radiation. At the anode-plasma interface (∂Ω ∈ (∂Ωp ∩ (∂Ωal ∪ ∂Ωas))), the flux defined by 

the equation (23) includes the heat input generated by electron absorption, losses due to 

radiation and vaporization. The term associated with this last phenomenon is derived from 

Debroy et al. [22] and is defined by equation (24), using the iron vapour pressure from Kim et 

al. [23]. 

−𝑛⃗⃗ 𝑞⃗  𝑗𝑖𝑜𝑛𝑉𝑖 − 𝑗𝑒𝜙𝑐 − 𝜖𝑐𝜎𝐵𝑇
4     (22) 

−𝑛⃗⃗ 𝑞⃗  𝐽 𝑛⃗⃗𝜙𝑎 − 𝜖𝑎𝜎𝐵𝑇
4 − 𝑠𝑣𝑎𝑝    (23) 

𝑠𝑣𝑎𝑝  −10
(2 52+(6 121−

18836

𝑇
)−0 5 log10(𝑇)+1) × 𝐿𝑣𝑎𝑝   (24) 

Fluid flow in plasma (𝛺𝑝) 

In the plasma domain (Ω𝑝), equations (25) and (26) define the conservation of mass and 

momentum, incorporating the Lorentz force and gravity. The viscous stress tensor for a weakly 

compressible flow is defined by equation (27). A pressure condition is imposed at point D to 

ensure the uniqueness of the solution by equation (28). The velocity is considered null at the 

boundary with anode and cathode (∂Ω ∈ (∂Ωp ∩ (∂Ωal ∪ ∂Ωas ∪ ∂Ωc)), according to 

equation (29). An open boundary condition is defined by the nullity of the viscous term at 
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(∂Ω ∈ (CD ∪ DE)), as stated in equation (30). The inlet of the shielding gas is governed by 

the Poiseuille’s law, leading to equation (31). The axial displacement of the plasma-anode 

interface (∂Ω ∈ (∂Ωp ∩ ∂Ωa)) is equal to 𝜓 involving normal and tangential velocity 

conditions defined by equations (32) and (33). Note that gravity is taken into account in 

equation (26) but could be neglected due to its minor contribution. 

𝜕𝜌

𝜕𝑡
 𝛻 (𝜌𝑢1⃗⃗⃗⃗⃗)  0      (25) 

𝜌 (
𝜕𝑢1⃗⃗⃗⃗⃗⃗

𝜕𝑡
 (𝑢1⃗⃗⃗⃗⃗ 𝛻)𝑢1⃗⃗⃗⃗⃗)  𝛻 (−𝑝1𝐼 ̿  𝜎̿)  𝐽 × 𝐸⃗⃗  𝜌𝑔⃗    (26) 

𝜎̿  𝜇(𝛻𝑢1⃗⃗⃗⃗⃗  𝛻𝑢1⃗⃗⃗⃗⃗
𝑇
) −

2

3
𝜇(𝛻 𝑢1⃗⃗⃗⃗⃗)𝐼 ̿    (27) 

𝑝  0      (28) 

𝑢1⃗⃗⃗⃗⃗  0⃗⃗      (29) 

𝜎̿ 𝑛⃗⃗  0⃗⃗      (30) 

𝑢1⃗⃗⃗⃗⃗  −
2𝑄𝑣

𝜋
×
𝑅𝑛𝑜𝑧𝑧𝑙𝑒
2 −𝑟2+(𝑅𝑛𝑜𝑧𝑧𝑙𝑒

2 −𝑅𝑐𝑎𝑡ℎ𝑜𝑑𝑒
2 )×log(

𝑟

𝑅𝑛𝑜𝑧𝑧𝑙𝑒
−
𝑅𝑛𝑜𝑧𝑧𝑙𝑒
𝑅𝑐𝑎𝑡ℎ𝑜𝑑𝑒

)

𝑅𝑛𝑜𝑧𝑧𝑙𝑒
4 −𝑅𝑐𝑎𝑡ℎ𝑜𝑑𝑒

4 +
(𝑅𝑛𝑜𝑧𝑧𝑙𝑒
2 −𝑅𝑐𝑎𝑡ℎ𝑜𝑑𝑒

2 )
2

log(
𝑅𝑛𝑜𝑧𝑧𝑙𝑒
𝑅𝑐𝑎𝑡ℎ𝑜𝑑𝑒

)

𝑒𝑧⃗⃗ ⃗⃗    (31) 

𝑢1⃗⃗⃗⃗⃗ 𝑡  0      (32) 

𝑢1⃗⃗⃗⃗⃗ 𝑛⃗⃗  
𝜕𝜓

𝜕𝑡
      (33) 

Fluid flow in melt pool (𝛺𝑎𝑙) 

Similar to fluid flow in plasma, the following equations introduce mass conservation (34) 

and momentum conservation (35). The viscous stress tensor (36) is adapted to describe an 

incompressible fluid. The source term associated with momentum conservation is detailed in 

equation (37), including the Lorentz force, the Buoyancy force to account for the effect of the 

density gradient with the incompressible viscous stress tensor, and a Darcy force to model the 

mushy zone between the liquid and solid phases. A Dirichlet condition is defined by equation 

(40) on the boundaries of the domain, excluding the anode-plasma interface (∂Ω ∈
(∂Ωal ∩ ∂Ωas)). Similar to equation (33), the normal velocity at the anode-plasma interface 

(∂Ω ∈ (∂Ωp ∩ ∂Ωal)) is imposed by equation (41), with 𝜓 representing the axial position of 

this interface. On this same interface, a tangential force is applied by equation (39), associated 

with the surface tension gradient, more commonly known as the Marangoni effect. 

∇ (𝜌𝑢2⃗⃗⃗⃗⃗)  0      (34) 

𝜌 (
𝜕𝑢2⃗⃗⃗⃗⃗⃗

𝜕𝑡
 (𝑢2⃗⃗⃗⃗⃗ ∇)𝑢2⃗⃗⃗⃗⃗)  𝛻 (−𝑝2𝐼 ̿  𝜎̿)  𝐹⃗    (35) 



Mathematical Modelling of Weld Phenomena 14 

𝜎̿  𝜇(∇𝑢2⃗⃗⃗⃗⃗  ∇𝑢2⃗⃗⃗⃗⃗
𝑇
)      (36) 

𝐹⃗  𝐽 × 𝐵⃗⃗ − 𝜌𝑟𝑒𝑓𝛽(𝑇 − 𝑇𝑟𝑒𝑓)𝑔⃗ − 𝐶
(1−𝑓𝑙)2

𝑓𝑙3+𝐵
𝑢2⃗⃗⃗⃗⃗    (27) 

𝑓𝑙  {

0 𝑓𝑜𝑟 𝑡 < 𝑇𝑠
𝑇−𝑇𝑠

𝑇𝑙−𝑇𝑠
 𝑓𝑜𝑟 𝑇𝑠 ≤ 𝑇 ≤ 𝑇𝑙

1 𝑓𝑜𝑟 𝑇 > 𝑇𝑙

     (38) 

𝜎̿ 𝑡  𝜇
𝜕𝑢1𝑟
𝜕𝑧
 
𝜕𝛾

𝜕𝑟
×
𝜕𝑇

𝜕𝑟
     (39) 

𝑢2⃗⃗⃗⃗⃗  0⃗⃗      (40) 

𝑢2⃗⃗⃗⃗⃗ 𝑛⃗⃗  
𝜕𝜓

𝜕𝑡
      (41) 

Movement on the plasma-anode interface (𝜕𝛺𝑎𝑙 ∩ 𝜕𝛺𝑝) 

The variable ψ represents the vertical position of the interface. Helmholtz’s equation (42) 

reflects the minimisation of the energies associated with surface tension, plasma surface 

pressure and gravitational potential energy. The surface tension coefficient is strongly 

increased when the temperature is lower than the melting temperature in order to avoid 

movements in the solid phase, as described by equation (43). Conservation of deformed 

volume is defined equation (44). A Dirichlet condition is imposed at the boundary of the 

moving interface (∂Ω ∈ J) by equation (45). 

∇𝑡  (
𝛾∗

√1+
𝜕𝜓2

𝜕𝑟2 𝑇
 

)  𝑝1      (42) 

𝛾∗  𝛾𝑙 × 𝑓𝑙  𝛾𝑠 × (1 − 𝑓𝑙)     (43) 

∫ 𝜓  0      (44) 

𝜓  0      (45) 

Moving mesh (Ω ∈ Ω𝐴𝐿𝐸) 

The axial displacement of the mesh is controlled by a modified form of the Laplace equation 

(46) to limit distortions in the mesh boundary layer at the plasma-anode interface (𝜕Ω ∈ 𝐾𝐽). 
A null Dirichlet condition is imposed at (∂Ω ∈ PQ ∪ QO ∪ ON) to ensure continuity with the 

non-moving mesh by equation (47). At the interface (∂Ωal ∩ ∂Ωp), the axial displacement is 

equal to the solution of the previously presented Helmholtz equation (48). 
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𝜕

𝜕𝑧
(
1

𝑧

𝜕𝜙

𝜕𝑧
)  0     (46) 

𝜙  0      (47) 

𝜙  𝜓      (48) 

ANALYSIS OF HYPOTHESES 

The main goal of this section is to justify and critically analyse the validity of our model 

assumptions which are based on Brochard work [14]. First, the problem is axisymmetric due 

to the geometry of the weld piece and the stationary torch. This assumption enables 

simplification of numerical resolution. However, it is difficult to reproduce it experimentally. 

As an example, it has been observed that light scratches on the electrode could disrupt the 

axisymmetry of the arc. Multiple assumptions associated with the arc are justified by the work 

of Delalondre et al. [24] : 

- local thermodynamic equilibrium (LTE): homogenization of species temperatures, 

within the arc column except cathodic and anodic interfaces by using LTE-diffusion 

approximation involving modified electrical conductivity as described by Lowke 

[25]; 
- quasi-neutrality; 

- magnetostatism; 

- elimination of the electrical component of Lorentz force by considering quasi-

neutrality hypotheses; 

- Thomson’s effect neglected; The Thomson effect, as reported in [4] is primarily 

dominant in the vicinity of the electrodes, particularly the cathode. 

- simplified modelling of the anodic interface incorporating only a source term 

associated with electron absorption and not the anode fall [12], [26]; 
- plasma transparent and optically thin allowing the use of a net emission coefficient to 

model radiative losses; 

- the impact of plasma radiation on electrode surfaces is not considered because it is 

assumed negligible for this specific configuration compared to other thermal 

phenomena. 

The solving of fluid flow in the plasma is conditioned by the following assumptions:  

- hydrodynamic continuity; 

- laminar flow: for simplification the plasma is considered laminar. The justification of 

this assumption for this specific welding configuration involves a comparison with a 

turbulent model as conducted by Bauchire [27] or experimental observations in 

plasma; 

- weakly compressible flow (Ma  0 11 < 0 3): the approximated sound velocity in 

plasma is calculated by assuming that it is a perfect gas 𝑈𝑠  √
𝛾𝑔𝑝

𝜌
≈ √

1 4×101325

2𝐸−2
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The assumptions associated with the thermo-hydrodynamic of melt pool are: 

- Laminar regime: The Reynolds number is 107 . It is calculated with the properties 

of the liquid metal used in simulation at 2000 K (𝜇  3𝐸 − 2 𝑃𝑎 𝑠; 𝜌  
 72  𝑘𝑔/𝑚3), the maximum velocity obtained (0   𝑚/𝑠) and the diameter of the 

melt pool (8𝐸 − 3). This dimensionless number is not representative of the real 

problem. The viscosity of the fluid is artificially increased by thirty to be laminar for 

numerical simplification. Experimental observations confirm the surface turbulence 

of the flow.  

- Incompressible flow (Ma  0 0003 ≪ 0 3) : The calculation of this dimensionless 

number is performed with the same maximum velocity and the velocity of sound in 

the liquid metal is approximated to be identical than water at ambient temperature.  

- The enthalpy of fusion is not taken into account because this phenomenon is 

negligible in the spot configuration on the behaviour of the flows in the melt pool, as 

shown by Cadiou [21]. 

Only the thermal effect of metal evaporation is considered. In the simulation, metallic 

vapours are considered to have no effect on plasma. This assumption is justified for a relatively 

short weld duration and low intensity. Numerical and experimental works such as Xiang et al. 

[28], Lago et al. [29] and Simon et al. [30] study their sensitivities. 

MATERIAL PROPERTIES 

Table 1 summaries the material properties associated with the tungsten cathode, the argon 

plasma and the 304L stainless steel anode. Equations are defined for density (51), heat capacity 

(54) and thermal conductivity (57). There are obtained from Kim et al. [23] for the liquid 

phase. The solid phase are experimentally characterised with: 

- differential scanning calorimetry (LABSYS evo STA - Setaram); 

- diffusivimeter (LFA 475/2/6 – Netzch); 

- dilatometer (L75/20C – Linseis). 

𝜌𝑠  8 04𝐸3 − 4  2𝐸 − 1 × 𝑇  1  9𝐸 −  × 𝑇²   (49) 

𝜌𝑙  7   𝐸3 − 1 12𝐸 − 1 × 𝑇 − 1  1𝐸 − 4 × 𝑇
2    (50) 

𝜌  𝜌𝑠 × (1 − 𝑓𝑙)  𝜌𝑙 × 𝑓𝑙     (51) 

𝐶𝑝𝑠  4  8𝐸2  1 39𝐸 − 1 × 𝑇     (52) 

𝐶𝑝𝑙  7 9 𝐸  2      (53) 

𝐶𝑝  𝐶𝑝𝑠 × (1 − 𝑓𝑙)  𝐶𝑝𝑙 × 𝑓𝑙    (54) 

𝜆𝑠  1 31𝐸  1  1 19𝐸 − 2 × 𝑇  8 7 𝐸 − 7 × 𝑇
2 − 3 72𝐸 − 10 × 𝑇3  2 11𝐸 −

14 × 𝑇4 −   49𝐸 − 19 × 𝑇5     (55) 
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𝜆𝑙  1  1𝐸  1 − 1 03𝐸 − 4 × 𝑇  1 13𝐸 −  × 𝑇
2 − 2 3 𝐸 − 11 × 𝑇3 − 2 8 𝐸 −

14 × 𝑇4      (56) 

𝜆  𝜆𝑠 × (1 − 𝑓𝑙)  𝜆𝑙 × 𝑓𝑙     (57) 

Table 1 Volume material properties. 

 Cathode (Ω𝑐) Plasma (Ω𝑝) Anode (Ω𝑎𝑙 ∪ Ω𝑎𝑠) 

𝜌 17800 𝑘𝑔/𝑚3 

[31] 

𝐹𝑖𝑔𝑢𝑟𝑒 4 𝑎𝑛𝑑 ( 1) 
𝐶𝑝 132 𝐽/(𝑘𝑔 𝐾) 𝐹𝑖𝑔𝑢𝑟𝑒 4 𝑎𝑛𝑑 ( 4) 
𝜆 [32] 𝐹𝑖𝑔𝑢𝑟𝑒 4 𝑎𝑛𝑑 ( 7) 
𝜖 ∅ [29] ∅ 
𝜇 

∅ [31] {
1𝐸4 𝑓𝑜𝑟 𝑇 < 𝑇𝑓
3𝐸 − 2 𝑓𝑜𝑟 𝑇 > 𝑇𝑓

 

𝜎 

[23] 

𝜎𝑡𝑢𝑛𝑔𝑠𝑡𝑒𝑛 [23] 𝑛𝑒𝑎𝑟 𝑐𝑎𝑡ℎ𝑜𝑑𝑒 
𝜎𝑎𝑟𝑔𝑜𝑛 [31] 

7 7𝐸  𝑆/𝑚 𝑛𝑒𝑎𝑟 𝑎𝑛𝑜𝑑𝑒 

7 7𝐸  𝑆/𝑚 

𝜇𝑟 1 1 1 

Fig. 4 Thermophysical properties of 304L 

Table 2 presents the constants associated specifically with metal. The surface tension 

gradient with temperature is a thermo-physical parameter which determines the surface flow 

in the melt pool (Marangoni effect). This value is extremely sensitive to the activity of the 

surface-active elements. It can vary strongly for the same stainless grade. The effect of this 

parameter is not the subject of this article that is why its sensitivity is not studied. For this 

work, two values are set to study two distinct melt pool configurations and generalise the 

results of this study: 

- 
𝜕𝛾

𝜕𝑇
  2 1𝐸 − 4 𝑁/(𝑚 𝐾): forming a deep and narrow melt pool; 

- 
𝜕𝛾

𝜕𝑇
 −2 1𝐸 − 4 𝑁/(𝑚 𝐾): forming a shallow and large melt pool. 
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The properties associated with cathode-plasma and anode-plasma interfaces are chosen by 

Hsu et al. [1]. 𝛷𝑒 and 𝜙𝑐 are determined by inverse method with pyrometric measurement of 

the electrode surface during welding. The uncertainty associated with this single measurement 

is not estimated, which justifies the next sensitivity study. 𝜙𝑎 is based on experimental 

measurements performed on 𝐹𝑒 − 𝛼. It is observed and demonstrated by Yoshitake [33] that 

multiple parameters like alloy elements and atomic organisation can strongly influence this 

value at solid state. The influence of the phase change is not studied. It is therefore also not 

possible to estimate the variability of this value. 

Table 2 Physical constants. 

Physical constant Value 

𝑇𝑠 1708 𝐾 

𝑇𝑙 1740 𝐾 

𝐶/𝐵 1𝐸9 

𝜌𝑟𝑒𝑓  874 𝑘𝑔/𝑚3 

𝛽 1𝐸 − 4 𝐾−1 

𝑇𝑟𝑒𝑓 1723 𝐾 

𝛾 1   𝑁/𝑚 

ℎ𝑐𝑜𝑛𝑣 10 𝑊/(𝑚2 𝐾) 

𝜖𝑐 0 4 

𝜖𝑎 {
0 7 𝑖𝑓 𝑇 >

𝑇𝑙  𝑇𝑠
2

0 4 𝑖𝑓 𝑇 <
𝑇𝑙  𝑇𝑠
2

 

𝜙𝑒 2  3 𝑉 

𝑉𝑖 1   8 𝑉 

𝜙𝑐 4  2 𝑉 

𝜙𝑎 4 7 𝑉 

NUMERICAL RESOLUTION 

The used mesh consists of tetrahedral elements with linear shape functions for all the physics 

except Helmholtz equation for which it is quadratic. A boundary layer mesh is chosen for the 

axis of revolution and electrode interfaces where strong unidirectional gradients are present. 

The mesh is divided into different areas with different sizes detailed in figure 5. A sensitivity 

on the mesh size is conducted (see figure 6) to its effect on shear, temperature, pressure, current 

density at the plasma-anode interface, and velocity, pressure temperature on the axisymmetry 

axis. The time step and minimum convergence criteria are constants for this study. It is 

observed that a coarse mesh leads to an underestimation of shear due to an incorrect 

description of flows at the interface. A satisfactory convergence is observed for a mesh size 
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equal to 0 1  𝑚𝑚 without too high calculation time. A finer mesh than 0 07 𝑚𝑚 results in 

numerical instability. 

 

Fig. 5 Mesh sizes 

 

Fig. 6 Numerical convergence of the mesh 
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A segregated solver is used with four steps: 

- fluid flow, heat transfer in plasma and electromagnetism; 

- fluid flow and heat transfer in melt pool; 

- moving interface equations; 

- moving mesh equation.  

The backward differentiation formula (BDF) of second order is used with Anderson 

acceleration. Simulation of a weld at 150 A with a mesh of 146073 degrees of freedom and 8 

cores (Intel® Xeon®W-2295 CPU @3.00Ghz) generates a computation time equals to 7 hours 

and 36 minutes. The dissociation of the viscous stress tensor of plasma and melt pool leads to 

a reduction in calculation time by a factor of five. This approach also improves numerical 

stability. The error criterion used is defined by equation (58) which consists in evaluating 

iterative stability with 𝑀 the number of fields, 𝑁𝑗 the number of degrees of freedom for the 

field 𝑗, 𝑊𝑗 the scale and 𝑈𝑖,𝑗 the solution vector. The calculation is iterated for all variables as 

long as this relative error is less than 0 1%. 

𝑒𝑟𝑟  √
1

𝑀
√∑  

1

𝑁𝑗

𝑀
𝑗=1 ∑ (

|𝑈𝑖,𝑗𝑡−𝑈𝑖,𝑗𝑡−Δt|

max(|Ui,jt|)
)

2

 
𝑁𝑗
𝑖=1

      (58) 

NUMERICAL ANALYSIS 

GENERAL OVERVIEW 

Figures 7 and 8 provide a brief overview of the numerical results obtained by this simulation 

at the melt pool and the arc scale with an intensity equal to 1 0 𝐴 and a weld duration of 10 𝑠. 
The image on the left of figure 7 shows the temperature field. The tungsten electrode is 

heated to a temperature of 3600 K. Heating is limited by thermionic emission, which helps to 

reduce the effect of ion neutralisation. In the plasma, the temperature rises to 16,000 K just 

below the cathode. In this state, the argon is locally strongly ionized to the first and second 

degrees. The mechanisms associated with this heating are mainly the Joule effect and, and to 

a lesser extent, interfacial phenomena. Dissipation occurs through radiation and conduction to 

the surrounding domains. After stabilisation, the total voltage including the anode and cathode 

drop is equal to 10.6 V. The anode is partially melted by the heat transmitted by the plasma 

and the absorption of electrons. The temperature, in this area, reaches a maximum of 2600 K 

due to thermal pumping associated with vaporization enthalpy. The associated dissipation is 

mainly through radiation and convection. 

The image on the middle of figure 7 shows the velocity fields. In the plasma, the flows are 

mainly axial, with very strong gradients between the cathode and the anode. The maximum 

velocity is equal to 160 m/s, due to the action of Lorentz forces and thermal expansion of the 

fluid. The flows generate an overpressure of 500 Pa at the anode-plasma interface. This causes 

a deformation of the interface equal to 0.25 mm. This deformation leads to a modification of 



Mathematical Modelling of Weld Phenomena 14 

the flows in the plasma and the melt pool. In the anode, the liquid zone is in motion mainly 

due to the action of surface shear and the Marangoni effect at the anode-plasma interface, 

creating a very large axial gradient. The maximum velocity in this configuration is 0.16 m/s. 

This value is lower than in the plasma, but the Reynolds number associated is 6.7 times higher 

due to differences in fluid properties and associated sizes. The flows in the plasma and the 

melt pool are consequently very different. 

The image on the right of figure 7 shows the electric potential field and the electric 

streamlines in the resolution domain. The potential difference is mainly located in the plasma, 

with a potential difference of 4.6 V. In addition, interfacial phenomena result in a total 

difference of 11 V. The streamlines are influenced by the cathode geometry and the 

deformation of the anode-plasma interface. A strong modification of this interface at high 

intensity implies a deviation of the electric field at the peripheral of the melt pool, leading to 

a change in the distribution of Lorentz forces in the melt pool and electron absorption at the 

surface. 

The time-dependent calculation improves the understanding of the phenomena involved in 

the formation of the melt pool. Figure 8 shows the time evolution of the velocity and 

temperature fields with the temperature derivative of the surface coefficient equal to 2 1  10−4 
N/(m.K). At 2 s the melt pool has two vortices. The first closest to the axis is centrifugal due 

to the predominance of the shear compared to the Marangoni effect. Away from the axis, the 

shear is reduced, allowing the action in the other direction of Marangoni to generate a second 

centripetal vortex. By increasing the welding time, the width of the melt pool is also increased, 

contributing to the predominance of the Marangoni effect. This leads to the formation of a 

single centripetal vortex. This example illustrates the complexity of the kinematics associated 

with thermo-hydrodynamic movements, justifying the time-dependent calculation. 
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Fig. 7 Temperature, velocities and electric field 
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Fig. 8 Time evolution of temperature and velocity fields into the melt pool 

ENERGY BALANCE 

An energy balance is conducted in the cathode, the plasma, and the anode (see figure 9) for a 

welding duration and an intensity equal to 10 seconds and 150 A. The interest is to quantify 

the thermal contribution of all the phenomena at the scale of the process. At the end of the 

welding duration, the cathode has reached thermal equilibrium. The main contribution to 

heating is the ion neutralization at its surface (89.2%). Most of the dissipation is associated 

with the electron emission ( 1 7%) and to a lower but not negligible proportion with 

conduction at the top (34 9%). In simulation, this dissipation mechanism is simplified by 

imposing a temperature of 300 𝐾 at the stick-out length. Experimentally, the tungsten 

electrode is cooled by the contact tube 13 𝑚𝑚 higher and by forced convection due to the 

flow of the cold shielding gas in the nozzle. This simplification is justified by the localisation 

of the thermal gradient at the tip of the cathode. In the plasma, the Joule effect is the 

phenomenon responsible for the heat input. This heat is redistributed by conduction to 10 8% 

to the cathode, 7  8% to the anode due to the direction of the fluid flows and 11 4% of the 

heat is dissipated by radiation with the net emission approach. In the anode, the heat input is 

3.6 times higher than the dissipation. The stationary state is reached after approximately 100 𝑠 
in this configuration. The contribution is firstly associated with plasma conduction (41 4%) 
and electron absorption ( 8 3%). The heat generated by this last phenomenon is highly 

dependent of the work output of the anode (𝜙𝑎) but this value is not well known. According 

to the literature, it depends on multiple factors including the atomistic structure of the argon 

and stainless steel at the interface [33].This fact greatly justifies the need to realise a sensitivity 

study of the effect of material parameters. From this multiple information, it is possible to 

calculate the energy efficiency of the arc by the equation (59) from Nahed et al. [16]. It is 
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equal to 75.64%, this is consistent with literature values from Nestor et al. [34], Giedt et al. 

[35], Dupont et al. [36] and Smartt et al.  [37]. These values range between 60 and 80% for 

different arc height and cathode sharpening but at the same intensity. 

𝜂  
𝑠𝑐𝑜𝑛𝑑−𝑎𝑛𝑜𝑑𝑒+𝑠𝐼𝐴𝑃

𝑠𝐼𝐴𝑃+𝑠𝐼𝐶𝑃+𝑈×𝐼
     (59) 

 

Fig. 9 Energy balance of the arc model 
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EFFECT OF THE ARC ON THE MELT POOL 

The influence of the electrical arc over the melt pool is generated by : the heat flux, the shear, 

the arc pressure and the current density. At 1 0 𝐴, the heat flux and the shear are the 

predominant phenomena. The objective of this part is to evaluate their influence on the 

behaviour of the melt pool for a variation of ±10%. The evolution of the geometry of the melt 

pool is studied for two thermocapillary coefficients to generalise this study 

Figure 10 illustrates the evolution of the fusion isotherm for a wider, shallower melt pool 

(
𝜕𝛾

𝜕𝑇
< 0), and a narrower, deeper melt pool (

𝜕𝛾

𝜕𝑇
> 0). Table 3 contains the relative differences 

associated with the dimensions of the melt pool. It is observed that the direction of application 

of the Marangoni effect has a significant effect on the influence of heat and shear.  

The first consequence of increasing the incident heat flux is an approximate 23% increase 

in the melt pool volume, regardless the sign of 𝜕𝛾/𝜕𝑇. However, the shape does not change 

uniformly. For 
𝜕𝛾

𝜕𝑇
> 0, only the width is affected, whereas for 

𝜕𝛾

𝜕𝑇
< 0, both the width and depth 

increase. 

The action of the shear is more complex due to its interdependence with the Marangoni 

effect. For 
𝜕𝛾

𝜕𝑇
> 0, the directions of the shear and the Marangoni effect are opposite, and the 

magnitude of the Marangoni effect is greater than that of the shear. In this case, an increase in 

the shear leads to a decrease in the total radial stress, which reduces convective movements 

within the melt pool and, consequently, its volume. Only the depth is affected ; the width is 

less sensitive to internal convection because it is strongly limited by conduction in the solid 

part. For 
𝜕𝛾

𝜕𝑇
< 0, the directions of the shear and the Marangoni effect are the same, making 

the total radial stress less sensitive to variations in the shear. Therefore, the shape of the melt 

pool is only slightly affected in this configuration. 

The main conclusion of this little study is that these two terms can have a significant impact 

on the morphology of the melt pool. These results fully justify the need to improve the 

understanding of the influence of the material parameters of the arc model. 

Table 3 Relative differences generated by a 10% change in shear and heat. 

 𝝏𝜸

𝝏𝑻
  𝟐 𝟏𝑬 − 𝟒 𝑵/(𝒎 𝑲) 

𝝏𝜸

𝝏𝑻
 −𝟐 𝟏𝑬 − 𝟒 𝑵/(𝒎 𝑲) 

𝐂𝐡𝐚𝐫𝐚𝐜𝐭𝐞𝐫𝐢𝐬𝐭𝐢𝐜 𝐒𝐡𝐞𝐚𝐫 𝐇𝐞𝐚𝐭 𝐒𝐡𝐞𝐚𝐫 𝐇𝐞𝐚𝐭 

Width 0 0%  4 8%  0 7%  7 7% 

Depth −  8%  12 2% −0 3%  7 2% 

Volume −  1%  23 7%  1 9%  22  % 

Width

Depth
 

   9% −7  %  1 0%  0  % 
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Fig. 10 Fusion isotherms with shear and heat variations for two Marangoni configurations 

SENSITIVITY OF ARC MATERIAL PROPERTIES 

The magneto-thermo-hydrodynamic simulation of the arc involves multiple material 

parameters. Some of them are very difficult to characterise, for example the thermophysical 

properties ionised argon (𝜆, 𝜌, 𝐶𝑝, 𝜎, 𝜖, 𝜇). Tanaka et al. [12], Brochard [14], Traidia et al. [15], 

Cadiou et al. [21] and Nahed et al. [16] have used the same data from Boulos et al. [31]. These 

values are determined by a thermodynamic model for absolutely pure argon. The applicability 

of these data is therefore questionable because, experimentally, this is not the case. Metal 

species from anode fusion and cathode degradation are present in small quantities within the 

arc participating to modify these properties as shown for example by Zhao et al. [38]. Also, 

the properties associated with electro-magneto-thermal interfacial phenomena: 𝜙𝑎 , 𝜙𝑐 and 𝜙𝑒 
are little known. These three parameters are obtained by inverse method with a complex 

temperature measurement of the cathode surface through the arc during welding by Hsu et al. 

[1].  

Failing to be able to characterize or known these properties accurately, simulation can be 

used to identify influential parameters. The properties in table 4 are studied. An individual 

variation of ±10% is applied to study the effect of the following quantities at the anode-

plasma interface: heat flux, shear and pressure. The sensitivity of the material properties on 

the maxima of the three quantities is synthesised by figure 11. The main conclusion is the 

significant importance of the thermophysical properties of the shielding gas compared to 𝜙𝑒, 
𝜙𝑎 and 𝜙𝑐. The shear is the variable most impacted by the variability of material properties. 

A little change leads to a modification of flow into the melt pool as demonstrated in the 

previous part. This study confirms that the material properties of the arc model can have a 
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significant impact on the incident terms at the anode-plasma interface. The lack of knowledge 

of these properties can be a limit to the predictivity of the model. 

The main limit of this approach is to achieve a simple proportional variation of ±10%. The 

choice of this variation value is questionable. Variations of 40% are for example present in  

the literature for 𝜙𝑎, while for 𝜎𝑊 is less than  %  It would be relevant to complete this study 

with a bibliographic review of the totality of material parameters present in the literature to 

estimate their dispersions. The second weakness is to limit this study to the material properties 

of the arc. Indeed, the melt pool is also extremely sensitive to the properties of liquid metal in 

particular the surface tension coefficient responsible for the Marangoni effect. 

Table 4 Arc model material parameters used for sensitivity. 

Location Symbol Definition 

Cathode (Tungsten) 𝜆𝑊 Thermal conductivity 

𝜌𝑊 Density 

Cathode-plasma interface ℎ𝐼𝐶𝑃 Thickness of the cathodic zone 

𝑉𝑖 Ionisation potential 

𝜙𝑒 Effective work function at the cathode interface 

𝜙𝑐 Work function at the cathode interface 

𝜖𝑐 Emissivity of the cathode surface 

Plasma (Argon) 𝜆𝐴𝑟 Thermal conductivity 

𝜌𝐴𝑟 Density 

𝐶𝑝𝐴𝑟 Heat capacity at constant pressure 

𝜇𝐴𝑟 Dynamic viscosity 

𝜎𝐴𝑟 Electrical conductivity 

𝜖𝐴𝑟 Net emission coefficient 

Plasma-anode interface ℎ𝐼𝐴𝑃 Thickness of the anodic zone 

𝜙𝑎 Work function at the interface 

𝜖𝑎 Emissivity of the anode surface 

Anode (304L) 𝜆304𝐿 Thermal conductivity 

𝜌304𝐿 Density 

𝜎304𝐿 Electrical conductivity 

𝜖𝑟𝑎𝑑𝑠𝑜𝑙 Net emissivity 

Plasma (Argon) 𝜆𝐴𝑟 Thermal conductivity 

𝜌𝐴𝑟 Density 

𝐶𝑝𝐴𝑟 Heat capacity at constant pressure 

ℎ𝑐𝑜𝑛𝑣 Convective heat transfer coefficient 
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Fig. 11 Sensitivity of material properties at the anode-plasma interface for an individual variation 

of 10% 

CONCLUSION 

The first part of this article is a presentation as exhaustive as possible of the magneto-thermo-

hydrodynamic simulation of the TIG process with arc-melt pool coupling and surface 

deformation in spot configuration.  

This simulation highlights the influence of the arc on the melt pool and to evaluate the 

sensitivity of material properties on arc behaviour. The most sensitive properties are 𝜆, 𝜌, 𝐶𝑝 

and 𝜇 of argon. For instance, a 10% increase in 𝐶𝑝 can result in an increase of more than 23% 

in the melt pool volume. Unfortunately, it is not possible to justify the uncertainties associated 

with these parameters because they are determined by thermodynamic calculations. The metal 

vapours can strongly influence these properties. According to mixing law from Wilke et al. 

[39] the addition of 1% iron results in a 2 % decrease in 𝜇. However, this simulation does 

not include the consideration of metallic vapours, this study clearly illustrates the importance 

of considering this phenomenon. The work function at the anode-plasma is also little known 

for liquid metal and proportionally influences the volume of the melt pool. It is therefore very 

important to improve the knowledge of this value to have a predictive model.  
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The perspectives associated with this work are to continue these sensitivities at the scale of 

the melt pool, with a focus on surface tension coefficient which is the predominant 

phenomenon. Another perspective is to compare the numerical and experimental results in 

order to evaluate the predictivity of the model with a variation in intensity. 

APPENDIX 

 

Fig. 12 Comparison of plasma temperature measured by Hsu et al. [1] for argon, an intensity of 

200 A and an arc length of 10 mm 

 

Fig. 13 Comparison of the axial velocities within the plasma obtained in simulation obtained by 

Cadiou et al. [21], Brochard et al. [14] and Hsu et al. [1] for argon, an intensity of 200 A and an 

arc length of 10 mm 
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