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Abstract

:

In plasma MIG welding, inert gas introduced from the torch nozzle is ionized in the upstream region of the MIG arc, which is termed “plasma”. This study aims to clarify the effect of the plasma on the metal-transfer process in the plasma MIG welding through numerical analysis. As a result, the plasma with a temperature of approximately 10,000 K was found to be formed around the wire tip. The MIG arc temperature around the wire tip was 11,000 K at the maximum, which was lower than that of the conventional MIG welding by approximately 1000 K. This difference was caused by the decreased current density around the wire tip due to the influence of the plasma. The droplet temperature was also decreased by 400 K due to this lower current density. The amount of the metal vapor evaporated from the droplet was decreased compared to that of the conventional MIG welding due to the lower droplet temperature. This might lead to a decrease in fume formation generally known in the plasma MIG welding. In the conventional MIG welding, the arc attachment was concentrated around the wire tip, leading to a higher current density. However, in the plasma MIG welding, the plasma transported to the surrounding of the wire tip increases the electric conductivity in that region, due to the influence of the metal vapor mixture. This leads to the dispersion of the arc attachment toward the wire root. Consequently, the current density in the plasma MIG welding was found to decrease compared with that of the conventional MIG welding. The lower current density in plasma MIG welding decreases the Lorenz force acting on the wire neck, thus delaying droplet detachment to make the droplet diameter larger and the metal transfer frequency smaller. The latter was about 20% of that in the conventional MIG welding.
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1. Introduction


Plasma Metal Inert Gas (MIG) welding was innovated by Esser et al. in 1972 [1,2], which is a coaxial hybrid welding process combining plasma welding and MIG welding, utilizing the advantages of both welding processes [3]. In the plasma MIG welding, a plasma electrode is installed outside of a MIG contact tip. By using the plasma electrode, inert gas introduce from the torch nozzle is ionized in the upstream region of the MIG arc [4], which is termed “plasma”. Figure 1 shows an example of arc and plasma appearance. The plasma enables to the flexible control the arc shape through the inward Lorenz force produced by the plasma current and self-magnetic field, stabilizing the arc and metal transfer process and minimizing the spatter and fume formation [5]. Furthermore, the plasma with low energy density and large volume can uniformly preheat the base metal surface to a large extent with low heat flux, making it possible to form a high wettability bead [6]. According to these advantages, the plasma MIG welding can be applied for the high-quality welding of various metals such as steel or aluminum [7,8].



In the MIG welding, the welding quality represented by the penetration depth of the base metal and the wettability of the bead is generally known to be strongly governed by the heat input characteristics to the base metal. The heat input to the base metal is mainly produced by the thermal conduction from the arc and the heat content of the metal droplet. Tsujimura et al. reported that the latter occupied approximately 40 percent of the total heat input [9]. The result of calorimetric measurement showed that the iron droplet temperature reached around 3000 K above 250 A [10]. Accordingly, the unstable metal transfer due to the intensive behavior of cathode spots during the conventional MIG welding led to a localized fluctuation of the heat input to the base metal, thus lowering the welding quality.



On the other hand, for the plasma MIG welding, Mamat et al. recently carried out spectroscopic measurements [11] and found that the droplet temperature became 2450 K at 250 A, which was far lower than that in the conventional MIG welding. Moreover, the droplet diameter was larger than that of the conventional MIG welding, so the transition from globular transfer to spray transfer occurred at a higher MIG current. They suggested that the decrease in droplet temperature was due to lower current density caused by the upward expansion of arc attachment around the wire tip, which might be related to the plasma surrounding the wire. Afterward, based on the above finding, Mamat et al. applied the plasma MIG welding to the dissimilar welding of aluminum and steel [12]. Consequently, a sound joint was obtained because of the low droplet temperature and stable metal transfer. However, a mechanism that will cause a decrease in droplet temperature is not yet understood.



The purpose of this study is to clarify effect of plasma on the metal transfer process in the plasma MIG welding through numerical analysis. This paper is divided into four sections. Section 1 introduces the concept of plasma MIG welding and issues regarding droplet temperatures. The simulation model is presented in Section 2, the results and discussion are described in Section 3, and Section 4 summarizes the conclusions of this study.




2. Simulation Model


A numerical simulation of the basic characteristics of the plasma MIG welding was carried out to discuss the influence of the presence of the plasma on the metal transfer process, droplet temperature and arc temperature. For comparison, a conventional MIG welding was also conducted by setting the plasma current at 0.



Figure 2 shows an axisymmetric two-dimensional simulation domain (z, r) with a radius of 15 mm and a height of 30 mm, consisting of an arc region, a wire region, a plasma electrode region and nozzle regions. The regions for feeding the wire, a center gas inlet, a plasma electrode, a plasma gas inlet, shielding gas inlet and nozzles were defined on the top boundary. On the axis, the wire region with a diameter of 1.2 mm and an initial extension of 25 mm, corresponding to an arc length of 5 mm, was defined. The side boundary was a pressure outlet. The bottom boundary corresponded to the surface of the base metal. The region inside the base metal was not calculated. Non-uniform mesh was used; the maximum and minimum sizes were 0.2 mm and 0.05 mm, respectively.



Table 1 summarizes the simulation conditions. The wire composition was Fe. The wire feed speed was 5 m/min. The Contact Tip to Work Distance (CTWD) was 30 mm. The plasma electrode diameter is 5 mm. The center gas, the plasma gas, and the shielding gas are pure Ar and introduced from the top boundary at a flow rate of 5, 10 and 10 L/min. The MIG current of DCEP 280 A and the plasma current of DCEP 100 A are given at the top boundary. The plasma current is 0 in case of the conventional MIG welding. The bottom boundary is set to be 0 V.



Distributions of flow velocity, temperature, metal vapor concentration and current density were obtained by solving the time-dependent conservation equations of mass, momentum, energy, mass of metal vapor and current, which are expressed as follows. The magnetic field was obtained from a calculation of vector potential. The plasma was assumed to satisfy the Local Thermodynamic Equilibrium (LTE) condition [13]. The thermodynamic and transport properties of the arc under the LTE condition were calculated as functions of temperature and metal vapor concentration [14]. Fe was assumed to be the metal vapor composition to calculate the above properties. The surface tension coefficient of molten metal of the wire was set as 1.2 N/m, without depending on the temperature. The thermodynamic and transport properties of mild steel were used for the wire [15]. The Volume of Fluid (VOF) method was used to track the free surface. ANSYS Fluent 18.1 was used for the calculation. This model was developed by modifying the MIG welding model, considering the previously reported metal transfer process [16].



Table 2 summarizes boundary conditions. ucenter gas, uplasma gas, ushielding gas and uwf are the velocities corresponding to the center gas flow rate, the plasma gas flow rate, the shielding gas flow rate and the wire feed speed. jMIG and jplasma are the current density corresponding the MIG current and the plasma current. Patm is an atmospheric pressure.



Mass conservation:


    ∂ ρ   ∂ t   + ∇ ⋅  (  ρ  u →   )  = 0  



(1)







Momentum conservation:


    ∂ ρ  u →    ∂ t   + ∇ ⋅  (  ρ  u →   u →   )  = − ∇ p + ∇ ⋅   τ →  →  + ρ  g →  +  j →  ×  B →  +   F →  s  +   F →   s l d    



(2)







Energy conservation:


    ∂ ρ h   ∂ t   + ∇ ⋅  (  ρ h  u →   )  = ∇ ⋅  (  k ∇ T  )  +  j →  ⋅  E →  −  Q r  +  Q s   



(3)







Mass conservation of metal vapor:


    ∂ ρ Y   ∂ t   + ∇ ⋅  (  ρ Y  u →   )  = ∇ ⋅  (  ρ D ∇ Y  )  +  M  e v a p m e t a l    



(4)







Current conservation:


  ∇ ⋅ σ ∇ Φ = 0  



(5)







Ohm’s law:


   j →  = − σ ∇ Φ = σ  E →   



(6)







Vector potential:


   ∇ 2   A →  = −  μ 0   j →   



(7)







Magnetic field:


   B →  = ∇ ×  A →   



(8)




where mass density,   u →  : velocity, p: pressure,     τ →  →   : viscus stress tensor,   g →  : gravity,   j →  : current density,   B →  : magnetic field,     F →  s   : a source term for surface tension force,     F →   s l d    : a source term to express the behavior of the solid region, h: enthalpy, k: thermal conductivity, T: temperature,   E →  : electric field, Qr: a source term for arc radiation, Qs: a source term for electron condensation, surface radiation and latent heat of vaporization on the wire surface, Y: mass fraction of metal vapor, D: diffusion coefficient of metal vapor, Mevapmetal: a source term for evaporation of metal, calculated by the Hertz–Knudsen–Langmuir equation, Φ: electric potential,   A →  : vector potential.




3. Results and Discussion


Figure 3 shows the temperature distributions immediately after the droplet detachment in the conventional MIG welding and the plasma MIG welding. The temperature distributions present a similar tendency as the arc and plasma appearances shown in Figure 1. Figure 4, Figure 5 and Figure 6 show the distributions of the metal vapor mole fraction, the current density vectors and the current density at the same moment as Figure 3, respectively. In this paper, the numerical analysis results are mainly compared with our experimental results, reported in reference [11]. Even though the welding conditions, such as MIG current and plasma electrode diameter, are different, the tendency of a difference between the conventional MIG welding and plasma MIG welding can be discussed to some extent.



In the conventional MIG welding, the arc temperature reached approximately 12,000 K at its maximum. The droplet temperature was raised to approximately 2900 K on average, due to the strong heating cause by the electron condensation and the thermal conduction from the arc plasma. Consequently, a high amount of metal vapor was evaporated from the droplet surface and the wire tip. Then, the metal vapor was transported to the base metal by the plasma jet. Afterward, the metal vapor was radially transported outward. Due to the intensive radiation loss by metal vapor, the arc temperature around the axis decreased to around 6000 K. These results were found to approximately agree with the results of the experimental observation [17].



On the other hand, in the plasma MIG welding, the center gas and shielding gas were ionized in advance in an upstream region of the MIG arc, becoming plasma with a temperature of approximately 10,000 K. The arc temperature around the wire tip was lower than that of the conventional MIG welding by approximately 1000 K. The tendency for the arc temperature to decrease agrees with the spectroscopic measurement result in reference [11]. This difference indicates the decreased current density around the wire tip by influence of the plasma. The droplet temperature was decreased to 2500 K, which might be due to this lower current density. Mamat et al. reported that the droplet temperature in plasma MGI welding using a plasma electrode with a diameter of 3 mm decreased by more than 300 K compared with that of conventional MIG welding at an MIG current of 250 A [11]. The amount of metal vapor that evaporated from the droplet was decreased compared to that of the conventional MIG welding due to the lower droplet temperature. This will lead a lower amount of fume formation than is generally found in plasma MIG welding. The metal transfer frequency was about 11.5 Hz, which was smaller than 53.3 Hz in the conventional MIG welding.



In the conventional MIG welding, the arc attachment was concentrated around the wire tip, leading to a higher current density. However, in the plasma MIG welding, the plasma transported to the surrounding wire tip increases the electric conductivity in that region, which is also due to the influence of the metal vapor mixture, as shown in Figure 7. This leads to dispersion of the arc attachment toward the wire root. Consequently, the current density in the plasma MIG welding was found to decrease compared with that of the conventional MIG welding. The lower current density in plasma MIG welding decreases the Lorenz force acting on the wire neck, thus delaying droplet detachment to make the droplet diameter larger and the metal transfer frequency smaller than those in the conventional MIG welding.



The tendency of differences in arc characteristics and the metal transfer process between conventional MIG welding and plasma MIG welding, obtained through the numerical analysis, agreed with that observed in the experiment [11].




4. Conclusions


In this study, a numerical analysis of basic characteristics of the plasma MIG welding was carried out, especially focusing on the plasma’s influence on the metal transfer process. The main conclusions are summarized as follows:




	
In plasma MIG welding, the center gas and shielding gas are ionized in advance in an upstream region of the MIG arc, becoming plasma with a temperature of approximately 10,000 K.



	
The MIG arc temperature around the wire tip was 11,000 K at its maximum, which was lower than that of the conventional MIG welding by approximately 1000 K.



	
In plasma–MIG welding, the droplet temperature is lower than that of the conventional MIG welding by 400 K, decreasing the amount of metal vapor that evaporated from the droplet.



	
The plasma transported to the surrounding of the wire tip increases the electric conductivity in that region. This leads to dispersion of the arc attachment toward the wire root.



	
The current density in the plasma MIG welding is found to decrease compared with that of the conventional MIG welding, thereby causing decrease in the droplet temperature and metal transfer frequency. The latter was about 20% of that in the conventional MIG welding.








In this study, only the case using mild steel as the wire material was discussed. However, phenomena such as a decrease in the droplet temperature and metal transfer frequency might generally occur in plasma–MIG welding regardless of the wire materials, because it is related to the thermodynamic and transport properties of the gas rather than those of the wire material.



It is considered that understanding the mechanism used to govern the metal transfer process strongly contributes not only to improving the quality of plasma–MIG welding but also to propose an innovative welding process, which enables flexible control of the metal transfer process.
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Figure 1. Arc and plasma appearance in (a) conventional MIG welding and (b) plasma–MIG welding. 
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Figure 2. (a) simulation region and (b) mesh. 
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Figure 3. Temperature distributions in (a) conventional MIG welding and (b) plasma–MIG welding. 
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Figure 4. Metal vapor mole fraction distributions in (a) conventional MIG welding and (b) plasma–MIG welding. 
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Figure 5. Current density vectors in (a) conventional MIG welding and (b) plasma–MIG welding. 
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Figure 6. Current density distributions in (a) conventional MIG welding and (b) plasma–MIG welding. 
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Figure 7. Dependence of electrical conductivity on temperature and metal vapor concentration. 
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Table 1. Simulation conditions.






Table 1. Simulation conditions.





	
Parameters

	
Welding Processes




	
Conventional MIG

	
Plasma–MIG






	
Wire composition

	
Fe




	
Wire diameter (mm)

	
1.2




	
Wire feed speed (m/min)

	
5.0




	
CTWD (mm)

	
30.0




	
Plasma electrode diameter (mm)

	
5.0




	
MIG current (A)

	
DCEP 280




	
Plasma current (A)

	
0

	
DCEP 100




	
Gas composition

	
Pure Ar




	
Center gas flow rate (L/min)

	
5.0




	
Plasma gas flow rate (L/min)

	
10.0




	
Shielding gas flow rate (L/min)

	
10.0
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Table 2. Boundary conditions.






Table 2. Boundary conditions.





	
Boundary

	
Mass and Momentum

	
Mass Fraction of Metal Vapor

	
Energy

	
Electric Potential

	
Magnetic Potential






	
Top

	
Wire

	
    u →  =  u →    wf

	
Y = 0

	
300 K

	
σ∂Φ/∂n = jMIG

	
∂Ai/∂n = 0




	
Center gas inlet

	
    u →  =  u →    center gas

	
Y = 0

	
300 K

	
∂Φ/∂n = 0

	
∂Ai/∂n = 0




	
Plasma electrode

	
-

	
-

	
300 K

	
σ∂Φ/∂n = jplasma

	
∂Ai/∂n = 0




	
Plasma gas inlet

	
    u →  =  u →    plasma gas

	
Y = 0

	
300 K

	
∂Φ/∂n = 0

	
∂Ai/∂n = 0




	
Shielding gas inlet

	
    u →  =  u →    shielding gas

	
Y = 0

	
300 K

	
∂Φ/∂n = 0

	
∂Ai/∂n = 0




	
Side

	
Outlet

	
P = 0

	
∂Y/∂n = 0

	
300 K

	
∂Φ/∂n = 0

	
Ai = 0




	
Bottom

	
Base metal

	
  u →   = 0

	
∂Y/∂n = 0

	
300 K

	
Φ = 0

	
∂Ai/∂n = 0
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