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A numerical model of the three-dimensional MAG welding arc for a butt joint with AH36 Steel, incorporating both the welding gap and molten pool structures, was developed. The multi-physical characteristics of the MAG welding arc—including temperature, velocity, and pressure—were analyzed under steady-state conditions for welding gaps ranging from 0 to 2 mm using COMSOL 6.1 software. A detailed comparison of arc morphology under different welding gaps was conducted to explore the mechanism by which variations in the welding gap affect the arc morphology. The results show that the MAG welding arc morphology is basically symmetrically distributed in the direction of the weld cross-section. The arc width and the area of the arc are both consequently larger with increase of welding gap. When the welding current is 150 A and the gap expands from 0 mm to 2 mm, the arc width and area increase by 23.6% and 29.7% respectively. However, in the welding advance direction, the distribution of the arc form is asymmetric due to the presence of a molten pool structure behind the wire. The asymmetry and area of the arc becomes more significant with increase of welding gap. When the welding current is 150 A and the gap increases from 0 mm to 2 mm, the arc area grows by 53.9%, and the arc position drops by 0.29 mm. Finally, the accuracy of the model was validated by a high-speed video camera to capture the arc morphology during welding with varying welding gaps.
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1 INTRODUCTION
The welding process is one of the most important aspects of the ship manufacturing process. Metal Active Gas Arc Welding (MAG), the most important welding method in shipbuilding, is a highly efficient, economical, and process-adaptable welding technology. The core advantages of this process are manifested in its remarkable enhancement of arc stability, high thermal efficiency, significant reduction in welding spatter, and the formation of a dense weld seam microstructure (Zhao et al., 2018; Feng et al., 2023). In the welding-based manufacturing process of ship hulls, assembly gaps are inevitably present between steel-plate components. The instability and unpredictability of such gap values in the ship-hull welding process can cause mismatches in welding process parameters. These parameter mismatches, in turn, have an adverse effect on weld quality, giving rise to unsatisfactory appearance and defects (Yang et al., 2025).
Mou et al. (2025) demonstrated through adaptive experiments on welding parameters for welding gaps ranging from 0 to 1.5 mm, it was demonstrated that the absence of a gap adaptive system leads to surface defects such as burn-through when the gap exceeds a critical threshold. Ermis and Celikten (2021) systematically measured weld penetration and mechanical properties using robotic MAG welding for welding gaps spanning 0–2 mm. Results indicate that optimal performance is achieved at a joint gap distance of 2 mm between the two welded components. Long et al. (2025) pre-set the sample overlap spacing at 1.5 mm prior to the experiment, demonstrating that spacing exerts a significant influence on welding quality. Pu et al. (2020) found that the presence of a welding gap significantly altered the molten pool fluid dynamics, leading to a decline in weld quality. The reason for this phenomenon is that the presence of a welding gap directly affects the distance between the MAG welding wire and the steel plate part, which in turn causes the position, shape, and stability of the MAG welding arc to change.
The stability of the welding arc, the characteristics of heat input, and the arc morphology directly influence the weld shape, mechanical properties, and the propensity for defect formation (Chen et al., 2008). Li et al. (2025) captured the TIG welding process with a melt pool camera, thereby obtaining images of the welding arc morphology. By investigating the effect of different bevel widths on the laser-arc hybrid welding process, Song et al. (2025) found that narrower notches tend to increase the likelihood of arc interruption and droplet deflection, whereas wider bevel widths contribute to a more stable arc, more consistent droplet transition, and improved weld formation. Kim et al. (2006) observed that changes in the welding gap led to slight variations in arc length, arc constriction, and droplet detachment period. Similarly, Liao et al. (2024) experimentally demonstrated that an increase in the welding gap alters the arc morphology, leading to irregular changes in the shape of the molten pool and ultimately resulting in weld collapse. Cai et al. (2025) investigated the arc morphology at different welding gaps without the influence of an oscillating laser. Their findings indicate that at a 0 mm gap, the arc exhibits stable behavior with a well-defined shape. However, as the gap increases to 2.5 mm, the arc becomes unstable, and its shape becomes irregular.
The finite element method has become the mainstream approach for simulating welding processes (Ni et al., 2024). Similarly, the use of simulation models to investigate the characteristics of arc plasma during the Metal Active Gas Arc Welding (MAG) process has been widely adopted, with simulation models evolving from two-dimensional to more sophisticated three-dimensional structures (Ogino et al., 2016; Wang et al., 2020; Xiao et al., 2020; Villarreal-Medina et al., 2023). Fan et al. (2023) established a three-dimensional arc simulation model for MAG welding, and proved that under the action of an applied alternating magnetic field, the arc plasma is distributed in a “bell shape”, the arc stiffness is enhanced, and the arc temperature is higher than the temperature under the DC magnetic field. Dong et al. (2019) investigated the characteristics of the arc of a narrow-gap TIG welding and found the arc morphology, temperature field, and pressure field were all changed by changing the shape of the anode surface. Ogino et al. (2013) developed a model of a three-dimensional non-axisymmetric arc structure and found that the arc morphology changed significantly when welding on a base metal with a V-shaped bevel compared to a flat plate. However, their study focused solely on arc characteristics in the vertical bevel direction and did not account for changes in arc morphology in other directions. Murphy (2011) considered the effect of the molten pool on the weld arc morphology and incorporated a molten pool structure on a flat plate to observe the changes in the arc morphology in both directions. Zhan et al. (2025) investigated the effect of varying locking depths on the arc characteristics and found that the longitudinal morphology of the arc was elongated in order to be able to cover a deeper locking region when the locking depth was increased from 0 mm to 8 mm.
In summary, while extensive research has been conducted on the influence of base material surface shape and molten pool structure on arc morphology, studies specifically focusing on the effect of the welding gap on arc morphology remain limited. Therefore, a novel three-dimensional steady-state arc simulation model for the MAG welded butt joint of AH36 steel is developed in this paper, integrating both the welding gap and molten pool structures by using COMSOL 6.1 software. This model better reflects the actual engineering conditions. To comprehensively observe the variations in arc morphology with the welding gap, the study analyzes the changes not only in the weld cross-section direction but also in the welding advance direction, aiming to fully reveal the underlying mechanism. Furthermore, the simulation results are experimentally validated using high-speed camera-captured arc images, confirming the reliability of the conclusions.
2 MATHEMATICAL MODELING OF MAG WELDING ARC
2.1 Basic assumptions
In this paper, a three-dimensional physical model integrating the welding arc, molten pool morphology, and base material is established to investigate the variation patterns of MAG welding arc morphology under different welding gaps. Since the three-dimensional arc model is under steady-state conditions, when modeling the molten pool structure, it is designed to have the morphology when the arc is stable. To simplify the model and reduce computation time, the following assumptions are made:
	1. The arc is in local thermodynamics equilibrium (LTE). This means that electron and heavy particle temperatures are equal (Zhou et al., 2016);
	2. The arc plasma is optically thin, and the reabsorption of arc radiation is ignored.
	3. The physical properties of plasma are only functions of temperature.
	4. Arc plasma and liquid metal are incompressible fluids, and the fluid flow state is laminar.
	5. Both the base metal and the molten pool are assumed to be non-melting solids, and the influence of metal vapor is ignored (Li et al., 2024).
	6. Ignore the process of droplet transfer and the flow of metal within the molten pool.

2.2 Governing equations
In this model, the welding arc is treated as a fluid, while the steel is considered a solid. The motion of the arc plasma is calculated using fluid dynamics equations, whereas for the solid, only heat transfer is considered.
Conservation of mass is represented in a three-dimensional coordinate system, as shown in Equation 1.
∂ρ∂t+∂ρu∂x+∂ρv∂y+∂ρw∂z=0(1)
Conservation of momentum is represented in a three-dimensional coordinate system, as shown in Equations 2–4:
X-direction:
ρ∂u∂t+u∂u∂x+v∂u∂y+w∂u∂z=−∂p∂x+μ∂2u∂x2+∂2u∂y2+∂2u∂z2+jyBz−jzBy+ρFex(2)
Y-direction:
ρ∂v∂t+u∂v∂x+u∂v∂y+w∂v∂z=−∂p∂y+μ∂2v∂x2+∂2v∂y2+∂2v∂z2+jzBx−jxBz+ρFey(3)
Z-direction:
ρ∂w∂t+u∂w∂x+v∂w∂y+w∂w∂z=−∂p∂z+μ∂2w∂x2+∂2w∂y2+∂2w∂z2+jxBy−jyBx+ρg+ρFez(4)
As shown in Equation 5, the conservation of energy is represented in a three-dimensional coordinate system:
ρcp∂T∂t+u∂T∂x+v∂T∂y+w∂T∂z=∂∂xk∂T∂x+∂∂yk∂T∂y+∂∂zk∂T∂z+Se(5)
In the equation: ρ is the gas density; μ is the kinematic viscosity coefficient; P is the pressure; K is the thermal conductivity; T is the temperature; Cp is the constant-pressure specific heat capacity; u, v, w is the velocity components in the directions, respectively. jx, jy, jz is the current density in the x, y, z direction respectively; Bx, By, Bz is the magnetic induction; g is the gravity acceleration; ρFex, ρFey, ρFez is the other momentum source terms. Se is the energy source term.
Se can be written as joule heat, electronic enthalpy, and radiation loss, and its expression is given by Equation 6:
Se=jx2+jy2+jz2σ+5Kb2ejx∂T∂x+jy∂T∂y+jz∂T∂z−εαT4−T04(6)
In the equation: Kb is Stephen-Boltzmann constant, σ is the electrical conductivity, e is the electron charge, ε is the radiation coefficient, α is the Stefan-Boltzmann constant, T0 is the room temperature.
To solve for the physical quantities of the electromagnetic field during the welding process, the current continuity equation is introduced, and its expression is given by Equation 7:
∂∂xσ∂φ∂x+∂∂yσ∂φ∂y+∂∂zσ∂φ∂z=0(7)
Ohm’s Law is expressed as Equation 8
jx=−σ∂φ∂x,jy=−σ∂φ∂y,jz=−σ∂φ∂z(8)
Equations 9–12 is the magnetic vector potential equation:
∂2Ax∂x2+∂2Ax∂y2+∂2Ax∂z2=−μ0jx(9)
∂2Ay∂x2+∂2Ay∂y2+∂2Ay∂z2=−μ0jy(10)
∂2Az∂x2+∂2Az∂y2+∂2Az∂z2=−μ0jz(11)
B=∇×A(12)
Equation 13 is the electromagnetic force equations:
F=J×B(13)
In the equation: φ is the electric potential; J is the current density; Ax, Ay, Az is the x, y, z component of magnetic vector potential respectively. E is the electric field strength; A is the magnetic vector potential; μ0 is the vacuum permeability; B is the electric field strength; and F is the electromagnetic force.
2.3 Physical model and boundary conditions
Figure 1a shows the experimental state with the actually photographed morphology of the molten pool. By measuring the molten pool structures at the ends of multiple groups of weld seams, the morphologies of the molten pool structures under different gaps were finally obtained, which provides a basis for the establishment of the model. Then, a three-dimensional numerical simulation model of the MAG welding arc, incorporating the welding base material, molten pool, wire, and shielding gas, is established, as shown in Figure 1b. The boundary conditions in the model are defined in Table 1, with their specific locations illustrated in Figure 1b. The base material selected is an AH36 marine steel plate with a thickness of 8 mm, a blunt edge of 1 mm, and a single-sided 25° Y-shaped groove. The molten pool depth is 4.5 mm, the length of the molten pool is 10 mm and the weld reinforcement height is 1.5 mm. The origin O of the coordinate system is at the spatial point where the central line of the welding wire intersects the surface of the base material. The welding wire has a diameter of 0.8 mm and a length of 13 mm. The shielding gas used is a mixture of 80% Ar and 20% CO2, with a height of 12 mm. The welding current is set at 120, 150, 180 A, as illustrated in Figure 1c.
[image: Diagram with four panels showing different aspects of welding. Panel (a) is a photo of a molten pool in base metal, identified by red arrows. Panel (b) is a schematic of the welding process, labeling the gas inlet, welding wire, shielding gas boundary, molten pool, and base metal. Panel (c) is a technical drawing with dimensions of a weld join, showing measurements and angles. Panel (d) is a 3D mesh model depicting the weld joint setup including the welding wire and surrounding structures.]FIGURE 1 | Three-dimensional MAG welding arc numerical modeling and meshing (a) base metal and molten pool; (b) model computational domain; (c) model dimensions; (d) meshing.TABLE 1 | Boundary conditions.	Computational domain	Boundary conditions	v/(m·s-1)	T/K	V/V	A/(Wb·m-1)
	A	Inlet	0	300K	σ∂ϕ∂n=J	∂A∂n=0
	B	Speed entrance	vzr	300K	∂ϕ∂n=0	∂A∂n=0
	C	Wall	0	Tn	∂ϕ∂n=0	∂A∂n=0
	D	Open borders	0	300K	∂ϕ∂n=0	0
	E	Heat flux	0	300K	∂ϕ∂n=0	∂A∂n=0
	F	Wall	0	k∇T−εαT4−T04	0	∂A∂n=0


Since the cathode and anode are considered as non-melting solids, the interface between the arc region and the electrodes is set as a solid-fluid coupling interface. The heat convection and thermal radiation between the outer surface of the workpiece and the surrounding environment are determined by the following factors, as shown in Equation 14:
q=k∇T−εαT4−T04(14)
In the equation: k is the heat transfer coefficient.
The welding current, represented by the current density at the end of the wire, is denoted as J. The initial temperature, Tn is set to ensure sufficient ionization of the shielding gas. The velocity of the shielding gas at the inlet, vzr, is determined by the gas flow rate and the inner diameter of the shielding gas nozzle. The specific calculation formula is as follows, as shown in Equations 15–17:
Current density:
J=−I0pi×ra2(15)
Initial temperature:
Tn=15×103e−x2+y2(16)
Velocity of shielding gas inlet (Hu and Tsai, 2007):
vzr=2QπRn2−r2Rn2−Rw2lnr/RnlnRn/RwRn4−Rw2+Rn2−Rw2lnRn/Rw,r=x2+y2(17)
In the equation: I0 is the welding current; ra is the radius of the wire; x and y denote the coordinate distances from the center of the wire; Q refers to the shielding gas flow rate; Rw is the radius of the wire; Rn is the inner diameter of the nozzle; and r represents any radial point at the nozzle outlet.
Between the arc and the cathode, there exists a non-LTE layer called the electrode sheath, in which the arc plasma no longer satisfies the LTE state (Li et al., 2024). Therefore, the aforementioned equations are not applicable to the calculation of the sheath layer. Thus, the “LTE diffusion approximation method” proposed by Lowke and Tanaka (2006) is employed to modify the heat transfer equation at the electrode sheath. The grid size in the near-electrode region is set to 0.1 mm, and which is approximate to the diffusion distance of electrons in the plasma.
The energy source term of the cathode sheath is determined by Equation 18:
qc=−jeφc+jiVi−εαT4(18)
In the equation: the first item represents the cooling effect of electron thermal emission on the cathode surface, je is the electron current density, φc is the work function of the cathode material. The second term is the energy released by the collision of ions with the cathode, ji is the ion current density, Vi is the ionization energy of the protective gas. The third term represents the radiation heat loss of the cathode sheath.
Equations 19–21 correspond to the Richardson-Dushman equation, through which the values of electron current density je and ion current density ji are calculated.
jR=AcT2⁡exp−eφckBT(19)
ji=j−jRifj−jR>00ifj−jR≤0(20)
j=je+ji(21)
In the equation: jR is the Richardson current density, Ac is the thermal emission coefficient of the cathode surface.
The energy source term of anode sheath is determined from Equation 22 as shown:
qa=jnφa−εαT4(22)
In the equation: the first item on the right side of the equation represents the heating effect of electron recombination heat transfer on the anode, jn is the current density on the surface of the anode, φa is the work function of the anode material.
Figure 1d presents the meshing of the 3D numerical model of the MAG welding arc with a 0 mm gap. The fluid and solid computational domains were meshed using COMSOL 6.1 software, employing a tetrahedral mesh structure. To optimize computational efficiency, the mesh size in the steel plate and wire regions was constrained between 0.1 mm and 4 mm. Since the welding arc relies on highly ionized plasma for energy conduction, mesh refinement was applied to the arc discharge region, with grid sizes ranging from 0.1 mm to 2.5 mm. The final mesh consisted of 47,680 elements, with 126,883 degrees of freedom.
2.4 Parameters of physical properties of shielding gases and experimental materials
In this model, the shielding gas for MAG welding is a mixture of 80% Ar and 20% CO2. Figure 2 shows the gas physical parameter curves of Ar and CO2 gases at high temperatures respectively (Tanaka et al., 2008; Murphy, 2010), the two gases are linked according to their relative volume fractions using COMSOL 6.1 software. The high-temperature properties of AH36 marine steel plate are shown in Table 2 (Tanaka et al., 2008; Murphy, 2010).
[image: Graphs (a) to (e) show various properties of Argon (Ar) and Carbon Dioxide (CO₂) as functions of temperature. (a) Specific heat increases with temperature, peaking in certain ranges. (b) Density decreases sharply and then stabilizes. (c) Dynamic viscosity shows peaks forming a bell curve. (d) Thermal conductivity rises gradually with minor fluctuations. (e) Electrical conductivity increases steadily with temperature. Ar and CO₂ are differentiated by black and red lines, respectively.]FIGURE 2 | Parameters of physical properties of Ar and CO2 gases (Tanaka et al., 2008; Murphy, 2010) (a) density; (b) specific heat; (c) viscosity; (d) thermal conductivity; (e) electrical conductivity.TABLE 2 | AH36 physical property parameters (Liu et al., 2024).	Temperature (°C)	Density (g·cm-3)	Specific heat (J·kg-1·K−1)	Thermal conductivity coefficient (W·m-1·K−1)
	20	7.80	465	15.0
	100	7.79	500	15.1
	300	7.75	512	18.0
	500	7.65	546	20.4
	700	7.57	589	22.9
	900	7.50	615	25.5
	1,100	7.47	647	29.5
	1,300	7.35	697	33.0
	1,500	7.33	704	32.0


3 RESULTS
During the welding process of MAG welded butt joints, variations in the welding gap alter the geometry of the groove region, consequently affecting the morphology of the welding arc. The model incorporates the weld molten pool structure, which may cause asymmetric changes in arc temperature, pressure, and velocity in different directions, leading to an asymmetric arc physical field. Therefore, the effect of different welding gaps on arc morphology is analyzed from both the weld cross-section direction and the welding advance direction. To visualize the welding arc morphology, the temperature field is used as an indicator, with the arc edge temperature set at 8,000 K (Wang et al., 2018). Based on this, it becomes feasible to determine the width and area of the arc in both the weld cross-section direction and the welding advance direction, as shown in Figure 3.
[image: Diagram illustrating arc characteristics in welding. Panel (a) shows a cross-section with measurements on the X and Z axes, highlighting arc area and arc width at a temperature of eight thousand Kelvin. Panel (b) displays a cross-section with Y and Z axes, indicating arc width at both rear and front and arc area, also at eight thousand Kelvin. Both panels feature notations related to welding parameters.]FIGURE 3 | Schematic diagram of welding arc pattern (a) weld cross-section direction; (b) welding advance direction.3.1 Arc temperature field distributions
Figure 4 shows the arc temperature distribution in the weld cross-section direction for welding gaps ranging from 0 to 2 mm. The arc exhibits a typical “bell-shaped” structure, being narrower at the bottom and wider at the top, with its lower edge distributed along the bevel. The highest temperature is located directly beneath the welding wire. With an increasing welding gap, the arc morphology changes, and the temperature distribution becomes more diffuse. Simultaneously, the heat-affected region at the arc center decreases, and the maximum temperature drops.
[image: Four contour plots labeled (a), (b), (c), and (d) show heat distributions with X and Z axes measured in millimeters. Each plot has a central red region indicating higher temperatures, transitioning through orange, yellow, green, and blue to indicate cooler areas. A color bar below displays a range from 0.8 to 2.8 x 10^4 Kelvin.]FIGURE 4 | Arc temperature distribution in the direction of weld cross-section with different welding gaps (a) 0 mm; (b) 0.5 mm; (c) 1 mm; (d) 2 mm.Figure 5 presents the temperature distribution of the arc in the welding advance direction under welding gaps ranging from 0 to 2 mm. As the molten metal in the welding advance direction accumulates behind the wire, the heat conduction path of the welding arc changes. The arc trailing the wire is confined to the edge of the molten pool, rendering it less variable. In contrast, the arc leading the wire is not geometrically restricted and thus can expand outward. As a result, the arc morphology in the welding advance direction becomes asymmetrical.
[image: Heat maps labeled (a), (b), (c), and (d), displaying temperature distribution on Z/Y axes in millimeters. Each map shows a central heat concentration with varying intensity, represented by colors from red to blue, indicating temperature changes. A color scale at the bottom shows temperature values in thousands of Kelvin.]FIGURE 5 | Arc temperature distribution in welding advance direction with different welding gaps (a) 0 mm; (b) 0.5 mm; (c) 1 mm; (d) 2 mm.3.2 Arc velocity field distributions
To further explain the changes in welding arc morphology in the weld cross-section direction, it is necessary to analyze the distribution of the welding arc flow field. Figure 6 illustrates the arc velocity distribution in the weld cross-section direction for welding gaps ranging from 0 to 2 mm. The high-temperature region of the arc is concentrated at the tip of the welding wire, where the current density is typically highest. This results in a more intense acceleration of electrons and ions, leading to a higher plasma flow velocity directly beneath the wire. Meanwhile, the plasma at the arc edges flows along the groove surface toward the sides. As the plasma climbs upward along the groove, it interacts with the low-temperature shielding gas above, forming a vortex at the bottom of the molten pool. As the welding gap increases from 0 to 2 mm, the flow rate decreases due to the expanded spatial extent of the arc that needs to be affected, to maintain the conservation of fluid mass over time. At the same time, the lower temperature results in reduced ionization of the gas, causing a decrease in the concentration of charged particles. This leads to a reduction in arc conductivity and momentum transfer efficiency. Consequently, the maximum velocity of the welding arc decreases, and the vortex density at the bottom of the molten pool also diminishes.
[image: Four contour plots labeled (a) to (d) displaying fluid flow around a vertical channel. Each plot shows velocity distribution using color gradients from green to red, indicating increasing speed. The X and Z axes are labeled in millimeters. A color bar below shows velocity ranging from 0 to 2.81 x 10² meters per second.]FIGURE 6 | Arc velocity distribution in the direction of weld cross-section with different welding gaps (a) 0 mm; (b) 0.5 mm; (c) 1 mm; (d) 2 mm.The arc speed and pressure distribution in the welding advance direction further explain the changes in arc morphology. Figure 7 show the arc speed under a 0 to 2 mm welding gap. In the welding advance direction, the accumulation of molten metal creates an asymmetric molten pool structure. Plasma flows upward along the molten pool, forming a vortex on the rear behind the wire. The peak velocity on the molten pool surface shifts toward the front of the wire. However, in the forward direction, the plasma is not constrained by a geometric structure and can diffuse freely, causing the vortex to gradually disappear.
[image: Four flow field diagrams labeled (a) to (d), each showing velocity distribution around a cylindrical object. The contour lines indicate varying speeds, with red denoting high velocity and green low. Axes are labeled Y/mm and Z/mm. A color bar below ranges from 0 to 2.98 meters per second.]FIGURE 7 | Arc velocity distribution in the welding advance direction with different welding gaps (a) 0 mm; (b) 0.5 mm; (c) 1 mm; (d) 2 mm.3.3 Arc pressure field distributions
Figure 8 shows the arc pressure distribution in the direction of the weld cross-section under the 0 m∼2 mm welding gap. The arc pressure distribution is characterized by high pressure near the electrode and low pressure away from the electrode. As the end of the wire serves as the arc anode, the current density here is the highest, resulting in intense ionization and expansion of the plasma, forming a local high pressure. Moreover, the high-speed movement of the plasma will generate a large arc pressure when it impacts the surface of the steel, and a high-pressure zone is also formed on the cathode surface. With the increase of the welding gap, the distance from the wire to the groove increases, and the welding arc is stretched. As a result, the current density distribution becomes more decentralized, reducing the electromagnetic contraction force, and thus the arc pressure near the electrode decreases.
[image: Four contour plots labeled (a) to (d) show pressure distribution in a nozzle with dimensions marked in millimeters. Each plot has a color gradient from blue to red, indicating pressure from zero to one thousand and twenty Pascal. The plots reveal varying pressure intensities, centered below the nozzle opening.]FIGURE 8 | Arc pressure distribution in the direction of weld cross-section with different welding gaps (a) 0 mm; (b) 0.5 mm; (c) 1 mm; (d) 2 mm.The arc pressure distribution in the welding advance direction further explain the changes in arc morphology. Figure 9 show the pressure distribution under a 0–2 mm welding gap. In the welding advance direction, the arc plasma impacts downward onto the molten pool, with the maximum pressure zone on the molten pool surface shifting toward the front of the wire.
[image: Four contour plots labeled (a) to (d) depict pressure distribution in a semicircular region. Each plot shows variations in color from blue to red, indicating different pressure levels. Axes are labeled Y and Z in millimeters. A color scale at the bottom ranges from zero to nine point two times one hundred pascals.]FIGURE 9 | Arc pressure distribution in welding advance direction with different welding gaps (a) 0 mm; (b) 0.5 mm; (c) 1 mm; (d) 2 mm.4 DISCUSSION
4.1 The influence of welding gap on the distribution of arc morphology
In the weld cross-section direction, due to the increase in the welding gap, the physical constraints imposed by the groove are weakened, reducing the degree of compression of the arc plasma. As a result, the arc is no longer confined to a narrow region but spreads outward, covering a larger area, leading to an increase in both arc width and area. Figure 10 illustrates the variations in arc morphology in the weld cross-section direction under different welding gaps. When the welding gap is 0 mm, the arc width is 2.97 mm, and the arc area is 5.56 mm2. When the welding gap increases to 2 mm, the arc width and area expand to 3.67 mm and 7.21 mm2, respectively. Compared to the 0 mm gap, the arc width and area increase by 23.6% and 29.7%, respectively, at a 2 mm gap.
[image: Line graph showing the relationship between welding gap and arc width (in millimeters) and arc area (in square millimeters). The x-axis represents the welding gap from 0 to 2 millimeters. The left y-axis shows arc width from 0 to 8 millimeters, displayed with a black line and triangles. The right y-axis shows arc area from 0 to 8 square millimeters, displayed with a red line and squares. Both arc width and arc area increase with the welding gap.]FIGURE 10 | Morphological distribution of the arc under different welding gaps.Figure 11 illustrates the front and rear widths, areas, and lowest position of the arc root in the welding advance direction under different welding gaps. With an increasing welding gap, the overall arc area expands. The arc width trailing the wire remains essentially invariant, whereas the arc width leading the wire exhibits an increment. This gives rise to a markedly elevated degree of arc asymmetry. Consequently, the arc instability is augmented, thereby exerting an impact on the weld quality. Additionally, the lowest position of the arc root moves downward, bringing it closer to the bottom of the steel plate, which increases the risk of weld penetration. When the welding gap is 0 mm, the front and rear widths of the arc are 1.62 mm and 6.03 mm, respectively. The arc area is 18.1 mm2, and the lowest position of the arc root is −3.85 mm. When the gap increases to 2 mm, the front and rear widths of the arc change to 1.63 mm and 9.87 mm, respectively. The arc area expands to 27.86 mm2 and the lowest position of the arc root shifts to −4.14 mm. The arc area at a 2 mm gap increases by 53.9%, and the arc position decreases by 0.29 mm, when compared to the 0 mm gap.
[image: Bar chart showing arc width, arc area, and lowest position against welding gap from 0 to 2 millimeters. Arc width is divided into left (orange) and right (green) components. Arc area is in blue, and lowest position is shown as a red line. The arc area increases with the welding gap, while the lowest position decreases.]FIGURE 11 | Anterior and posterior width, area, and lowest position of the arc in the welding advance direction with different gaps.To further explain the mechanism of arc morphology variation with the welding gap, the laws of arc velocity field and pressure field changing with the welding gap are continuously analyzed. Figure 12 illustrates the velocity distribution 0.5 mm below the welding wire in the weld cross-section direction. When the arc velocity decreases, the plasma cannot be effectively concentrated, causing the arc to spread laterally and form a wider arc column. Additionally, at high arc velocity, the plasma flow primarily impacts the molten pool in the axial direction. However, at lower velocity, the energy disperses, and the plasma spreads radially. This results in the formation of a larger arc pattern when the welding gap is increased.
[image: Line graph showing arc velocity (S·m⁻¹) versus position X (mm). Four curves represent different measurements: 0 mm (black), 0.5 mm (red), 1 mm (blue), and 2 mm (green). All curves peak sharply around X = 0 mm, with varying heights and widths, indicating changes in arc velocity with different positions.]FIGURE 12 | Arc velocity distribution curve at 0.5 mm below the wire with different welding gaps.Through the analysis of the pressure field distribution in the weld cross-section direction, it is found that the maximum pressure value of the welding arc decreases when the welding gap increases, as shown in Figure 13. When the arc pressure decreases, the plasma cannot be concentrated and compressed in the arc high-pressure zone. This leads to a radial expansion of the plasma, which is distributed over a broader area, consequently inducing a change in the arc morphology.
[image: Line graph showing the relationship between welding gap and maximum pressure. As the welding gap increases from 0.0 to 2.0 millimeters, the pressure decreases from 1000 to 850 Pascals.]FIGURE 13 | Maximum arc pressure under different welding gaps.4.2 The influence of welding gap on the distribution of arc morphology under different welding currents
Based on the above analysis, the variation law of the welding arc with the welding gap under the same welding current was derived. To enhance the universality of the research findings, the influence of the welding gap on the welding arc was further analyzed under different welding currents as follows. Figure 14 shows the arc temperature distribution in the direction of the weld cross-section for welding currents of 120, 150, and 180 A, respectively, with gaps ranging from 0 to 2 mm. When the welding gap increases, under the condition of a constant welding current, the arc pattern exhibits a phenomenon where it expands as the welding gap increases. Meanwhile, there is a proportional relationship between the maximum arc temperature and the welding current. Figure 15 shows the trends of the arc morphology in the weld cross-section direction under different welding gaps and welding currents. Since the geometry and volume of the weld groove between the steel plates remain unchanged, the arc is compressed within the same-sized gap, and the arc form can only change within a limited space. Consequently, within the same gap, varying the welding current level did not lead to a significant change in the arc pattern.
[image: Twelve contour plots arranged in a grid, displaying temperature distributions in different configurations. Rows are labeled 120 A, 150 A, and 180 A, while columns are labeled 0 mm, 0.5 mm, 1 mm, and 2 mm. Colors range from dark blue to red, indicating temperatures from 8000 to 30200 Kelvin.]FIGURE 14 | Arc temperature distribution in the direction of weld cross-section with different welding gaps and welding currents.[image: Two line graphs illustrate the relationship between welding gap and (a) arc width, and (b) arc area, for currents of 120A, 150A, and 180A. In both graphs, increases in welding gap result in increases in both arc width and arc area, with higher currents generally producing larger values.]FIGURE 15 | Arc morphology in the direction of the weld cross-section for different welding currents and welding gaps (a) Welding gap, current and maximum arc width; (b) Welding gap, current and arc area.Figure 16 presents the arc temperature distribution in the welding advance direction for welding currents of 120, 150, and 180 A, under welding gaps ranging from 0 to 2 mm. The results reveal that as the welding gap increases, the arc area and width expand, even under the same welding current. Moreover, when the welding current varies, the maximum temperature of the arc under the same welding gap also changes. Meanwhile, with the increase in welding current, the position of the arc continuously shifts downward. Through the variation of the gap size and welding current, the arc width trailing the wire remains essentially constant, while that leading the wire undergoes significant changes. This causes the degree of arc asymmetry to shift substantially with alterations in the welding gap and welding current. The larger the welding gap and the higher the welding current, the greater the asymmetry in the welding advance direction. Figure 17 illustrates the trend of arc area in the welding advance direction under varying welding gaps and currents. For instance, at a 1 mm gap, the arc area for a welding current of 180 A is 33.43 mm2, whereas for 120 A, it is 22.33 mm2. This means that increasing the welding current from 120 A to 180 A results in a 49.7% increase in arc area.
[image: Three rows of contour plots depicting temperature distributions at different current levels: 120 A, 150 A, and 180 A. Each row shows four plots, each corresponding to different offset distances: 0 mm, 0.5 mm, 1 mm, and 2 mm. The color gradient on each plot ranges from blue to red, indicating increasing temperature levels. A color bar below the plots shows the temperature scale from 0.8 to 3.0 x 10^4 K.]FIGURE 16 | Arc temperature field in welding advance direction with different welding gaps and welding currents.[image: Line graph showing the relationship between welding gap in millimeters (x-axis) and arc area in square millimeters (y-axis) for three welding currents: 120A (black), 150A (red), and 180A (blue). All lines show increasing trends, with the 180A current demonstrating the largest arc area.]FIGURE 17 | Arc area in welding advance direction for different welding currents and gaps.5 EXPERIMENTAL VALIDATION
To verify the accuracy of the simulation results, MAG welding experiments were conducted on AH36 steel plates with different welding gaps for butt joints. The experimental setup included an LSQ-5 welding power source, a Fanuc M-20iA/12L 6-axis robotic arm controlled by an R-30iB Plus controller, and an AcutEye-1M-2000 high-speed camera system for real-time arc morphology monitoring, which were used to capture the MAG welding arc patterns for comparison with the simulation results. The shielding gas for MAG welding is a mixture of 80% Ar and 20% CO2. The process system built for the experiment is shown in Figure 18.
[image: Arc welding robot platform diagram showing components: a robotic arm on a welding table, welding power supply, shielding gas cylinders, control system, and high-speed camera system. Central image depicts a steel plate clamped with welding wire. Lines connect each component to the central image, demonstrating their interactions.]FIGURE 18 | Composition of MAG welding process system.During the MAG welding process, energy losses occur through thermal radiation, convection, heat conduction, evaporation, and spatter. Considering these loss mechanisms, the welding thermal efficiency is typically in the range of 0.65 to 0.9 (Radaj, 1992). To maintain experimental rigor, the welding current was set to 220 A, while the steel plate dimensions and shielding gas composition were kept identical to those in the arc simulation parameters. Finally, the camera exposure frame rate was set to 4,000 fps. The detailed experimental process parameters are listed in Table 3.
TABLE 3 | Experimental parameters for different welding gaps.	Welding gap
(mm)	Welding current
(A)	Welding voltage
(V)	Wire feeding speed
(m·min-1)	Welding speed
(cm·min-1)
	0	220	27.6	10	50
	0.5	220	27.6	10	50
	1	220	27.6	10	50


Figure 19 compares the MAG welding arc morphology captured by a high-speed camera with the simulation results for 0, 0.5, and 1 mm welding gaps. The experimental and simulation results exhibit a high degree of consistency, verifying the accuracy of the numerical model. As is shown in the figure, the width of the groove cross-section expands, causing the welding arc to elongate laterally as the welding gap increases. This results in significant changes in both the width and area of the MAG welding arc. Additionally, the molten pool expands accordingly, becoming larger and more widely distributed due to the alteration in arc morphology. Figure 20 presents the arc dimensions captured by the high-speed camera. When the welding gaps are 0, 0.5 and 1 mm respectively, the actual welding arc widths captured by high-speed photography are 2.88, 3.1 and 3.51 mm; the actual welding arc areas are 2.97, 3.21 and 3.53 mm2. Compared to the arc morphology at a 0 mm gap, when the welding gap is increased to 1 mm, the arc width and arc area increase by 21.9% and 23.6%, respectively.
[image: Three side-by-side images labeled (a), (b), and (c) showing visual representations of data with two halves. The left half in each is a colored contour map transitioning from blue to red, indicating intensity. The right half is a grayscale image with a distinct bright region outlined by a red dashed line. Each image includes a scale bar indicating one millimeter.]FIGURE 19 | Comparison of arc morphology (a) 0 mm; (b) 0.5 mm; (c) 1 mm.[image: Two bar charts compare simulation and experimental results for welding gaps at zero millimeters, zero point five millimeters, and one millimeter. Chart (a) shows arc width in millimeters, with both results increasing as the gap widens. Chart (b) displays arc area in square millimeters, also increasing with the gap. Both charts use orange for simulation results and green for experimental results.]FIGURE 20 | Comparison of arc dimensions (a) Arc width; (b) Arc area.6 CONCLUSION
In this study, a three-dimensional numerical model of the welding arc for AH36 steel plates under different welding gaps was established to explore the impacts of welding gaps on arc morphology, temperature, velocity, and pressure fields. The main conclusions are as follows:
	1. A three-dimensional arc simulation model for MAG welding, which incorporates both the welding gap structure and the molten pool structure, was developed. The accuracy of this model was verified through experiments.
	2. The existence of a welding gap in the weld cross-section direction significantly affects the arc velocity and arc pressure. As the welding gap increases, both the velocity and pressure decrease. This phenomenon causes the plasma to be unable to cluster effectively and reduces the degree of its compression. Consequently, the arc spreads laterally, resulting in a wider arc pattern. When the welding current is 150 A and the gap increases from 0 mm to 2 mm, the arc width and area increase by 23.6% and 29.7% respectively.
	3. In the welding advance direction, the arc morphology shows an asymmetric distribution. As the welding gap widens, the difference in arc width front and rear the wire becomes larger, enhancing its asymmetry. Meanwhile, the arc position descends, and the arc area expands. When the welding current is 150 A and the gap increases from 0 mm to 2 mm, the arc area grows by 53.9%, and the arc position drops by 0.29 mm.
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