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Abstract

A three-dimensional transient model of gas metal arc welding (GMAW) process including the arc plasma and droplet trans-
fer was established to investigate the complex coupling mechanism of mass transfer, heat transfer, electromagnetism, and
hydrodynamics. The arc shape, current density, temperature field, electromagnetic force, arc pressure and droplet behavior
were analyzed. The results showed that the iron vapor generated on the droplet surface and diffused in the arc, which changed
the plasma thermal-pressure distribution. The upward surface tension maintained the forming droplet at the wire tip. The
electromagnetic force promoted necking, resulting in a decrease in surface tension. Gravity and plasma drag force acceler-
ated the droplet. The behaviors of the inner arc layer varied periodically with the droplet transfer, while the arc periphery
remained stable. Droplet transfer was the result of periodic changes in the resultant of all external forces over time, which
also led to periodic changes in arc behavior. This study laid the foundation for further research on the influence of arc and

droplet behaviors on the weld pool.

Keywords GMAW - droplet transfer - numerical simulation

1 Introduction

GMAW referred to a method that used the arc between the
wire and the workpiece as a heat source to melt the metal
[1, 2]. It was widely used in industrial manufacturing due to
the advantages of good welding quality, high efficiency, and
easy automation [3]. The stability and quality of arc weld-
ing process were related to arc and droplet transfer behav-
ior. A thorough understanding of arc and droplet transition
behavior is the basis of optimizing GMAW process. It was
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difficult to analyze it accurately only through experimental
observation. Using numerical simulation to investigate the
behaviors of GMAW arc and droplet and reveal their physi-
cal properties had become a hot topic [4].

Murphy [5] et al. established a three-dimensional computa-
tional model of gas-metal arc, that included wire electrode, arc
plasma and weld pool. The results showed that the temperature
and current density distribution of the weld pool were closely
related to the arc behavior. The flow direction in the weld pool
was affected by the droplet impact. Zhao [6] et al. established
a unified numerical model including the interaction between
the arc plasma and the moving droplet to research welding phe-
nomenon under the variable polarity GMAW (VP-GMAW).
The arc and droplet transfer behavior varied under different
current polarities. Applying negative electrode polarity could
shrink the arc shape, reduce the temperature and speed of the
arc plasma. Under the same average welding current, the drop-
let size obtained by VP-GMAW was larger and the temperature
is lower than that of DC-GMAW. L, Wang et al. used fluent
software to study the influence of applied magnetic field on
the droplet transition, and pointed out that the change of arc
plasma force is the reason for the change of the droplet transfer
frequency size and tilt Angle [7].
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Droplet transfer was one of the key factors affecting the
stability of GMAW and the quality of weld joints. The theo-
ries of droplet transfer included static force balance theory
(SFBT) [8], pinch instability theory (PIT) [9], “mass-spring”
theory [10], energy minimum theory and fluid dynamics
theory. The fluid dynamics theory combined the continu-
ity equation and momentum conservation equation to ana-
lyze the growth and transition process of the droplet, which
could effectively calculate the flow inside the droplet and the
dynamic behavior of the droplet transfer. Volume of fluid
(VOF) [11] introduced a volume fraction F to calculate the
surface profile, which the most widely used method in the
theory of fluid dynamics. Choi [12] and Fan [13] et al. used
the VOF theory to calculate the droplet transfer frequency
and its internal thermal behavior, and the simulation results
were in good agreement with the experimental results.

During GMAW process, the high temperature molten
metal vaporized into metal vapor and diffused in the arc,
which differed greatly from the physical characteristics
of shielding gas in terms of ionization energy, excitation
energy, etc. The metal vapor in the arc changed the physi-
cal parameters of the plasma, the conductivity of the arc
center decreased, and the current density distribution
shrank [14]. The metal vapor in the arc core increased the
thermal radiation in the arc core, which affected the arc
temperature distribution [15]. The presence of metal vapor
also caused the current path to expand upwards, increas-
ing the electromagnetic force on the droplet and shorten-
ing the droplet transfer period [16]. Nomura [17] et al.
measured that the iron vapor mass fraction (Y,,) in the arc
changed with the waveform of pulse current. It was neces-
sary to calculate the iron vapor generated on the surface
of droplet and weld pool. L, L, Wang [18] et al. found that
the iron vapor generated by the droplet was more than that
of the weld pool. It was difficult to measure the iron vapor
distribution in the arc because of the high-speed move-
ment of the droplet [19]. Schnick [20, 21] et al. simulated
the influence of iron vapor on the arc and found that the
iron vapor continuously generated by the droplet, which
could shrink the arc and reduce its thermal efficiency.
Haidar [22] et al. calculated the iron vapor distribution
based on the droplet surface temperature and found that
it could reduce the velocity of plasma. Hertel [23] et al.
simulated the droplet transfer in the GAMW-P and pointed
out that the vaporization of the droplet absorbed heat and
suppressed the droplet spattering. Ogino [24] et al. calcu-
lated the iron vapor generated during the droplet transfer
step-by-step and found that the increase of Y,, reduced the
plasma electrical conductivity and enhanced the electro-
magnetic force at the neck, thereby promoting the droplet
transfer. The above research showed that the iron vapor
had an important impact on the arc and droplet behaviors.
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However, it was difficult to observe the distribution of iron
vapor through experiments, and step-by-step modeling
based on different droplet states required a large amount
of calculation and complicated modeling work.

A three-dimensional transient “arc-droplet” multi-physics
coupling model was established. The distribution of iron
vapor in the arc was calculated by User-Defined Scalar
(UDS) transport equations. The influence of iron vapor on
electric conductivity and radiation coefficient of arc plasma
was considered. The arc thermal-pressure distribution and
droplet transfer were quantitatively analyzed. The simulation
results were in good agreement with the measurement by
high-speed camera.

2 Mathematical modelling
2.1 Assumption

The GAMW arc and droplet behaviors involved complex
mass and heat transfer processes that were difficult to fully
consider in a mathematical model. To simplify the calcula-
tion, the following assumptions were followed [25]:

(1) Arc and droplet were axisymmetric.

(2) The fluid in the calculation area was laminar and con-
tinuous. The surface tension coefficient was constant. The
other thermodynamic properties of metal and plasma were
simplified as a function of temperature and Y, [19, 26]. The
nomenclatures and constants used in the model were listed
in Table 1.

(3) The plasma was in a local thermal equilibrium state,
the various particles from the Y,, are treated as homogenous
particles and are electrically neutral.

(4) The workpiece was kept flat, ignoring the influence
of the weld pool surface deformation on the arc. Mass loss
due to phase transition of droplet was ignored.

2.2 Governing equations

Based on the above assumptions, the governing equations
of the GMAW were established in the Cartesian coordinate
system.

(1) Continuity equation (Eq. 1)

ap

StV =5, (1)

where §,, was the mass source of droplet. It was calculated
by Eq. 2.

iﬂ)Sm =7pr’v, 2)

(2) Momentum conservation equation (Eq. 3)
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Table 1 Nomenclatures and constants used in the simulation model

Symbol Nomenclature Symbol Nomenclature
A Magnetic vector potential (Wb-m™") S, Mass source (kg~m’3-s’1)
B Magnetic flux density (T) S Re Gas radiation loss (J-m—>-s™")
Cys Resistance coefficient of the sphere S Liquid radiation loss (J-m~-s™)
C, Specific heat (J-kg™-K™") t Time (s)
D Diffusion coefficient (kg-m’z-s’l) T Temperature (K)
e Electron charge (1.6 % 107° ) T, Environment temperature (300K)
F Volume fraction of metal phase T, Molten metal temperature
F,, Electromagnetic force (N-m™) T, Boiling point of iron (3050K)
Fopo oy Fom: Electromagnetic force at different direction T, Temperature of wire (K)
(N-m™)
F, Gravity (N) v Velocity vector (m-s™")
F, Volume fraction of the metal phase Varoplet Droplet velocity (m-s™")
Foa Plasma drag force (N) Ve Velocity of plasma (m-s~")
F, Resultant of surface tension (N) Veas Velocity of shielding gas (m-s™")
Fgr Surface tension force (N-m™) Vi Wire feeding rate (0.12 m-s™")
g Gravitational acceleration (9.81 m-s™2) w Joule heat generation (J-m™>-s~")
h Enthalpy (Jkg™") x32 Coordinates (m)
H,,, Latent heat of vaporization (J-kg™") Y Mass fraction of iron vapor
1 Welding current (250 A) a Constant (3.11x 10 m-A~") [25]
j Arc current density (A-m™?) p Constant (4.63x 10 A=2s™1) [25]
J Boundary current density (A-m~2) B P> Dimensionless numbers (1.385)
k Thermal conductivity (W-m™ K™ € Thermal emissivity (0.8)
kg Boltzmann constant (1.38x 1072 J.K™1) £, Net emission coefficient (W-m™>-Sr™!)
l, Extension length of wire (0.012 m) ¢ Stefan-Boltzmann constant (5.67 x 1078 W-m~2-K~%)
m Droplet mass (kg) Dynamic viscosity (kg-m™'-s™")
M, Relative mass of argon (kg-mol™!) Ho Vacuum permeability (1.26x 10° H-m™)
M, Relative mass of iron vapor (kg-mol™!) "y Viscosity of argon (kg-m~'-s™")
p Pressure (Pa) o Viscosity of iron vapor (kg~m‘1‘s‘1)
P, Atmospheric pressure (1.013 x 10° Pa) p Density (kg-m™>)
Py Partial pressure of iron vapor (Pa) 12} Density of argon (kg-m~>)
0 Flow rate of shielding gas (20 L-min~!) 12 Density of iron vapor (kg-m™)
R Gas constant (8.314 J-mol™"-K™") Pe Density of plasma (kg-m‘3)
Tdropler Radius of droplet (m) P Density of molten metal (7800 kg-m~)
7, Nozzle radius (7.5 107> m) A Electrical conductivity (S'm™
7 Wire radius(6 x 10 m) Surface tension coefficient (1.2 N-m™")
Sg Electron migration heat (J-m~3-s™") Electric potential (V)
a(;tv)w (pw) = uVv=-Vp+pg+Fg+F,  (3) %th) + V.- (pvh) = -V - (Ciwl) + W+ S — Sge = Sui

where the second-fifth terms of the right side represented
gravity, surface tension force and electromagnetic force,
respectively. The surface tension force was calculated by
Eq. 4 [27].

Fo ooy ()
ST = 0 VEL IV @)

(3) Energy conservation equation (Eq. 5)

P
&)
where the second-fifth terms of the right side represented
the Joule heat generation, electron migration heat, liquid and
gas phase radiation heat dissipation, respectively. They were
calculated by Eq. 6-9.
j2

W= o (6)

e
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(4) Equations of electromagnetic field

The electromagnetic field was solved using the mag-
netic vector potential method. A User-Defined Scalar
(UDS) transport equation was used to solve the current
continuity equation (Eq. 10). The current density distribu-
tion was solved according to Ohm's law, as described in
Eq. 11. Three UDS transport equations were used to solve
the magnetic vector potential, where the current density
was regarded as the source term, as described in Eq. 12.
The magnetic flux density was the rotation of the magnetic
vector potential, and then the electromagnetic force was
solved using Fleming's Left Hand Rule, as described in
Eq. 13-14.

V-(c,Vp)=0 (10)
J=-0,-Vo (11)
—V?A, = pol: — VPA, = pply; = VA, = pyl. (12)
B=VXxA (13)

Fop=JB.—JB,F,, =JB —IJB._F,._ =JB,—J]B,

(14)
(5) Volume of fluid equation (Eq. 15)
The free surface of droplet was reconstructed by the VOF
equation [28].
oF S

— + (V- vF)= —

Y, (V-vF) = p (15)
F was the volume fraction of metal phase in the grid.

F=1 indicated that the grid was filled with metal; F'=0 indi-

cated that the grid was filled with argon; 0 < F'< 1 indicated

that the grid contained both metal and argon.

2.3 Iron vapor

A UDS equation was used to calculate the iron vapor diffu-
sion, as described in Eq. 16. The two terms on the left side
was the transient term and convection term, and on the right
side was the diffusion term and iron vapor source term. The
diffusion coefficient (D) was calculated according to Eq. 17
[29, 30].
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L, L, Wang [12] et al. found that the metal vapor gener-
ated by the droplet surface was much more than that gener-
ated by the weld pool surface, which was neglected in this
mode. The iron vapor generated by the droplet was calcu-
lated according to Eq. 18 [19]. P,,,, was the partial pressure
of iron vapor, which was calculated according to Eq. 19.

Y Pvale
= 18
" Pvale + (Patm vap)MZ ( )
P,=P Pop 11

w2 = ) (19)

The iron vapor generated on the surface of the droplet
diffused in the arc, which changed the physical properties
of the plasma. Murphy [19] et al. found that the electrical
conductivity and net radiation coefficient were sensitive to
the Y,,, as shown in Fig. 1. In order to improve the conver-
gence without affecting the calculation accuracy, when the
temperature was below 4000 K, the conductivity was set to
0.03 S/m, which did not change with the iron vapor content
and temperature. The other physical properties of the plasma
were only set as functions of temperature.

2.4 Boundary conditions

The calculation zone was shown in Fig. 2, which did not
include the solid wire entities or grids, but only considered
its fixed side and tip faces. The shielding gas flowed in from
area 1, and the velocity distribution in the oxy plane was cal-
culated by Eq. 20 [7]. The welding current flowed in from the
wire tip (Area 2), and the current density was calculated by
Eq. 21. The boundary condition at Area 2 was set as the inlet
of the metal phase velocity, the volume fraction of the metal
phase was 100%, and the temperature was 1800 K. The droplet
outflow velocity, that was, the wire feeding rate, was related
to the welding current (/) and the length of the wire extension
(1,), the velocity distribution was calculated by 22 [31, 32].
Area 3 was the pressure outlet. The rectangle (ABCD) was the
workpiece surface. The specific boundary condition settings
were listed in Table 2.

In( \/lr2+\‘2/ ) )
2 _ (2 2 2 _ 2 n Tn
Q{rn (x +y)+(rn ) W) } lnm
vgas - e (P )z + w ll’li
{7'3—}’3_4— In( '”/'w)} Iy
(20)
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Fig. 1 Gas phase thermos-phys-
ical parameters: (a) electrical
conductivity and (b) net emis-
sion coefficient
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2.5 Materials

In this model, the diameter of the wire was 1.2 mm, and the
shielding gas was pure argon. The temperature-dependent
physical properties of the shielding gas were used, and they
were referenced from Murphy [19]. The wire of model was

10000 15000 20000 25000
Temperature (K)

5000

mild steel (Q235). Its detailed thermo-physical properties
were listed in Table 3[7, 24].

3 Results and discussion

The welding parameters used in the model were given in
Table 1. The changes of the average temperature and the
iron vapor mass fraction of the grid with welding time were
shown in Fig. 3. The average temperature decreased rap-
idly during 0-2 ms, and then stabilized at about 1900 K at

@ Springer
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Fig.2 GMAW arc-droplet three-dimensional model

5.0 ms. The Y,, increased rapidly during 0-5 ms, then grew
slowly during 5-10 ms, which was mainly due to the iron
vapor accumulation in the surroundings and had little effect
on the arc column. Compared with the arc shape captured
by high-speed camera, it was reasonable to consider that
the simulated arc plasma reached quasi-steady state at Sms.
According to the arc shape and temperature distribution,
5000 K isotherm was defined as the arc edge, the zone with
temperature between 5000-7000 K was defined as the arc
periphery, and the zone with temperature higher than 7000
K was defined as the arc inner layer.

3.1 Distribution of iron vapor

The distribution of iron vapor in the arc plasma was shown
in Fig. 4. Equation 14 indicated that the distribution of iron

was faster than that in the radial direction, and its distribu-
tion was like a bell.

At 5.0 ms, Y,, was higher than 15% around the forming
droplet, within the range of no more than 0.5 mm from the
droplet surface, as shown in Fig. 4(a). ¥,, in the inner layer of
the arc was higher than 10%, with a distribution radius of 2.0
mm. Y,, in the arc periphery was lower than 10%. At 6.6 ms,
the first droplet was separated from the wire tip, Y,, around the
first droplet was over 20%, Y,, in the inner layer increased to
15%, while it hardly increased in the arc periphery, as shown
in Fig. 4(b). At 7.8 ms, as the first droplet passing through
the arc column, Y, around it was up to 25%, and an iron-rich
channel, with Y,, values over 20% and a radius of 1.0 mm,
was formed in the inner layer of the arc, as shown in Fig. 4(c).

The droplet transfer had little effect on the iron vapor
distribution in arc periphery but increased the Y, of the arc
inner layer. It could affect the electrical conductivity and
net emission coefficient of the plasma, and then change the
current density and temperature distribution.

3.2 Current density distribution

Figure 5 illustrates the electrical conductivity distribution.
Figure 6 illustrates the current density distribution. Their
distributions in space were similar, that was, where the
conductivity was high, the current density was larger. The
current flew from the anode (wire tip) to the cathode (work-
piece). As the conductivity of iron was much higher than
that of plasma, and the current was continuous, the current
density was perpendicular to the gas—liquid interface near
the anode, and perpendicular to the workpiece surface near
the cathode. Due to the "tip effect”" and "skin effect", the
current density at the wire tip was significantly larger than
that on the workpiece surface.

Table 3 Physical properties of mild steel

Density [kg/m?] 7860

. . . 73
vapor was related to both convection and diffusion. The Viscosity [Pa-s] 6x10
. . . Surface tension [N/m] 1.2
plasma moved downward at high velocity along the z-axis,
i . . . Electrical conductivity [S/m] 7.7%x10°
so the transport rate of iron vapor along the axial direction
Specific heat [J-.kg™!-K™!] 695-800
Table2 Setting of boundary Boundary  T(K) v (m/s) o0 (V)  A(Wbmd) Y,
conditions
ABCD 2000 0 0 “n_g P —
on on
Areal 400 Veas l;_qo -0 Z_A _ 0
Area2 1800 v, 9 _ A _ M
W on J on on
Area3 1000 Pressure outlet ‘;_40 =0 0 0
Wire T, = 1800 — [1400 X (z — 0.005)] 0 w_g 0 M
n on
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At 5.0 ms, iron-rich channel had not been formed, and
the plasma conductivity was mainly determined by tem-
perature. The conductivity around the forming droplet was
up to 8000 s/m, and it was about 2500 s/m in the arc inner
layer, as shown in Fig. 5(a). The current density around the

forming droplet was up to 3 x 10’ A/m?, and it was about
4% 10° A/m? in the arc inner layer, as shown in Fig. 6(a).
At 6.6 ms, as the iron vapor accumulated, the temperature
around the first droplet would decrease, and the conductiv-
ity reduced to 3500 s/m. The current density decreased to

20

Fig.3 Grid average temperature
and iron vapor mass faction
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Fig.4 Distribution of iron vapor in arc at different time: (a) t=5.0 ms, (b) t=6.6 ms and (c) t=7.8 ms
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Fig. 5 Distribution of electrical conductivity: (a) t=5.0 ms, (b) t=6.6 ms and (c) t=7.8 ms
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Fig.6 Distribution of current density in the arc: (a) t=5.0 ms, (b) t=6.6 ms and (c) t=7.8 ms

6 x 10% A/m. In the upper part of arc inner layer, the con-
ductivity and current density were still large. In the lower
part, they were decreased obviously, as shown in Fig. 5(b)
and 6(b). At 7.8 ms, the conductivity around the first drop-
let decreased to 2000s/m, and the current density was as
low as 4 x 10® A/m?. In the lower part of arc inner layer,
the conductivity and current density further decreased, as
shown in Fig. 5(c) and 6(c).

The droplet transfer had little effect on the electrical
conductivity and the current density distribution in the
arc periphery but formed a low electrical conductivity
and current density channel in the arc inner layer. It could
affect the Joule heat generation, electromagnetic force, and
arc pressure, and then change the arc thermal-pressure dis-
tribution and droplet behavior.

The workpiece in this model was simplified as a sur-
face, so the current density distribution on the plane
z=1 mm was selected to understand that on the work-
piece surface, as shown in Fig. 7. As the droplet passed
through the arc column, the current density in the arc
inner layer decreased, that was, the radius of contour
line with a value of 3.7 x 10® A/m? shrank from 1.8 mm
to 1.1 mm. While there was almost no change in the arc
periphery. From the point of view of time average, the

Current density [A/m?]

current density still presented a Gaussian distribution,
with a peak value of 1x 107 A/m? and a distribution
radius of 6.0 mm. It could provide a reference and basis
for fluid—solid-heat coupling numerical simulation of
weld pool behavior and bead formation.

3.3 Arc heat and force
3.3.1 Temperature Distribution

The temperature field was the result of a balance among
Joule heat, electron migration heat and radiation, as shown
in Fig. 8. The Joule heat generation was proportional to the
square of current density and inversely proportional to elec-
trical conductivity. Radiation was the heat dissipation from
the high temperature plasma, which was proportional to the
net emission coefficient. Electron migration heat was propor-
tional to the current density and temperature gradient, which
was caused by the directionally movement of electrons with
different kinetic energy from cathode to anode driven by
the electric field. When the direction of current density was
consistent with that of temperature gradient, it was positive,
that was, heat generation. On the contrary, it was negative,
that was, heat dissipation.

Fig.7 Current density distribution on workpiece surface: (a) t=5.0 ms, (b) t=6.6 ms and (c) t=7.8 ms
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At 5.0 ms, the current density around the forming droplet
was higher than 3x 107 A/m?, and the joule heat genera-
tion was up to 1 x 10'! J-m™-s~!. The current density of the
arc inner layer was higher than 4 x 10® A/m?, and the joule
heat generation was higher than 8 x 10° J-m~>s~!, as shown
in Fig. 8(a). Around the forming droplet, the net emission
coefficient was about 8 x 10° W-m~>-Sr~!. The radiation was
higher than 1x 10" J-m™3.s~!. The net emission coefficient
in the arc inner layer was about 1x10° W-m™.Sr~!. The
radiation was about 1 x 10'° J-m~3-s™!, as shown in Fig. 8(b).

Joule heat generation [J 'm_3-s_1]

=5.0ms

z(mm)

x(mm)

Radiation [J'm s ']

z(mm)

Electron migration heat
[Loguo|Se), Jm s ]
Note: Negative sign represented Heat dissipation.

Electron migration resulted in heat generation only near the
droplet surface up to 1x 10'2 J-m~-s~!. In other areas of
the arc, electron migration led to heat dissipation. It was as
high as -1x10'° J-m~3.s~! around the forming droplet. It
rapidly reduced to -1 x 10® J-m~>-s~! in the arc inner layer
and -1 x 107 J-m~—>.s~"at the arc edge, as shown in Fig. 8(c).

At 6.6 ms, the first droplet was separated from the wire
tip, and the current density around it significantly decreased
to 6x 10® A/m?, which led to a reduction of the Joule heat
to 1 x10'° J-m~3:s7!. In the upper part of arc inner layer, the

x(mm)

(©)

Fig.8 Heat generation and dissipation in the arc: (a) Joule heat (b) radiation heat dissipation and (c) electron migration heat
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Joule heat was still large. In the lower part, it was decreased
obviously, as shown in Fig. 8(a). Around the first droplet,
the increase of Y, was not enough to change the fact that the
net radiation coefficient decreased to 2x 10° W-m~-Sr~! due
to temperature reduction, so the radiation heat dissipation
decreased to 2.5x 10'° J.-m~3.s~!. In the upper part of arc
inner layer, the radiation was still strong. In the lower part, it
was weakened obviously, as shown in Fig. 8(b). The electron
migration heat upper the first droplet surface was negative,
below it was positive. The decrease of current density and
temperature gradient reduced the electron migration dissipa-
tion around the droplet to -1 x 10° J-m™=>.s~!. In the arc inner
layer, the electron migration heat generation near the wire tip
was up to 1x 10" J-m~3-s~!. In the upper part, the electron
migration dissipation was as high as -1x10'° J-m=.s~!, and
it was decreased to -1x 10° J-m~>-s'at the lower part, as
shown in Fig. 8(c).

At 7.8 ms, the current density around the first droplet
further decreased to 4 x 10® A/m?, and the conductivity
reduced to 2000s/m, which kept the Joule heat genera-
tion at 1 x 10'°J-m~3.s~!. In the arc inner layer, Joule heat
was concentrated in the upper part, as shown in Fig. 8(a).
Around the first droplet, the net radiation coefficient
decreased to 1x 10° W-m~-Sr~! due to temperature reduc-
tion, so the radiation heat dissipation decreased to 1 x 10'°
J-m~3.s7!. In the arc inner layer, the radiation heat dis-
sipation was concentrated in the upper part, as shown in
Fig. 8(b). Electron migration generated heat at the wire tip.
In other areas of the arc, electron migration led to heat dis-
sipation. It reduced to -1x 10% J-m~3.s™! around the droplet,
as shown in Fig. 8(c).

Joule heat and thermal radiation had a wide range of
effects, and their integrals in the arc space were 900 (+ 100)
J-m™3.s7! and -600 (+50) J-m~>-s~!, respectively, which
played a leading role in the overall heat balance of the arc
space. The electron migration heat mainly acted on the upper
part of arc inner layer. The heat generation on the surface
of the wire tip was much greater than the heat dissipation in

other areas, and its integral in the arc space was about 400
(+50) J-m~3-s~!. During the droplet transfer, the Joule heat
around the first droplet decreased significantly due to the
rapid drop of current density. However, with the increase
of Y, the radiation dissipation decreased relatively slowly.
A channel with sharp fluctuations in energy density was
formed along the path of droplet, which would significantly
affect the temperature field in the arc inner layer.

Figure 9 shows the temperature distribution of the sym-
metry plane. The temperature distribution in the arc periph-
ery remained stable, while it changed dramatically in the arc
inner layer as the droplet passing through the arc column.

At 5.0 ms, around the forming droplet, the Joule heat
generation and radiation heat dissipation could offset each
other in numerical value. The electron migration heat only
near the droplet surface was positive, and then quickly
became negative. The plasma temperature near the droplet
surface was as high as 20,000 K, and then rapidly decreased
to 15,000 K. In the upper part of arc inner layer, the Joule
heat generation was larger than the radiation heat dissipa-
tion. While, the heat dissipation caused by electron migra-
tion was so strong that the temperature decreased rapidly,
showing a spherical shape. In the lower part, the influence of
electron migration was weak, and the Joule heat generation
was smaller than the radiation heat dissipation. The tempera-
ture gradient decreased, and showed a cylindrical shape with
a radius of about 2 mm. In the arc periphery, the electron
migration heat could be neglected, and the Joule heat gen-
eration was slightly stronger than the radiation heat dissipa-
tion. The plasma reached a thermal equilibrium state under
the heat convection of the cold shielding gas, and presented
a trumpet shape, as shown in Fig. 9(a). At 6.6 ms, around the
first droplet, the radiation heat dissipation was much stronger
than Joule heat generation. Meanwhile, electron migration
resulted in heat dissipation. The plasma temperature rapidly
decreased from 10000 K to 8000 K. In the upper part of arc
inner layer, its thermal state remained unchanged and it kept
a spherical shape. In the lower part, Joule heat decreased
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Fig. 9 Distribution of arc temperature: (a) t=5.0 ms, (b) t=6.6 ms and (c) t=7.8 ms
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significantly, leading to the shrinkage of the boundary of arc
inner layer, as shown in Fig. 9(b). At 7.8 ms, around the first
droplet, the Joule heat generation and radiation heat dissipa-
tion could offset each other in numerical value. The electron
migration heat was negligible. A low temperature zone with
a temperature of about 7000 k was formed around the first
droplet, and the inner layer of the arc shrinks into a sphere,
as shown in Fig. 9(c).

The droplet transfer had little effect on the temperature
distribution in the arc periphery. In the arc inner layer, the
iron vapor emitted from the droplet surface enhanced the
thermal radiation, breaking the balance between heat gen-
eration and dissipation, thus forming a low temperature
channel.

The temperature distribution on the plane z=1 mm was
selected to understand that on the workpiece surface, as
shown in Fig. 10. As the droplet passed through the arc col-
umn, the temperature in the arc inner layer decreased, that
was, the radius of contour line with a value of 7000 K shrank
from 2.0 mm to 1.0 mm. While there was almost no change
in the arc periphery. From the point of view of time average,
the temperature still presented a Gaussian distribution. It
could provide a reference and basis for solid-heat coupling
numerical simulation of weld joint stress and strain.

3.3.2 Electromagnetic force

During the welding process, an electrical circuit was formed
between the wire (anode) and the workpiece (cathode), and
the induced magnetic field was generated in the arc space.
The moving charged particles was subjected to Lorentzian
force in the magnetic field, that was, electromagnetic force,
which was divided into axial and radial directions, as shown
in Fig. 11.

At 5.0 ms, there were big radial current components at
the wire tip and droplet sides, respectively, as shown in
Fig. 6. The former induced an axial electromagnetic force
up to -4 x 10° N/m? above the forming droplet, as shown in
Fig. 11. Its negative sign indicated the opposite direction

of the z-axis, that was, from the wire tip to the workpiece
surface. It accelerated the downward flow of the plasma and
promoted the droplet to be separated from the wire tip. The
latter induced an axial electromagnetic force up to 2 x 10°
N/m? at the droplet sides. It exerted an upward force on the
droplet and hindered the droplet transfer. The axial electro-
magnetic force in the arc inner layer decreased rapidly to
-7.6x 10° N/m?, and it was smaller than -5 X 10> N/m? at the
arc edge. Figure 11(b) shows the distribution of radial elec-
tromagnetic force. It reached -4.0x 10° N/m? at the necking,
as the big axial current component. Its negative sign indi-
cated axial contraction, that was, from the arc periphery to
the arc center. It acted as a shear force at the forming droplet,
leading to necking, thus promoting the droplet transfer. The
radial electromagnetic force in the upper part of arc inner
layer was about -1.5x 10° N/m?, and it in the lower part
decreased to -3.0 x 10* N/m?>. It was only -5x 10> N/m? in
the arc periphery.

At 6.6ms, the current density around the first droplet
decreased 80%. The electromagnetic force along the axial
direction decreased to 3.3 x 10° N/m?>, and that along the
radial direction decreased to -8 x 10> N/m>. There was
always a downward electromagnetic force in the arc inner
layer, which was mainly concentrated in the upper part,
and had little change during droplet transfer. The radial
electromagnetic force in the arc inner layer increased,
which was a factor for the shrinkage of the arc inner layer.
At 7.8ms, electromagnetic force around the first droplet
along the axial and radical directions were 2.8 x 10° N/m?
and -5 x 10° N/m?, respectively. It intensified the shrink-
age of the arc inner layer.

The integrals of electromagnetic force along the
axial and radial directions were -(96 +4) x 10™ N and
-(15.2+4)x 107N, respectively. Both fluctuated periodi-
cally with droplet transfer. The downward axial electro-
magnetic force caused high-speed plasma flow. On the
one hand, it generated a viscous drag force to promote
the droplet transfer. On the other hand, it intensified the
impingement of particles on the weld pool and increased

Temperature [K]

3000 5000 7000
7
6 5000K 6 6
0 ] 0 ] ] 0 ]
6 4 -2 0 2 4 6 6 4 -2 0 2 4 6 6 4 -2 0 2 4 6
x(mm) x(mm) x(mm)
(@ (b) (©)

Fig. 10 Arc temperature distribution on workpiece surface: (a) t=5.0 ms, (b) t=6.6 ms and t=7.8 ms
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Fig. 11 Electromagnetic force distribution: (a) Axial direction and (b) Radial direction

the dynamic pressure of the arc. The radial electromag-
netic force constrained the plasma to a trumpet shape. On
the one hand, it promoted the formation of necking, which
was conducive to droplet transfer. On the other hand, it
generated a pressure difference along the axial direction
and created a static pressure on weld pool.

3.3.3 Arcpressure

The arc pressure could be divided into dynamic pressure
and static pressure. The dynamic pressure was proportional
to the square of the plasma velocity, which was affected by
the axial electromagnetic force and static pressure differ-
ence. The static pressure, on the one hand, was converted
from the kinetic energy of high velocity plasma, and on the
other hand, was induced by the compression of radial elec-
tromagnetic force.

At 5.0 ms, the plasma velocity exceeded 300 m/s under
the acceleration of axial electromagnetic force in the upper
part of arc inner layer. Then it was blocked by the workpiece,

@ Springer

and gradually decelerated in the lower part of arc inner layer,
as shown in Fig. 12 (a). The distribution of arc dynamic
pressure was very similar to that of plasma velocity, as
shown in Fig. 13(a). It reached a peak value of 500 Pa at
the sides of droplet, and then reduced to zero on the work
piece surface. Due to the continuity of the plasma flow, the
velocity below the droplet was very small, resulting in a
low-pressure zone, and the dynamic pressure distribution
was generally cylindrical. The kinetic energy of the plasma
was converted into static pressure, forming a mountain like
high-pressure zone with a peak value of 450 Pa above the
workpiece surface, as shown in Fig. 13(b). At the necking,
the radial electromagnetic force was so strong that a static
pressure with a peak value of 2000 Pa appeared. Below
the forming droplet, there was neither energy conversion
nor electromagnetic compression, forming a low-pressure
zone. The static pressure was dumbbell shaped along the
axial direction, larger at both ends and smaller in the mid-
dle, which in turn affected the velocity distribution of the
plasma to a certain extent.
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Fig. 13 Distribution of arc pressure: (a) dynamic pressure and (b) static pressure

At 6.6 ms, the weakening of the axial electromagnetic
force made the plasma velocity in the upper part of arc inner
layer decrease to 200 m/s. The droplet blocked the continuity
of the plasma flow, resulting in a low velocity zone between
the first droplet and wire tip, as shown in Fig. 12 (b). The
peak value of dynamic pressure decreased to 250 Pa, and a
low-pressure zone corresponding to the low velocity zone
appeared, as shown in Fig. 13(a). The impingement of
plasma on the workpiece was weakened, and the static pres-
sure above the workpiece was decreased, with a peak value

of only 300 Pa, as shown in Fig. 13(b). At the necking, the
reduction of the radial electromagnetic force decreased the
static pressure to 500 Pa, which weakened the axial accelera-
tion of the plasma.

At 7.8 ms, the first droplet contacted the workpiece, and
a low velocity channel for plasma flow formed on the path
of droplet transfer, as shown in Fig. 12(c). Correspond-
ingly, a low-pressure channel appeared, and the peak value
of dynamic pressure decreased to 200 Pa, as shown in
Fig. 13(a). The strong radial electromagnetic force at the
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wire tip generated a static pressure with a peak value of 1100
Pa, as shown in Fig. 13(b). This high static pressure exerted
a downward force on the second droplet to accelerate it, but
had little effect on the axial acceleration of the plasma.

The dynamic arc pressure was mainly distributed in the
inner arc layer, which changed from the initial cylindrical
shape to the sleeve shape with low central pressure. The
static arc pressure at the wire tip was dominated by radial
electromagnetic force, which could promote necking and
accelerate droplet. While it above the workpiece was domi-
nated by the kinetic energy of plasma and distributed in a
mountain shape. The arc pressure was an important factor
affecting droplet transfer and weld pool behavior.

The total arc pressure distribution on the plane z=1 mm
was selected to understand that on the workpiece surface,
as shown in Fig. 14. Its Gauss distribution verified that the
dynamic pressure was converted to static pressure above
the workpiece. As the droplet passed through the arc col-
umn, the pressure in the arc inner layer decreased, while
it remained unchanged in the arc periphery. The shrinkage
of the arc inner layer had little effect on the high-pressure
zone, that was, the radius of contour line with a value of 140
Pa had not changed. The main reason was that the continu-
ity of plasma flow made the change of velocity field not as
rapid as that of current. The arc pressure could deform the
surface of the weld pool and drove the metal flow, which was
an important factor affecting weld pool behavior and bead
formation [33-35].

3.4 Droplet transfer

The size, velocity and frequency of the droplet directly
affected the behaviors of the weld pool, bead formation and
welding quality [30]. The simulated droplet diameter was
0.8mm, the impinging velocity was 1.3 m/s, and the trans-
fer frequency was 454 Hz. The error with the experimental
results was less than 9%, which verified the accuracy of the
model [36, 37].

3.4.1 Forces acting on droplets

As shown in Fig. 15, under the action of gravity, surface
tension, total electromagnetic force (F,,,.), electromagnetic
pinch force (generated by F,,, and F,,,) and plasma drag
force, the droplet grew up, formed necking, separated from
the wire tip, and finally impinged into the weld pool. To
facilitate the analysis, the droplet transfer was divided into
three stages: before necking, necking to separating, and after
separating. For the first droplet, the critical points were 4.0
ms and 5.2 ms, as shown in Fig. 16.

(1) Gravity

In flat welding, the gravity was consistent with the
moving direction of the droplet and promoted the droplet
transfer. It could be calculated according to Eq. 23. Before
necking, V was the volume of molten metal at the wire tip.
After necking, V was the volume of molten metal below the
necking, as shown in Fig. 15. After separating, V was the
volume of droplet.

F,=pgV (23)

Before necking, F’ . increased continuously. At 2.0 ms, F' o
was1.9x 10 N. At 4.0 ms, the gravity of the molten metal
at wire tip reached 3.4 X 107 N, while that below the necking
(F,) was only 0.7 X 1073 N. After necking, F. , continued to
increase again, and reached 1.4 X 10° N at 5.2 ms.

(2) Surface tension

l*Wire

Electromagnetic Pinch force
—— Plasma drag force

Surface tension
Total electromagnetic force

Fig. 15 Schematic diagram of forces acting on a droplet

Total pressure [Pa]

Fig. 14 Arc pressure distribution on workpiece surface: (a) t=5.0 ms, (b) t=6.6 ms and (c) t=7.8 ms
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The effect of the surface tension at the forming droplet
was vertical upward to maintain the droplet at the wire tip.
It could be calculated by Eq. 24. Before necking, » was the
radius of wire. After necking, » was the radius of necking.
After separating, r was zero. The resultant of surface tension
could be calculated by Eq. 24.

F, =2rro (24)

Before necking, F; was 4.5 X 1073 N, and it acted on
the liquid—solid interface. After necking, r continued to
decrease. At 4.0 ms, r was 0.30 mm, F was 2.3 X 107 N,
and it acted on the outer ring of necking. At 5.0 ms, r was
only 0.15 mm, and F decreased to 1.1 X 1073 N, which might
not be strong enough to maintain the forming droplet at the
wire tip. After separating, F, was zero.

(3) Electromagnetic force

The electrical conductivity of the molten metal was hun-
dreds of times that of plasma, so the current density inside
the forming droplet was much larger than that of the arc, as
shown in Fig. 16(a). The current in the droplet could gen-
erate an axisymmetric electromagnetic force, as shown in
Fig. 16(b).

At 2.0 ms, the forming droplet was hemispherical, and
the direction of the current inside the droplet was verti-
cally downward along the wire axis due to its continu-
ity. Its density reached 2.6 x 10> A/m?. The total electro-
magnetic force generated by parallel downward current
could be ignored. The electromagnetic pinch force reached
3.0x 107 N/m> and contracted inward, which promoted
necking. At 4.0 ms, the necking formed, and its section
area was one quarter of that of wire. The vertical down-
ward current density increased to 5.0 108 A/m?. The elec-
tromagnetic pinch force of 8.0 x 10’ N/m? was generated
at the necking to accelerate its contraction.

At 5.0 ms, the section area of necking was only one
sixteenth of that of wire. The current density inside the
forming droplet increased first and then decreased from

(b)

wire tip to droplet bottom, and it was up to 1.2x 10° A/
m? at the necking. The electromagnetic pinch force of
3.5 10% N/m?® was generated at the necking to accelerate
its contraction. Below the necking, the electromagnetic
pinch force changed from inward to outward, because the
radial current at the side of the droplet increased, chang-
ing the direction of the induced magnetic field. This kept
the forming droplet nearly spherical. Above the necking,
the inward sloping current line produced an upward elec-
tromagnetic force along the axial direction. Its strength
reached 1.6 x 10® N/m® and the integral reached 1.0 x 102
N. Although the duration of the upward force was less than
Ims, it was enough to change the flow direction of molten
metal above necking, which hindered the flow of molten
metal to the necking.

At 5.2 ms, the first droplet was separated from the wire,
and the current density and electromagnetic force inside it
decreased rapidly. At 6.6 ms and 7.8 ms, the current density
inside the first droplet was basically consistent with its sur-
rounding plasma, reduced to 1x 10’ A/m?. The electromag-
netic pinch force decreased to 1.1x 107 N/m? and pointed
outward, which confirmed the formation of low current den-
sity channel in the arc inner layer.

The electromagnetic pinch force could form a high pres-
sure to overcome the surface tension, thus promoting neck-
ing. Only in the case of severe necking, an upward elec-
tromagnetic force was generated above the necking, which
intensified necking and promoted droplet transfer.

(4) Plasma drag force

The velocity of the plasma was much higher than that
of the droplet, so it generated a downward viscous drag,
that was, plasma drag force. It could be calculated by
Eq. 25 [38]. Before necking, D, was the diameter of the
sphere equivalent to the volume of molten metal. After
necking, D, was the diameter of the largest cross section
below the necking. After separating, Dy was the diameter
of droplet.
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1, ﬂDZ
Fpla = Cdsngvg( 4 ) (25)

Before necking, Fp increased continuously. At 2.0 ms, Dy
was 0.76 mm, and F,, was 5.6 X 10* N. At 4.0 ms, the drag
force of the molten metal at wire tip reached 9.0x 10* N, while
that below the necking (F};;,) was 3.3 X 10~ N. After necking, F’ o
continued to increase again, and reached 4.7 X 10* N at 5.2 ms.

The above analysis showed that the upward surface ten-
sion was the main force to keep the molten metal at the wire
tip. The electromagnetic pinch force reduced the necking
radius of the droplet, causing a decrease in surface tension,
which was the main factor promoting droplet transfer. Grav-
ity and plasma drag force provided acceleration for droplet
movement.

la

3.4.2 Droplet velocity and temperature

Figure 17(a) shows the velocity of droplet at different times.
At 0.0 ms, molten metal flowed from the wire tip at a veloc-
ity of 0.12 m/s. Then, driven by the plasma drag force, the
downward acceleration of molten metal reached 15 times
the gravitational acceleration. At 2.0 ms, the maximum
downward velocity of molten metal at the wire tip reached
0.66 m/s, and its internal average velocity was 0.3 m/s. At
4.0 ms, the downward velocity at the necking exceeded 1.2
m/s, and its internal average speed increased by 43% com-
pared with 2.0ms. After necking, the total electromagnetic
force drove the molten metal above the necking to form an
upward reflux. The electromagnetic pinch force produced a
high-pressure zone at the necking, driving the molten metal
to flow downward. The maximum velocity of the molten
metal below the necking exceeded 3.5 m/s at 5.0 ms. The
average internal velocity of the droplet increases to 0.67 m/s.

Velocity IETTTTTTTTH

[m/s] 0 1.0 2.0

After separating, the velocity of the molten metal inside the
droplet became uniform, and it accelerated continuously
under the driving of the plasma drag force, impinging the
workpiece at a velocity of over 1.3 m/s at 7.8 ms. The high-
velocity droplet impingement could generate a strong force
[39], which might induce various weld defects, such as fin-
ger penetration, undercut, and humping.

The temperature of the droplet was shown in Fig. 17(b).
At 0.0 ms, molten metal flowed from the wire tip at a tem-
perature of 1800 K. Under the action of the surrounding high
temperature plasma and inside Joule heat, the temperature
of molten metal rose rapidly. At 2.0 ms, the surface tem-
perature of the forming droplet reached the boiling point,
and a large amount of iron vapor diffused into the plasma.
The internal temperature was not uniform. At 5.0 ms, the
temperature of molten metal below the necking became rela-
tively uniform, and the average temperature was about 2700
K. After separating, the temperature of the droplet continu-
ously increased, reaching 2800 K at 7.8 ms. The temperature
of the droplet was far higher than the average temperature
of the molten metal in the weld pool, which might not only
cause strong heat convection, increasing the penetration, but
also lead to the burning of alloy elements, reducing the weld
performance.

In the whole droplet transfer process, the plasma drag
force had obvious downward acceleration effect on drop-
let. The electromagnetic force mainly acted on the necking
stage, causing the reverse molten metal flow to promote the
separation of the droplet and wire. Droplet temperature was
the result of convective heat transfer and Joule heat gen-
eration. Before separating, the Joule heat generation inside
the droplet was the main source of increasing the droplet
temperature. After separating, convective heat transfer from
high-temperature plasma played a major role.
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Fig. 17 (a) Velocity and temperature (b) distribution inside the droplet
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3.5 Evolution of arc and droplet behaviors

The arc and droplet behaviors changed periodically during
welding process. Figure 18 shows the variation of character-
istic parameters at different position with time. The point 1
was close to the forming droplet surface, point 2 was in the
arc inner layer, point 3 was located at the boundary between
the inner layer and arc periphery, and point 4 was in the arc
periphery, and point 5 was at the arc edge. The horizontal
distances between these points and the welding wire axis
were 0.5, 1.0, 2.0, 3.0, and 4.0 mm, respectively. The verti-
cal distances between these points and the wire tip were all
2.0 mm.

Figure 19 (a) illustrates the variations of iron vapor
content with time. Before 5.0 ms, the Y, in the arc rapidly
increased as iron vapor spilled out of the forming droplet
surface. The closer to the droplet, the higher the Y,,. After
5.0 ms, the arc was in a quasi-steady state. At point 1, Ym
showed significant fluctuations with droplet transfer. At
5.0ms, the first droplet was necking, and the Y,, was 19.6%.
At 5.4 ms, according to the mass spring theory, the radial
radius of the droplet just falling off was greater than the axial
radius, and the distance from the drop surface to point 1 was
reduced, and the Y, exceeded 25%. After the droplet passed
through, Y,, rapidly decreased to 22%. At 7.6 ms, the second
droplet passed through point 1, and the Y, increased to 26%,
then rapidly decreased to 23%. The same was true for the
third droplet, the Y,, at point 1 exhibited significant periodic-
ity with droplet transfer, which would affect the distribution
of current density and temperature. The Y,, of point 2 also
showed periodicity with droplet transfer, but the fluctuation
was significantly weaker than that of point 1. Y,, of points
3,4, and 5 stabilized at 11.4%, 8.0% and 6.0%, respectively.
The periodicity was not obvious, because these points were
far away from the droplet and weakly affected by the droplet
transfer.

The variation of current density with time at different
positions in the arc was shown in Fig. 19 (b). The current
density at point 1 varied considerably at different moments
of the droplet transfer. With the first droplet necking at 5.0
ms and the arc temperature reaching 15,000 K, at point 1
the change in the Y, had little effect on the conductivity
and the current density could reach 3.4x 10" A/m”. As the
first droplet broke away from the wire tip, a stable iron-rich
channel was formed in the arc inner layer. At 7.2 ms and 9.6
ms the new droplet were necked and the current density at
point 1 decreased slightly from the current density at point
1 when the first droplet was necked, due to the higher Y. At
5.4 ms, 7.6 ms, and 10.2 ms, point 1 near the droplet surface,
the heat conduction and absorption of the droplet led to a
decrease in temperature, resulting in a decrease in current
density to 1.1 x 107 A/m?, 3.8x 10® A/m* and 3.0 x 10° A/
m?, respectively. It indicated that temperature was the main

factor affecting conductivity. The trend of the current den-
sity at point 2 was basically consistent with point 1, but the
fluctuation amplitude decreased. As the distance between
the point 2 and the arc axis increased, the impact of drop-
let transfer on its current density decreased. At 5.0 ms, the
current density could reach 1.3x 107 A/m%. As the droplet
fallen, the conductivity of the surrounding plasma decreased.
At 5.4 ms the current density decreased to 1.0x 107 A/m?.
After 5.4 ms, the distance between the droplet and point 2
increased, and the current density increased. The current
density increased again to 1.5x 10" A/m? at 6.8 ms. The
second droplet grew up subsequently, and the current density
was affected by the droplet transfer. At 7.6 ms, the current
density decreased again to 9.8 x 10° A/m?. Then the current
density changed periodically with the new droplet transfer
again. The distance from points 3, 4 and 5 to the arc axis
were larger. There was no significant fluctuation in the tem-
perature and Y,,, so the conductivity remained stable. The
current density was maintained at 5.0 x 10® A/m?. 2.6x 10°
A/m? and 1.2 x 10° A/m?, respectively.

The temperature changes at different positions in the arc
over time were shown in Fig. 19 (c). The temperature at each
point in the arc would rapidly decrease before 4.0 ms. The
droplet transfer had a dramatic effect on the temperature at
point 1. At point 1, the current density was high at 5.0 ms,
7.2 ms and 9.6 ms, and joule heat generation increased, thus
the arc temperature would rise; during the process of the
droplet detaching from the wire tip and gradually approach-
ing the point 1, the arc temperature would gradually decrease
due to the decrease in current density and the influence of
the droplet absorbing heat; at 5.4 ms, 7.6 ms, and 10.2 ms,
the arc temperature would decrease to 11000K, 8100K, and
8300K, respectively; the rich iron channel formed by the
droplet transfer would reach a steadily iron vapor content of
more than 20% after 5.4 ms, and the radiation heat dissipa-
tion increased, the current density decreased, and the joule
heat generation decreased, so the arc temperature at point 1
at 7.6 ms and 10.2 ms was much lower than that at 5.4 ms.
As the process of the detaching droplet moving away from
point 1, the arc temperature would increase again until the
new droplet necked, and the arc temperature culminated at
point 1. The droplet didn’t absorb much heat at point 2, so the
change in current density caused by droplet transfer was the
main factor affected the temperature change at point 2, at 5.0
ms, 7.2 ms, and 9.4 ms the current density increased, the arc
temperature could reach 11000K; the corresponding decrease
in current density at 5.4 ms, 7.6 ms, and 10.2 ms would cause
a decrease in arc temperature. After the arc reaches quasi
steady state at 5.0 ms, the arc temperature at points 3,4,5
stabilized at 7000 K, 6300 K, and 5300 K, respectively.

The behaviors of the inner arc layer varied periodically
with the droplet transfer, while the arc periphery remained
stable. When the droplet passed through the inner arc layer,
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Fig. 18 (a) Changes in Ym, (b)
changes in current density, (c)
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the decalescence of the droplet made the inner arc tempera-
ture decreased, which reduced the plasma conductivity. The
current density reduced, and the heat production in the inner
arc layer decreased. Meanwhile, with the increased of Y,,,
the heat radiation of plasma increased and the inner arc tem-
perature sharply decreased. After the droplet passed through,
the current density increased rapidly, while the radiation heat
dissipation decreased, and the temperature in the inner arc
layer raised rapidly.

The droplets fallen into the weld pool under the combined
effects of gravity, surface tension, electromagnetic force,
and plasma drag force. Figure 19 shows the direction and
magnitude of gravity, surface tension, total electromagnetic
force, and plasma drag force changes with time. The force
on droplet varied periodically with time. The first, second,
and third droplet detached from the wire tip at 5.2 ms, 7.4
ms, and 9.6 ms, respectively. Each droplet transfer period
could be divided into three stages, namely before droplet
necking (stage I), necking to separating (stage II), and after
separating (stage III).

During the stage I of the first droplet (0-4.0 ms), the
surface tension and the total electromagnetic force were
upward, and hindered the droplet from detaching from the
wire tip. The gravity and plasma drag force were downward.
The surface tension maintained 4.5 x 107> N. As the current
of droplet increased, the total electromagnetic force gradu-
ally increased from 0 to 9.0 x 10~ N. As the droplet grew,
the force of gravity increased from 0 to 6.2x 10° N, and the
plasma drag force on the droplet also increased from O N to
1.0x 107 N. The stage I of the second and third droplet were
5.2-6.0 ms and 7.4-8.2 ms, respectively. At this stage, the

Time(ms)

upward force was much greater than the downward force,
it was difficult for the droplet to detach from the wire tip,
and the droplet at the wire tip gradually grew and elongated
under the action of gravity and plasma drag force.

During the stage II of the first droplet (4.0-5.0 ms),
the magnitude of the various forces acting on the droplet
changed. The elongated droplet underwent necking under
the action of electromagnetic pinch force, resulting in a
decrease in surface tension at a rate of 4.8 x 10 N/s. The
droplet below the necking position was more likely to detach
from the wire tip. At 4.0 ms, gravity and plasma drag force
of droplet below the necking position were 0.7x 107> N
and 1.1x 107N, which gradually increased as the drop-
let grew. At 5.0 ms, the gravity and plasma drag force of
droplet below the necking position reached 2.0 x 10™*N and
1.4x 107 N. The axial electromagnetic force on the droplet
rapidly increased, which was proportional to the square of
time. It indicated that the generation of necking was the main
factor causing a significant increase in electromagnetic pinch
force. The large upward total electromagnetic force caused
reflux inside the droplet and reduced the downward flow
velocity of the droplet. The stage II of the second and third
droplet were 6.0-7.2 ms and 8.2-9.4 ms, respectively. At
this stage, the droplet produced necking under the action of
electromagnetic pinch force, and the resistant force (surface
tension) to droplet transfer gradually decreased.

The stage III was 5.0-5.2 ms. The droplet separated
from the wire tip at this stage. The surface tension became
zero, and the total electromagnetic force inside the droplet
decreased. The droplet was subjected to downward grav-
ity and plasma drag force, with a value of -2.1x 10 N,
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providing downward acceleration for the droplet. The stage
III of the second and third droplet were 7.2—7.4 ms and
9.4-9.6 ms, respectively.

After the first droplet separated, there was still molten
metal at the wire tip, and during the transfer of the second
droplet and third droplet, the time for the droplet to elongate
and grow up was shortened in the stage 1. At stage II, the
second and third droplet were similarly with the first droplet,
necking occurred and the resistance to drop transfer was
reduced. At stage III, the separating droplet under the com-
bined force of the downward axial force, the droplet fallen
into the weld pool. The force state of the droplet exhibited a
clear periodic trend over time.

Figure 20 shows the variation of upward resultant force
and downward resultant force over time. The upward axial
resultant force was composed of total electromagnetic
force and surface tension, which hindered the droplet
transfer. The downward axial resultant force was composed
of gravity and plasma drag force. In stage I, the increase
in axial electromagnetic force caused the upward resultant
force rising. The upward resultant force from 4.5x 10~ N
increased to 5.2 107> N. The downward resultant force
from -5.2x 107 N increased to -4.0 x 10~* N. In stage II,
the surface tension decreased, the total electromagnetic
force increased, and the upward resultant force decreased
to 3.5x 10~ N. The value of the upward resultant force had
a greater relationship with the surface tension. In stage III,
necking fractured, surface tension decreased to zero, and
total electromagnetic force decreased, the upward force
sharply decreased to 1.0 x 10 N. The plasma drag force
was much greater than gravity, which was the main factor

caused the downward force to change. The downward force
on the before necking droplet reached -4.0x 10 N, the
downward force was only -2.1 x 10 N. It indicated that
the main reason for the detachment of the droplet was the
decrease in surface tension caused by electromagnetic
pinch force.

The electromagnetic force and surface tension were the
main factors affecting the separation of droplet and wire
tip. The electromagnetic pinch force promoted the necking
of the droplet and decreased the upward surface tension.
After the droplet detached from the wire tip, the downward
acceleration of the droplet was mainly provided by the
plasma drag force. The droplet into the weld pool under
the combined axial force with the speed of 1.3m/s. The
behavior of arc and droplet transfer exhibited significant
periodicity over time.

4 Conclusions

The arc and droplet behaviors in GMAW were investi-
gated using a 3D multi-physics coupling transient model.
The simulation results were in good agreement with the
experimental results. The following conclusions were
obtained:

(1) The iron vapor from the surface of the droplet gen-
erated an iron rich channel in the arc inner layer, which
changed the physical parameters of the plasma and reduced
the arc temperature. The droplet transfer increased the
electromagnetic force at the lower half of the arc inner
layer, causing the arc inner layer to contract upwards.
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(2) The distribution of current density, temperature and
pressure on the workpiece surface were basically consistent
with Gaussian distribution. The droplet transfer could cause
shrinkage in the high-temperature area, but it had little effect
on the pressure distribution, which provided a theoretical
guidance for more in-depth and accurate analysis of the influ-
ence of arc-droplet on the heat and mass transfer behavior of
weld pool.

(3) The surface tension decreased to zero under the
action of electromagnetic pinch force, which was the
main factor causing droplet transfer. The plasma drag
force and gravity provided downward acceleration for
the droplet. The separating droplet was heated by arc
heat, and its temperature could reach 2800 K. The high
temperature droplet impinged on the workpiece at a
speed of 1.3 m/s.

(4) The arc and droplet transfer behaviors exhibited
significant periodicity over time. Changes in the Y, of arc
inner layer could affect the arc behavior. The magnitude
of the upward axial resultant force exerted on the droplet
was mainly related to the value of surface tension. The
downward acceleration of the droplet was mainly provided
by the plasma drag force.
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