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Abstract Pulsed currents of various shapes have been
employed to control the metal transfer phenomena. In the
present study, a simulation model including both the arc plas-
ma and the metal transfer is constructed, and their behaviors in
pulsed-MIG arc welding are numerically investigated. When
the peak current is set to 450 A and the peak time is set to
1.5 ms, only a single droplet is transferred per pulse. The
numerical model can indicate the metal transfer and arc plas-
ma behavior depending on the pulse shape. The temperature
of the arc plasma increases rapidly at the early phase of the
peak time, and consequently, the temperature of the wire elec-
trode increases. After that, a large amount of the metal vapor
generates from the wire tip, and the arc temperature decreases.
These behaviors are periodic and can be controlled through
the pulse shape. In addition, the appropriate pulse frequency
depends on the surface tension of the wire electrode. This
result shows that balance of the surface tension and the elec-
tromagnetic force is important to determine the droplet behav-
ior. Therefore, in controlling the welding process, it is impor-
tant to consider the properties of both the welding power
source and the welding material.
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1 Introduction

Gas metal arc welding (GMAW) is an indispensable technol-
ogy used in various areas of industry. GMAW involves metal
transfer phenomena because a consumable wire electrode is
used. In order to control the quality of the weld, e.g., the shape
of weld bead and the strength of the weld, it is very important
to control individual welding phenomena. In particular, the
properties of the metal transfer, such as the droplet size and
the frequency of droplet transfer, strongly affect the stability
and quality of the overall process and must be controlled
appropriately.

Pulsed current is often used to control the metal transfer
phenomena [1-3]. When an appropriate pulse current is set,
“one-pulse, one-droplet” transfer is achieved, which provides
very stable welding and low spatter. The appropriate pulsed
current is typically determined by trial and error. Whereas, the
behavior of the droplet during the welding process has been
visualized using numerical simulations in order to make clear
the phenomena. The early-phase numerical models of the
droplet transfer phenomena can be divided into two types.
The first type is based on the static force balance theory
[4-6], and the second is based on the pinch instability theory
[7, 8]. The models based on static force balance theory focus
on axial forces acting on the droplet, and the models based on
pinch instability theory focus on radial forces. Recently, many
dynamic models using CFD have been reported [9—13].
Especially, some numerical model including influence of the
arc plasma is constructed and reported [14—16]. For example,
Hertel et al. reported numerical results about pulsed-MIG
welding. In the paper, detail of the droplet and the arc plasma
behavior is calculated, but influence of the current profile is
not discussed [17]. Ogino et al. reported numerical results
about influence of the shielding gas using continuous current
[18].
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The objective of the present study is to visualize the phe-
nomena, especially the droplet behavior, in pulsed-MIG
welding through numerical simulation. A unified numerical
model including both the arc plasma and the droplet is con-
structed. Using the numerical model, the appropriate peak
time (duration for which the pulse is at its peak amplitude)
that leads to a one-pulse, one-droplet transfer is selected, and
detailed behavior of the arc plasma and the droplet depending
on the current profile is numerically visualized. In addition, it
is reported that the balance between the electromagnetic force
and the surface tension is important to determine the droplet
behavior [19]. The surface tension of the wire electrode
strongly depends on the chemical components of the wire
electrode. The component is designed to obtain appropriate
welding results, and so many kinds of the wire material are
developed. In this study, the influences of the material prop-
erties of the wire electrode, such as surface tension and vis-
cosity, on the droplet behavior in pulsed-MIG welding are also
numerically investigated.

2 Simulation model

The model constructed in the present study includes the arc
plasma, the metal transfer, and the weld pool. The simulation
is carried out considering the interaction of these phenomena.
Details of the simulation are available in a previous report
[18]. A schematic diagram and the boundary conditions of
the model used in the present paper are shown in Fig. 1. The
model is a 2D axial-symmetric model, and the torch and the
base metal are stationary. The arc current is provided from the
top of the wire electrode, and the shielding gas flows into the
calculation domain from the top boundary. The wire electrode
is fed from the top boundary of the calculation domain, and its
temperature at the top boundary is set to 300 K. The bottom

10 mm

Fig. 1 Schematic diagram and
boundary conditions of the model z 1\

surface of the base metal is set to 300 K and grounded. The
flow in both the arc plasma and the molten metal is treated as
laminar flow. The governing equations used in this model are
described as follows.

Under the local thermodynamic equilibrium (LTE) approx-
imation, the arc plasma can be treated as an electromagnetic
viscous fluid, and its behavior can be described by the follow-
ing equations:

V-(p7> =S (1)

a<p7}) —— -, =
T-I-V-(pv v) = VP4 V14 pg + Fem  (2)
d(pH)
ot
where V' is the velocity [m/s], ¢ is the time [s], p is the density
[kg/m’], P is the pressure [Pa], T is the viscous stress tensor

+V-pvVH = —V-(—kVT) + W—Ra + Sg (3)

[Pa], g is the gravitational acceleration [m/s*], H is the en-
thalpy [J/kg], ~ is the thermal conductivity [W/m'K], T is the

temperature [K], Ra is the radiative loss [W/m?], ?em is the
electromagnetic force [N/m?], Wis the Joule heating [W/m’],
S'is the source term of mass by metal vapor [kg/m3 s], and Sg is
the source term of energy by metal vapor [W/m®].

The electromagnetic force and the Joule heating can be
calculated using the following equations:

— — =
Fen=j X B (4)
_.)2
w1l :
= (5)

where 7 is the current density [A/m?], B isthe magnetic flux
density [T], and o is the electrical conductivity [S/m]. The
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arc pressure, and the drag force by plasma stream.
Erd .

VA =—py j 9) Metal transfer and weld pool phenomena involve the de-

where Vis the electric potential [V], A is the vector potential
[N/A], and p is the permeability of free space [H/m].

In this model, the influence of iron vapor is taken into
account. Iron vapor is only generated from the tip of the elec-
trode and the droplet, and its distribution can be described
using the following equation:
a(pC)

2 v (pvc) = —V-(-pDVC) + § (10)

where C is the mass fraction of iron vapor and D is the diffu-
sion coefficient [m%/s] [20]. The iron vapor is generated ac-
cording to the Hertz-Knudsen-Langmuir equation [17, 21]:

J= Po _pFe,vap / M (1 1)
V TMetal vV TGas 27R

where J is the mass flux of iron vapor [kg/m*s], po is the
saturated vapor pressure of the iron vapor [Pa], pre  vap is the
partial pressure of iron vapor in the arc plasma [Pa], Tjetar 1S
the temperature of the metal [K], T, is the temperature of the
arc plasma adjacent to the metal [K], M is the molecular
weight of iron [kg/mol], and R is the gas constant [J/mol-K].
In Egs. (1) and (3), S and Sg, respectively, were calculated
using the following equations:

S=v.7 (12)

Sg = HypV-J (13)

where H,,,, is the vaporization heat of iron [J/kg], T =-J n,
and 7 is the unit normal vector calculated from the shape of the
metal. In this model, the shielding gas is argon, and the mate-
rial properties of the plasma gas were taken from a paper by
Murphy [21].

Next, the method for calculating droplet formation is ex-
plained. The governing equations of the metal region were as
follows:

Vv ——1g (14)
p

formation of a free surface, which was tracked in this model
using the volume of fluid (VOF) method [22]. In the VOF
method, the shape of a free surface is described by fluid oc-
cupancy using an " value for each calculation cell. According
to the velocity field in the metal region, the free surface defor-
mation is calculated using the following equation:

%—f+ (vv)F=o0 (17)

The surface tension force was calculated using the CSF
model [23], in which the capillary pressure of surface tension
acting on the liquid phase is expressed as a volume force in the
surface region. This can be calculated as follows:

?ST = VK, 7 (18)

cury

where 75T is the equivalent volume force vector of the cap-
illary pressure of the surface tension [N/m’], 7 is the surface
tension [N/m], Ky is the curvature [1/m], and 7 is the nor-
mal vector [1/m].

In this model, sheath regions formed near the wire elec-
trode and the base metal are ignored. The wire electrode,
which is an anode, and the base metal, which is a cathode,
receive additional energy at their surface. These energy fluxes
are given by following equations:

Wire electrode (anode):

e
7Anode =-J SOAnode_EaTﬁ/[etaln (19)

Base metal (cathode):

—

5 - 4
7Cathode = 7 J] ePcathode + J iViiEaTMetaln (20)

where G 4000 A0 G camode are the energy fluxes at the anode
and cathode surfaces [W/m?], respectively, ©Anode and
Ycathode are the work functions of an anode and cathode [V],

. — — .
respectively, j; and j . are the ion and electron current
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Fig. 2 Waveform of pulse
current used in simulation

Pulse parameters
Peak current: 450 A
Base current: 50 A
Average current: 150 A
Peak time: 0.5~4.0 ms
Rise time: 0.5 ms
Fall time: 0.5 ms

densities [A/m?], respectively, ¢ is the radiative emissivity,
and « is the Stefan-Boltzmann coefficient [W/m>K*]. The
electron current density is calculated using the Richardson-
Dushmann equation and the ion current density is determined
by subtracting the electron current density from the total cur-
rent density.

3 Simulation conditions

Figure 2 shows the pulse waveform used in the simulation. A
trapezoidal pulsed current is used in this simulation. In the
present study, the base and peak currents are set to 50 and
450 A, respectively. The influence of the peak time on the
metal transfer phenomena is numerically investigated. The
base time (time between pulses) is adjusted so that the average
current is 150 A. The wire diameter is 1.2 mm, and the dis-
tance between the contact tip and the base metal is set to
15 mm. The wire feed rate is set to 360 cm/min. The wire feed
rate is adjusted to maintain the initial arc length in this model,
and this value is used in all calculations in this paper. The wire
electrode and the base metal are mild steel, and the material

Table 1  Physical properties of mild steel

Density (kg/m®) 7200

Viscosity (Pas) 6 x 107> (standard), 3 x 1073,
9x107

Thermal conductivity (W/mK) 26 to 52

Specific heat (j/kgK) 695 to 800

Electric conductivity (S/m) 7.7 % 10°

Surface tension (N/m) 1.2 (standard), 0.6, 1.8

Work function (V) 43

Melting temperature (K) 1750

Latent heat of fusion (J/kg) 247 % 10°

Boiling temperature (K) 3080

Latent heat of vaporization 7.34 x 10°

(/kg)
Radiation emissivity 0.4
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properties used in this model are listed in Table 1 [24, 25]. In
order to simplify the phenomena, only the thermal conductiv-
ity and the specific heat of the metal depend on the tempera-
ture, and temperature dependence of other properties is ig-
nored. In addition, in the present study, in order to investigate
the influence of the material properties of the wire electrode,
we also perform the calculation using various values of sur-
face tension and viscosity.

4 Simulation results
4.1 Initial conditions

First, the initial conditions of the calculation in the present
study are explained. The initial conditions of the metal region
are fixed, as shown in Fig. 3a. The temperature of the base
metal is set to room temperature (300 K). The initial

a b

<— Room temperature

/—Wire electrode

Max.
13000 K

!e Melting temperature

Metal temperature

Gas temperature

|
15000
Initial K Initial
Fig. 3 Initial conditions of calculation. a Metal temperature. b Gas
temperature
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temperature of the wire electrode is room temperature at the
contact tip and melting temperature at the bottom tip. The
initial conditions of the arc plasma are calculated until a steady
state is reached using the initial conditions of the metal region
using a base current of 50 A. Figure 3b shows the initial
conditions of the gas region. For such initial conditions, the
metal temperature is low, so metal vapor is hardly generated.

4.2 Influence of the peak time on metal transfer

Figure 4 shows the calculation results when the peak time is
set to 1.5 ms. In this calculation, the surface tension is 1.2 N/
m, and the viscosity is 6 x 103 Pa-s. The results reveal the
temperature fields of the arc plasma and the metal region, as
well as the iron vapor concentration distribution,

0ms

(pulse start) 0.4 ms 1.2ms

Max.
11360 K

2.0ms

Max.

3 4
[ms]

24 ms 2.6 ms 4.0ms

13860 K

2mm

Gas temperature

Iron vapor
concentration

Metal temperature

Fig. 4 Time evolution of the temperature field of the arc plasma and iron vapor concentration distributions and of the temperature field of the metal

region (peak time 1.5 ms)
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approximately 400 ms after the initial conditions. In this case,
periodic behavior is observed in the calculation. In the figure,
the start of the rising edge of the pulse is set as 0 ms.
Moreover, just after the pulse reaches its peak amplitude, the
temperature of the arc plasma and the tip of the wire electrode
rapidly increases, and the droplet begins to grow. In the latter
half of the peak duration, the temperature of the droplet at the
wire tip becomes high, and a large amount of metal vapor is
generated and flows into the center of the arc plasma.
Consequently, the temperature at the center of the arc plasma
becomes low because the radiation loss of the iron vapor is
very strong [26]. After the end of the peak duration, the arc
plasma temperature becomes low, and the droplet detaches
from the wire tip. The concentration of the metal vapor also
decreases. Under these conditions, only one droplet is trans-
ferred per pulse, i.e., one-pulse, one-droplet transfer is obtain-
ed. Here, one-pulse, one-droplet transfer is also obtained in the
experiment using the same pulse current. It is difficult to com-
pare the values of the temperature and the iron vapor concen-
tration, but these distributions of the numerical results are
similar to those of the experimental results [27].

The relationship between the current and the behavior of
the arc plasma and the droplet is summarized in Figs. 5 and 6.
As shown in Fig. 5a, when the pulse reaches its peak ampli-
tude, the maximum temperature of the arc plasma increases
rapidly, but then decreases rapidly. After the middle of the
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500 | 1 25000 S
: 1 ©
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Fig. 5 Time evolution of the maximum temperature and iron vapor
concentration in the arc plasma. a The maximum temperature of the arc
plasma. b The maximum value of the iron vapor concentration
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peak duration, the peak temperature of the arc plasma is rela-
tively low. This behavior is closely related to the iron vapor.
The maximum value of the iron vapor concentration rapidly
increases at the middle stage of the peak shown in Fig. 5b.
When the concentration of the iron vapor becomes higher, the
radiation loss from the arc plasma becomes larger and the
temperature decreases. On the other hand, considering the
behavior of the droplet, the surface temperature increases
gradually while the pulse is at its peak amplitude, as shown
in Fig. 6a, and the evaporation rate of the iron vapor increases
rapidly at the middle of the peak, as shown in Fig. 6b. Based
on these results, the behavior can be summarized as follows.
When the peak duration is started, the temperature of the arc
plasma increases rapidly at first. Then, the heat input into the
wire tip becomes large, and the temperature of the droplet and
the evaporation rate of the iron vapor increase. The concen-
tration of the iron vapor then becomes higher, and the temper-
ature of the arc plasma decreases. This behavior is synchro-
nized with the current, as shown in the figures. Therefore,
under the one-pulse, one-droplet transfer condition, not only
the droplet but also the arc plasma and the metal vapor exhibit
periodic behavior.

Figure 7 shows the relationship between the peak time
and the number of the droplets transferred in one pulse.
Here, very small droplet whose size is smaller than the
mesh size is ignored in counting the number of droplets.
As shown in this figure, when the peak time is 1.5—
3.0 ms, the one-pulse, one-droplet transfer is obtained.
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Fig. 6 Time evolution of the evaporation rate and surface temperature of
the droplet. a The surface temperature of the pendant droplet. b The
evaporation rate of iron vapor
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Fig. 7 Influence of peak time on the number of droplets transferred per
pulse

Thus, the peak time for one-pulse, one-droplet transfer
condition has a certain range. When the peak time be-
comes shorter, more than one pulse is required to transfer
one droplet (“n-pulse, one-droplet” transfer condition).
On the other hand, when the peak time becomes longer,
more than one droplet is transferred in one pulse (“one-
pulse, n-droplet” transfer).

4.3 Influence of the material properties of wire on metal
transfer

The influences of the surface tension and viscosity of the wire
electrode on the metal transfer are shown. Figure 8a shows the
relationship between the peak time and the number of droplets
transferred during one pulse for various surface tensions. The
influence of the viscosity is shown in Fig. 8b. The simulation
results change only slightly with the viscosity, so the influence
of the viscosity is weak. In contrast, the number of droplets
transferred per pulse changes significantly with the surface
tension. When the surface tension decreases, the range of the
peak time for obtaining one-pulse, one-droplet transfer is re-
duced. The surface tension of the wire electrode strongly de-
pends on its composition and temperature. The value of the
surface tension of the pure iron at the melting point is around
1.9 N/m, and it decreases when the temperature becomes
higher. In addition, when the surface-active element such as
oxygen or sulfur exists, the value of the surface tension sig-
nificantly decreases [28]. The balance between the surface
tension and the electromagnetic force is very important to
determine the droplet behavior in pulsed-MIG welding. In
the case of lower surface tension, the force holding up the
droplet becomes weaker. Consequently, the electromagnetic
force acting to detach the droplet becomes stronger relatively.
Therefore, the simulation results revealed that the material
properties of the electrode wire strongly affect the properties
of the metal transfer. It is very important to consider both the
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Fig. 8 Influence of material properties on the number of droplets
transferred per pulse. a Surface tension. b Viscosity

properties of the power source and the weld material in order
to control the overall welding process.

5 Conclusion

In the present study, the metal transfer phenomena in pulsed-
MIG welding were visualized and discussed based on numer-
ical simulation results. The results obtained in the present
study are as follows:

1. When using a trapezoidal pulse current with base and
peak currents of 50 and 450 A, respectively, one-pulse,
one-droplet transfer is achieved when the peak time is set
between 1.5 and 3.0 ms.

2. Under the one-pulse, one-droplet transfer condition, not
only the droplet but also the arc plasma and the metal
vapor exhibit periodic behavior.

3. The viscosity of the electrode wire has almost no influ-
ence on the metal transfer, but the surface tension strongly
affects the metal transfer. The balance between the surface
tension and the electromagnetic force is very important to
determine the droplet behavior in pulsed-MIG welding. In
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