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Abstract An external magnetic field applied in arc welding
process results in electro-magnetic stirring (EMS) welding.
The added longitudinal magnetic field (LMF) provides an
effective method to control the arc behavior and affect the
resultant welds. However, few studies have addressed arc be-
haviors in LMF-TIG hybrid welding, i.e., tungsten inert gas
arc (TIG) hybrid welding with an external LMF; the LMF
direction is the same as or parallel to the symmetric axis of
welding arc. In this paper, a three dimensional (3D)
multiphysics field model was established to analyze arc be-
havior in LMF-TIG hybrid welding. This model is formed by
fluid dynamics equations coupled with Maxwell equations.
The fields of temperature, velocity, and electric current field
were obtained from this model through numerical simulation
using the finite volume method (FVM). It was found that the
arc changes from its free to strong electromagnetic field con-
trolled status in three stages. After the applied electromagnetic
field exceeds a critical value, mutation is induced in the arc
resulting in an arc behavior completely different from that of
the normal free arc. The arc pressure and temperature distri-
butions shift their centers, where the peak pressure and tem-
perature occur, from the tungsten axis. In addition, the arc
exhibits negative pressure (i.e., anti-gravity gradient behavior)
below the cathode and a tornado-style behavior. The arc plas-
ma flow reverses, a circular area occurs, and a low-
temperature zone forms in the center of the arc. The highest
flow speed takes place on both sides of the arc symmetry axis.
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The unique appearance of the negative arc pressure and its
formation mechanism are discussed.
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Nomenclature

r  Axial direction (m)

z  Radial direction (m)

T  Temperature (K)

P Pressure (Pa)

v, Radial component of the speed (m/s)

v,  Axial component of the speed (m/s)

p  Density of argon plasma (kg/m?)

1 Viscosity coefficient of argon plasma

k  Heat transfer coefficient of argon plasma (W/(m*K))

C, Specific heat capacity of argon plasma (J/(kg*K))

o Conductivity of argon plasma (S/m)

J. Axial component of the arc plasma current density
(A/?)

J.  Radial component of the arc plasma current density
(A/m?)

kg  Boltzmann constant (J/K)

Sz Radiative heat loss (J)

So  Source term of the radial momentum equations in the
group of momentum equations (kg m/s)

Sz  Source term of the axial momentum equations in the
group of momentum equations (kg m/s)

¢ Potential (V)

o  Vacuum permeability (T*m/A)

A, Radial magnetic vector potential (V*s/m)

A, Axial magnetic vector potential (V*s/m)

By Self-inductance magnetic field intensity (T)

R Radius of tungsten cathode top (mm)
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B;  External magnetic field intensity (T)

L Radial length of tungsten cathode side for calculating
current density (mm)

f#  Angle of tungsten cathode for calculating current density
©)

/ Radial length on the tungsten cathode side for current
distribute (mm)

1 Introduction

Electromagnetic stirring (EMS) is an effective method to
control the solidification in metals with extensive practi-
cal backgrounds and solid industrial bases. In recent
years, its studies and applications have been on the rise.
In particular, an external longitudinal magnetic field, also
known as coaxial magnetic field [1], can promote the
rotation of arc and change the radial distribution of the
plasma jet and that of the current density. These changes
affect the heating and melting of the base metal as well as
the formation of the resultant welds. Specifically, electro-
magnetic stirring in arc welding is found to refine the
primary solidification structure of the welded metal, re-
duce the chemical inhomogeneity, enhance the ductility
and toughness of the material, and improve the weld qual-
ity [2]. Further, the added electromagnetic field can deter-
mine the properties of the resultant welds and welded
structure directly [3].

Due to the high temperature, electromagnetic radiation,
and arc conditions in TIG, direct measurements for arc
properties (including temperature field, arc plasma pres-
sure, and velocity field) have been challenging [4-7].
Therefore, numerical simulation methods have been ex-
tensively used to study the arc plasmas behavior, welding
pool behavior, and microstructure and so on [8—13]. The
welding heat transfer is currently considered preferred in
these cases [6—8]. Within past decades, welding arc be-
haviors have been extensively studied via simulation with
or without external magnetic field [14—18]. Hsu et al. [19]
used magnetic fluid dynamics (MHD) equations to simu-
late conventional arc behavior in the TIG welding envi-
ronment and analyzed the temperature field of an arc by
applying the spectroscopy experimental method. Wu et al.
[20] established a numerical model for TIG to obtain the
temperature field, velocity field, and current density field
of the welding arc. Their models utilized the magnetic
induction vector method to calculate the strength of the
self-inductance magnetic field through integration, and
the simulation results were in good agreement with exper-
imental ones. Li et al. [21, 22] used the FLUENT compu-
tational fluid software to establish an arc model with an
external magnetic field applied and obtained the tempera-
ture field and velocity field of the arc. The results showed
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that the applied external magnetic field can increase the
tangential velocity of electric-charged particles in the arc
plasmas and cause the arc’s shape expand. Yu et al. [23]
used a two-dimensional (2D) axisymmetric model to
study the arc with a constraint welding nozzle to obtain
the velocity, temperature, current density, and electromag-
netic force field about the constrained arc. They found
that the pressure distribution mainly depends on the cur-
rent and inlet pressure rather than the arc length. Takehiko
et al. [24] utilized MHD theory and related equations,
which were solved by the FVM, to investigate the
welding current impact, cathode diameter, and argon flow
rate on the DC arc shape under an AC magnetic field. The
simulation accuracy was validated by comparing compu-
tational and experimental results. Wang et al. [25]
established a vacuum arc model under the force of an
external magnetic field based on the MHD theory.
Temperature and current density fields were obtained for
vacuum arcs. It was found that that the restriction effect,
the applied magnetic field generated to the vacuum arc, is
mainly due to the Hall effect.

Unfortunately, few studies have been done on the sim-
ulation to study the arc behaviors in LMF-TIG hybrid
welding, especially for threshold conditions from conven-
tional free arc to the expected constraint arc [4, 7]. In this
paper, MHD equations with the electromagnetic induction
vector were applied, including the mass continuity equa-
tion, energy equation, Ohmic equations, and Maxwell
equations. Partial differential equations were solved to ob-
tain the self-inductance magnetic field. The Maxwell equa-
tions are coupled to the hydrodynamic equations. The
Lorentz force, Joule heating, and radiant heat loss were
added to the momentum equation and energy equation as
source terms. The temperature, velocity, current density,
and magnetic field were obtained. With the computed
fields, the effects of the added external LMF and the
welding current on the TIG welding arc were also studied.
A theoretical foundation is thus provided to guide possible
industrial applications of the LMF-TIG hybrid welding.

2 Model

The model for the arc in LMF-TIG hybrid welding is illustrat-
ed in Fig. 1. Charged particles in the arc plasmas rotate around
the symmetry axis of the arc under the Lorentz force generated
by the self-inductance magnetic field. When an external elec-
tromagnetic field is present, a series of complex and profound
changes occur in arc behaviors and properties, including its
temperature, velocity, and electric field as well as the arc
shape. These distinctive changes in the arc come from the
motion of charged particles in arc plasmas. This is a result of
the Lorentz force generated by the applied external LMF. In
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Fig. 1 Geometric model of LMF-TIG hybrid welding arc

this paper, the LMF is assumed to be a uniform and stable
electromagnetic field, i.e., with a constant strength but a
downward direction.

2.1 Fundamental assumptions

Based on the characteristics of LMF-TIG hybrid welding arc
[26-31], the following assumptions are made:

1. The arc is axisymmetric and the gas shield environment is
the incompressible pure argon which fills the entire space
of interest.

2. The arc plasma flow is laminar.

3. The arc plasma satisfies the local thermodynamic equilib-
rium (LTE) condition.

. The arc plasma is optical thin film.

5. Physical properties, including density, specific heat capac-
ity, heat transfer coefficient, conductivity, viscosity of the
arc plasma, are only temperature dependent.

6. The gravity and viscous occurred thermal diffusion are
negligible.

2.2 Governing equations
The governing equations describing movement characteristics
of the LMF-TIG hybrid welding arc are as follows under the

stable or axisymmetric conditions:

1. Continuity equation

l a(pvr)
r or 0z

2. Radial momentum equation
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Where J, and J, are obtained by solving the Maxwell equa-
tions based on the electromagnetic induction vector method.
5. Current continuity equation

10 Oy 0 O
r@r( 6r)+§( 62) 0 )
6. Ampere’s law
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Where the vacuum permeability pio=—47tx 107 T-m/A.
8. Self-inductance magnetic field
From the Egs. (6) and (7), the strength of the self-
inductance magnetic field B, can be expressed as follows:

A. 0A,
g, =2

= 1
or 0Oz (10)

In this paper, the SIMPLE algorithm was used to solve the
MHD and Maxwell’s coupled equations. The last three terms
in the energy Eq. (4) are the Joule heating, electronic thermal,
and radiation heat loss, respectively. They are added to the
energy Eq. (4) as the source term.
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2.3 Geometric model and boundary conditions

The following geometric model is adopted in this study:
ABCG represents the tungsten cathode in the TIG welding;
the cone angle of the cathode is 60°; EF is the metal plate
anode; the arc length is 5 mm, which is the vertical distance
AF. ABCDEF is the computing area of arc space, which is
also the flow area and electromagnetic area. The shield gas is
assumed to be pure argon, its properties including density,
viscosity, heat transfer coefficient, and conductivity below
the temperature of 30,000 K are given in ref. [7], which are
recognized and widely cited by many researchers. The
welding current is used from 100 to 300 A. The strength of
the LMF used ranges from 0 to 0.03 T.

The electric potential of EF is 0. The inlet velocity of CD is
5 m/s with the initial temperature set at 1000 K. DE is the
outlet and the initial temperature is also 1000 K. The inlet
CD and outlet DE are both under a boundary condition of
one standard atmospheric pressure. The current density is
loaded on the surface of tungsten cathode, i.e., AB and BC,
and the maximum current density J,.x and current density J(/)
satisfy the following conditions:

R L
1= J 271 J maxdr + f 27(R + Isinf)J (1)dI (11)
0 0

J(l) = Jmax(l—%) (12)

Where 6 is 30° and L is 0.4 mm.
The boundary conditions are shown in Table 1.

3 Results and discussion

The temperature, velocity, current density, electromagnet-
ic, and pressure field of arc plasmas are obtained in the
LMF-TIG hybrid welding by the FVM numerical
simulation.

3.1 Temperature fields

Figures 2 and 3 show the temperature field for LMF-TIG
hybrid welding arc when the welding current is 200 and
300 A, respectively.

Based on the isotherm shape of TIG welding arc, the con-
ventional free welding arc without a LMF applied exhibits a
typical solid bell shape. The highest temperature appears be-
low the cathode vertically. The temperature increases with the
increase of the welding current. The maximum of temperature
is 20,000 K when the welding current is 200 A, and it rises to
25,000 K when the welding current is 300 A, which are shown
in the Figs. 2a and 3a.

When the LMF is applied, the welding arc shape changes
significantly: The upper part of the arc (near the cathode)
contracts, while the bottom part (near the anode) expands
axially, leading to a hollow bell shaped arc (shown in the
Figs. 2b, c and 3b, ¢). When the strength of the LMF increases
exceeding a certain value, the variation of arc isotherm shape
is more obvious: the isotherms (close to the anode) on the
symmetry axis offset upward (to cathode direction) and result
in a lower temperature area appearing beneath the cathode
(near the anode).

At the same time, the peak temperature shows a certain
degree of rise with the increase in the strength of LMF. The
highest temperature is about 21,000 K for a 200-A welding
current and a 0.03-T magnetic induction strength in Fig. 2d,
26,000 K for a 300 A welding current and a 0.02-T magnetic
field in Fig. 3¢, 27,000 K for a 300-A welding current and a
0.03-T magnetic field in Fig. 3d, respectively.

3.2 Flow fields

Figures 4 and 5 show velocity contours when the welding
current is 200 and 300 A, respectively.

When welding current is 200 A without the LMF, the
highest speed of the welding arc plasmas is 140 m/s, which
occurs directly below the cathode and is of a downward

Table 1 The boundary

conditions of LMF-TIG hybrid Name AB BC
welding arc
P
T 3000 K 3000 K
@ Jinax S0
4 L—0 8-

on

CD DE EF FA
1.013x10° Pa 1.013x10° Pa L=0
1000 K 1000 K 1000 K L—0
Lo L=0 X=0 L=9
Lo %o 0 L=0
5 m/s L—o
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Fig. 2 Temperature fields of LMF-TIG hybrid welding arc when welding current is 200 A with a different magnetic induction strength: a B;=0,b B;=

001T,eB,=002T,dB,=003T

direction as can be seen in Fig. 4a. When the magnetic induc-
tion strength is 0.01 T, the velocity field of welding arc has
obvious expansion (Fig. 4b). The highest velocity of welding
arc also locates directly below the cathode and is of downward
direction, but the value reduces to 130 m/s. When the mag-
netic induction strength is 0.02 T, the highest speed basically
stays unchanged but has a declining tendency (Fig. 4c). The
maximum velocity changes to occur on the right rather than
directly below the cathode, and the speed direction is still
downward.

When the magnetic field strength is 0.03 T, a remarkable
change occurs in the velocity field of welding arc as can be
seen in Fig. 4d. The velocity distribution is of two different
characteristic regions. A clear circumfluence appears below
the cathode and is close to the anode. The highest velocity
area locates at the two sides of center symmetry axis and near
the cathode. The charged particles move in a clockwise direc-
tion in the loop zone, i.e., the movement direction is vertical
from anode to cathode in the symmetry axis. The peak of the
velocity field is 130 m/s, which appears at the both sides of
symmetry axis and near the cathode.

When the welding current is 300 A without a LMF, the
maximum speed of the free welding arc is 360 m/s, which
occurs below the cathode, and has a downward direction
(Fig. 5a). When the LMF is 0.01 T, the velocity field also
exhibits an obvious expansion. The highest velocity also oc-
curs under the cathode, but the value reduces to 320 m/s.
When the LMF is 0.02 T, the maximum speed still locates
under the cathode but reduces to 300 m/s as can be seen in
Fig. 5c. When the LMF is 0.03 T, the velocity distribution
similarly has two different characteristic regions (Fig. 5d).
The clear circumfluence area also appears near the anode
and locates below the cathode. The highest velocity area also
transfers into the two sides of the symmetry axis. In the loop
zone, the charged particles move in the clockwise direction
and flow vertically from anode to cathode. The highest speed
is 260 m/s, which happens at the both sides of the cathode.

3.3 Pressure fields

Figure 6 shows the pressure fields when the LMF is 0.03 T
with 200- and 300-A welding current. The minimum pressure
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Fig.3 Temperature fields of LMF-TIG hybrid welding arc when welding current is 300 A with a different magnetic induction strength: a B;=0,b B, =

0.01 T, ¢ B,=0.02T,d B,=0.03 T

of the welding arc occurs below the cathode. Higher pressures
achieve at the locations closer to the anode along the symme-
try axis (Fig. 6a) or farther away from the arc center along the
radial direction. The maximum pressure occurs close to the
surface of the anode where the R is 0.002 m (Fig. 6b). Because
the welding arc is driven to rotate by the Lorentz force from
the LMF, the charged particles are spiral downward under this
effect. When the particles reach the anode, a circumfluence
area with an about 1.5-mm radial scale appears. This is a new
unique characteristic about the pressure distribution in the
LMEF-TIG hybrid welding.

Combined with analysis of radial velocity, the pressure
distribution characteristic of welding arc is confirmed, and
the radial velocity field of welding arc also helps to better
understand the pressure distribution. The radial speed distri-
butions with a 200-A welding current are shown in Fig. 7.

Under the conventional TIG welding conditions, the max-
imum radial velocity of the free arc is 30 m/s, where it locates
near the anode area (Fig. 7a). After applying the LMF, the
maximum radial velocity of welding arc increases with the
increase of the magnetic field strength (Fig. 7b—d). However,
the radial velocity of the particles reduced from 40 to 30 m/s
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(Fig. 7d) in the upper part of the arc (close to the cathode).
When the LMF is 0.03 T, the radial velocity of the arc particle
is negative near the circumfluence zone; namely, the charged
particles move from the edge of the arc to the arc center, which
coincides with Figs. 4d and 5d. The radial speed field of LMF-
TIG hybrid welding arc is in agreement with the pressure
field’s results.

3.4 Evolution process of welding arc

The above result and analysis indicate that the applied LMF
has significant influences on the temperature, speed, pressure,
and energy distribution of the welding arc. The influence
varies with the LMF strength, as shown in Figs. 4 and 5.
Therefore, it is necessary to study the evolution process of
the welding arc under LMF effect in order to provide a new
principle for welding arc and promote LMF industrial
application.

Because LMF typically used in welding engineering appli-
cation is relatively small, a 200-A welding current with a LMF
less than 0.03 T was used in this study. Figure 8 shows the
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Fig.4 Velocity field of LMF-TIG hybrid welding arc when welding current is 200 A with a different magnetic induction strength: a B;,=0,b B;=0.01 T,
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evolution process of the TIG welding arc with the increase of
the LMF under a constant welding current of 200 A.

In Fig. 8, the arc begins to expand with the strength
increase in the LMF. When the induction intensity raises
exceeding a certain critical value or threshold, a low-
temperature area occurs near the anode under the cathode
of the welding arc. This can be ascribed to effects of the
Lorentz force from the applied longitudinal electromag-
netic field.

For example, on the center symmetry axis (0z), the z coor-
dinate of 17,000 K isotherm of welding arc is 0.0026 m with-
out the LMF (Fig. 8a), 0.0015 m when the LMF is 0.01 T
(Fig. 8b), and 0.0012 m when the LMF is 0.015 T, the welding
arc still expands as can be seen in Fig. 8c. However, when
LMF is 0.018 T (Fig. 8d), there is no obvious change on the z
direction coordinate, and the welding arc shape is similar to
that when the LMF is 0.015 T. In other words, the region of
17,000 K isotherm of welding arc reduces gradually on the
LMF-TIG hybrid welding process.

When the LMF reaches 0.02 T (Fig. 8e) and 0.022 T
(Fig. 8f), the coordinate of the 17,000 K isotherm of

welding arc stays unchanged on the center symmetry axis
(0z). However, the 16,000 K isotherm warps slightly up-
ward. At the same time, charged particles in the welding
arc at the anode area (near the symmetry axis) expand
continuously under the effect of LMF. A low-
temperature area starts to happen but there has still no
circumfluence. As the magnetic field strength increases
reaching 0.024 T, z coordinate of 17,000 K isotherm is
0.0014 m and the isotherm warps slightly upward
(Fig. 8g). Until now, a clear low-temperature area appears
and the welding arc also exhibits an axial shrinkage. At
this time, a small circumfluence area appears at the sym-
metry axis (near the anode), and pressure field also chang-
es owing to the Lorentz force from the LMF (see Fig. 6).
With the LMF strength increase, from Fig. 8h—j, the z
coordinate of 17,000 K isotherm increases to 0.0027 m,
and the loop area of welding arc temperature enlarges.
The welding arc shape has no obvious variation but the
low-temperature area of welding arc appears more clear at
the symmetry axis, where it is beneath the cathode near
the anode.
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Fig. 6 Pressure field of the LMF-TIG hybrid welding arc when magnetic induction strength is 0.03 T with a different welding current: a 200 A, b 300 A
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Fig. 7 Radial velocity field of LMF-TIG hybrid welding arc when welding current is 200 A with different magnetic induction strengths: a

B;=0,b B;=0.01 T, ¢ B,=0.02 T, d B,=0.03 T

under the cathode near the anode. Meanwhile, a
circumfluence zone of heat flow will generate and form
in the low-temperature area of welding arc.

However, it is necessary to determine the critical val-
ue of the LMF, at which the significant changes (such as
the formation of the circumfluence and low-temperature
area) start to take place. In order to illustrate this
change, the axial variation of the 17,000 K isotherm
was taken as an evaluation standard. It is assumed that
strengths of the LMF are B;, B;.;, and B, ;, and the
corresponding axial coordinates of the 17,000 K iso-
therm are Z;, Z;+;, and Z;_;. It is believed that the
strength of the LMF is the critical value B; when the
ratio (o meets

ZinZ;

p=——7—<0 and

<1 13
e 4 (13)

The properties of the welding arc, including the shape,
heat flow, pressure, and velocity, would obviously

change when the critical LMF is applied in the TIG
welding process. In this case, the critical value of the
LMF is 0.022 T with a 200-A welding current.

3.5 Movement mechanism

The shield gas flows in parallel with the direction from
the cathode to anode at a relatively high speed. The tem-
perature of welding arc at the center is higher. As a result,
the particles also move from the center to the side in the
welding arc column. On the other hand, the temperature
of arc in the anode is lower than that in the cathode, and
the shape size of arc in the cathode is larger than that in
the anode. Thus, the axial movement direction of welding
arc plasmas is from cathode to anode. The flow paths are
not straight lines but curved. In fact, the movement orbit
of particles is spiral, which makes up for a series of heli-
cal bundle around the symmetry axis of welding arc.
These above analyses are shown in Fig. 9.
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<« Fig.8 Evolution process of LMF-TIG hybrid welding arc when welding
current is 200 A with different magnetic induction strengths: a B;=0, b
B;=0.01T,¢B,=0.015T,dB,=0.018 T, e B,=0.02 T, f B,=0.022 T, g
B;=0.024 T, h B;=0.026 T, i B;=0.028 T, j B;=0.03 T

In this case, a constant welding current is applied. The
charged particles of the free welding arc have a certain spiral
radius around the symmetry axis owing to these influences
from the self-inductance magnetic field and temperature field.
When the LMF is applied, additional Lorentz force is gener-
ated on these particles, which originated from the LMF with a
radial velocity component (¥, and V5 in Fig. 9). These parti-
cles in the welding arc will rebalance and reach a re-
equilibrium state as a result of these above factors: self-
inductance magnetic field, LMF, and temperature field.
Meanwhile, these particles make the same spiral motion
around the symmetry axis of the welding arc. Due to the
Lorentz force from the LMF, the movement of particles is

0.004
R(m)

(1)

Fig. 8 (continued)

changed, leading to consequent changes in the velocity, cur-
rent density, plasmas pressure, and temperature field in the
LMEF-TIG hybrid welding.

As shown in Fig. 9, the radial velocity component of par-
ticles has the opposite direction at the arc’s upper part and
bottom part. The particles at the upper part move from the
arc edge to the arc center, while those at the lower part of
the arc transport from the center to the edge. The Lorentz
forces on charged particles at the upper and lower are also
completely opposite under the effect of the LMF. And there
has a large radial temperature gradient from the arc center to
the arc edge, so the radial velocity of particles at the upper part
of welding arc is restrained by the driving force from the
temperature gradient, while those at the lower part of welding
arc is amplified (shown in Fig. 7). When the LMF is less than
the critical electromagnetic induction intensity, the particles
spiral around the symmetry axis; these particles are in equilib-
rium. However, the higher the speed of the particle, the larger
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Fig. 9 The movement characteristic analyses of LMF-TIG hybrid
welding arc

the radius of the particle gyrating around the symmetry axis.
As aresult, the gyratory radius of the particle at the upper part
decreases, while the radius at the lower increases. This causes
the upper part of the welding arc to contract, and the lower to
expand in the macroscopic view. The upper part’s contraction
of the welding arc shape causes an energy concentration,
which results in the increase of the peak temperature in the
LMF-TIG hybrid welding (shown in Fig. 2). The temperature
at the bottom near anode reduces very quickly due to the
expansion of the welding arc.

At the same time, the charged particles at the arc’s lower
part expand under the effect of the LMF, which means the
gyratory radius of the charged particles increases. In the mac-
roscopic view, it causes an expansion in the welding arc shape
(shown in Fig. 3) and a weak welding current density. The
Lorentz force from the LMF is not relatively large in this
condition, and hence its influence on charged particles is not
obvious. With the increase of the LMF, the current density
distribution transfers gradually from a single-peak shape into
a bimodal one (shown in Fig. 10), and the welding arc shape
changes from a solid bell shape to a hollow one. These parti-
cles are accelerated to escape from the center of the welding
arc due to the effect of both LMF and arc temperature gradi-
ent. As a result, the pressure at the center of the welding arc
continuously reduces in the LMF-TIG hybrid welding.

However, the effect of the Lorentz force becomes increas-
ingly evident when the LMF induction intensity exceeds the
critical value. The current density presents a bimodal distribu-
tion (shown in Fig. 10). The relatively low density of the
current at the center of the welding arc indicates the low den-
sity of the charged particles. Thus, a low-temperature region is
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Fig. 10 Distribution of electric current density on the anode surface

formed, which is shown in Figs. 3d and 8j. At the same time,
these particles escape from the center to the edge of welding
arc. A lot of particles at the edge of the welding arc column are
driven to take a high-speed rotation by the strong Lorentz
force from the LMF. Both strong viscosity force of welding
arc plasmas and centrifugal force of the rotation arc lead to the
negative pressure at the center of the welding arc to appear in
the LMF-TIG hybrid welding. Then, the arc plasma reversed
flows and generates a suction force at the center of the welding
arc. The unique suction force can be used to help the forma-
tion of welds under some special conditions, such as vertical
downward welding or upward welding technology. The result
in Fig. 10 agrees with other properties of the welding arc
demonstrated in Figs. 6 and 8.

When keeping the LMF constant, a smaller welding current
leads to a lower stiffness of the welding arc, i.e., a softer arc
which is more susceptible to the interference of the LMF
(shown in Fig. 4c). With the increase in the welding current,
the welding arc stiffness increases resulting in a harder arc.
The impact of the LMF on the welding arc reduces (shown in
Fig. 5¢). Thus, the expansion caused by the effect of the LMF
becomes less obvious when the arc becomes harder.

4 Experiment

In order to verify the model, a water-cooled copper plate with
a small hole is used to measure the pressure distribution of the
welding arc on the surface of the anode. The experimental
equipment is shown in Fig. 11.

The measurements for the welding arc plasmas pressure
distributions are shown in Fig. 12.

The measurement and inspection system includes two parts
in the Fig. 11: (1) online visual quality inspection unit and (2)
real-time welding arc parameter (i.e., arc plasmas pressure and
arc current density) inspection unit. The online visual quality
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Fig. 11 Diagram of measurement
device for welding arc pressure
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inspection part is made up of the CCD, image and signal
processing system, and high-capacity computer processing
system. The arc parameter inspection part composes of the
water-cooling copper plate, sensor and signal processing sys-
tem, and high-capacity computer processing system. There
has one small hollow channel in the center of water-cooling
copper plate in order to transfer the arc plasma pressure. The
diameter of small hollow channel in the water-cooling copper
plate is one of key factors for arc pressure measurement. In
this case, the diameter of measuring small hole is less than
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Fig. 12 Measurements and regression curves for welding arc pressure
distribution

0.8 mm which is manufactured by a precision drilling machin-
ing method or laser processing method. The water-cooling
copper plate has many inner channels with cooling water
flowing. It ensures that the cooper plate cannot be fusion by
the high-temperature welding arc. The LMF-TIG welding arc
can be moved with a 0.1-mm sample interval distance. The
sensitivity of micro-pressure sensor depended on temperature
is other key to accurately measure the distribution of welding
arc plasma pressure. The pressure signal is provided to high-
capacity computer processing system by the A/D converter
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Fig. 13 Measured and calculated arc pressures on the surface of the
anode. Welding current, 100 A; LMF, 0.2 T; and arc length, 3 mm
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and data sample system. The sampling frequency is more that
20 KHz. In this case, the measurement experiment was taken
using 100-A welding current and 3-mm length of welding arc
with a weak LMF (B<0.25 T).

Figure 12 shows that the critical value of the LMF is 0.1 T
when the welding current is 100 A and the arc length is 3 mm.
When the LMF is greater than 0.1 T, the center of the arc
exhibits a negative value. Hence, the critical value of the
LMF is 0.1 T which starts to result in the formation of negative
pressure at the center of the welding arc. It agrees reasonably
with the model calculated critical value which is 0.08 T.

Figure 13 shows the calculated pressure distributions on
the anode surface in comparison with the measurements when
the LMF is 0.2 T, welding current is 100 A, and arc length is
3 mm. Reasonable agreements are observed. Based on the
experiments and simulation results of welding arc (shown in
the Figs. 5, 8, and 11), the welding arc is observed to look like
a tornado-style behavior in the LMF-TIG hybrid welding. The
unique appearance of the negative arc pressure in the LMF-
TIG hybrid welding is very different from the free welding arc
in typical TIG welding conditions with additional LMT. This
unique phenomenon is also defined as anti-gravity gradient
behavior. This kind of welding arc is called as anti-gravity
gradient welding arc.

5 Conclusions

A multiphysics field numerical model has been established for
the controlled arc under external longitudinal magnetic fields.
The model is based on Maxwell’s equations containing mag-
netic vector equation coupled with hydrodynamic equations.
The temperature and velocity field of the welding arc were
obtained. The influences of the longitudinal magnetic field
strength and welding current on the welding arc were
investigated.

1. The calculation results show that the temperature field and
velocity field of the welding arc expand with the increase of
the external longitudinal magnetic field. The increase in the
magnetic field strength causes the peak temperature to rise.
When the magnetic field reaches a strong strength, a low-
temperature zone is formed in the center of the arc near the
anode. A higher intensity of the magnetic field leads to a
higher degree of expansion. With a further increase in the
magnetic field strength, a circle area generates in the arc center
near the anode. The maximum speed occurs on the edge of the
welding arc. After that, the maximum speed reduces with the
increase in the magnetic field strength.

2. According to the changes in the welding arc under different
applied magnetic fields, the radial variation of the 17,000 K
isotherm, ¢, was defined as a standard to indicate the critical
magnetic field strength (a critical value under which

@ Springer

significant changes can take place in the electric arc). The
critical value of the LMF is 0.022 T which leads to the nega-
tive pressure (i.e., anti-gravity gradient behavior) at the center
of the welding arc with a 200-A welding current at 5-mm arc
length. In the experimental case with 100-A current and 3-mm
arc length, the negative pressure exhibits when the calculated
critical value of LMF is 0.8 T, which agrees with the experi-
mental critical value (0.1 T).

3. When the negative pressure appears below the cathode, the
welding arc exhibits a tornado-style behavior with a high-
speed rotation. These strong Lorentz force, viscosity force,
centrifugal force, temperature gradient, and particles distribu-
tion gradient lead to the negative pressure at the center of
welding arc in the LMF-TIG hybrid welding process. With
the increase in the welding current, the stiffness of the welding
arc increases. The welding arc becomes less susceptible to the
external longitudinal magnetic field, and the trend of expan-
sion, the temperature, and velocity field diminish. The mea-
surement results agree with the simulation results on the same
condition. The model for the welding arc in the LMF-TIG
hybrid welding is thus validated by experimental data.
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