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Abstract A model was put forward to simulate the
electromagnetic phenomena and fluid field in plasma arc
occurring during the low-current microplasma arc weld-
ing (low-current micro-PAW) process. The effects of the
nozzle neck-in and welding current of micro-plasma arc
on the arc electromagnetic field distribution were dis-
cussed. Finally, under the condition of different welding
current, welding voltage, arc length, shield gas flow rate,
and plasma flow rate, welding experiments of image
sampling were carried out. Three types of microplasma
arc, namely, needle plasma arc, columnar plasma arc, and
opening model plasma arc, are founded by experiment.
Based on the unified model, a thorough investigation of
the low-current microplasma arc characteristics during the
micro-PAW process was conducted. It was found that the
process parameters have significant effects on the micro-
plasma arc and the distributions of current density and
electromagnet force distribution.
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1 Introduction

Low-current micro-PAW process is usually used for joining
fabrication of thin metal foil. During micro-PAW process,
the effects of heat and force on welded joint can be divided
into two parts: the arc plasma and the welding pool induced
by arc plasma. Wherein, heat transfer is mainly caused by
ionization reaction and electromagnetic field action from
arc plasma, and the forces include gravity, surface tension,
electromagnetic force, arc pressure, and plasma shear stress
[1].

Therefore, arc appearance investigation is significant to
the formation mechanism of welding pool and welding
quality control. The major arc constriction mechanism is as
follows:

1. Thermo constriction effect

Solids expand as the temperature increases and contract
when they are cooled. Therefore, while the plasma body
flows through the nozzle, cooled by copper cooling stave,
the thermal difference constricted the plasma arc.

2. Electromagnetic constriction effect

While plasma leads to a certain direction driven by the
current, it can be looked as conductor. According to the
electromagnetic theory, forces on a current-carrying con-
ductor affected by the adjacent conductors constrict the
plasma arc.

3. Mechanical constriction effect by constricted nozzle
and copper stave

While plasma flows through the nozzle chamber (copper
cooling stave) and exit area of nozzle with size of 1 mm or
so, the plasma is constricted by constricted nozzle and
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copper cooling stave. Micro-PAW features a constricted arc
between a non-consumable electrode and the weld pool or
between the electrode and the constricting nozzle (non-
transferred arc).

4. Constriction effect by impulse current

Under the optimum condition, impulse current density is
approximately twice higher than that with continuous
current density during plasma welding process. Moreover,
under the low current with high frequency, the effect is
more significant.

The complex welding process not only includes multi-
field coupling, such as electromagnetic field, flow field,
temperature field, etc., but also requires the nonlinear
solution for the proposed model. The problem of simulating
the welding process may be treated as a non-linear
programming problem and confirmed via real experiment.
Therefore, thermo, power, and flow mechanism during
welding process have called more and more eyes from all
of the worlds. Numerical simulations based on welding arc
and weld pool are the two important research direction on
welding mechanism simulation. At present, numerical
simulation on projection welding, friction stir welding,
plasma arc forming, tungsten inert gas welding, and gas
metal arc welding process have been studied [2–6]. Three-
dimensional, transient simulations of the plasma flow inside
different plasma spray torches have been performed using a
local thermodynamic equilibrium (LTE) model solved by a
multiscale finite-element method [5].

Using low current, Messaad et al. [7] developed a
numerical model describing the arc-cathode region. In this
study, the arc is treated as a steady-state phenomenon. The
model is then applied to a vacuum arc discharge interacting
with a Cu cathode at low current of 4–50 A. Basic heat
source properties of argon hollow cathode arc at the
atmospheric pressure are numerically analyzed to improve
the heat concentration in low pressure [8]. According to
temperature distributions and history in double-sided arc
weldment, Prof. Wu et al. developed a numerical model;
thus, the temperature distributions and profiles at different
cross-sections and along different lines of interest could be
computed [9, 10]. From the numerical analysis and
experimental, the effect of plasma appearance on temper-
ature field, arc force, and welding residual stress is
significant. On this basis, the coupled simulation of arc
and welding pool could be built [11–13].

However, the research of numerical simulation on
welding process is less related to micro-PAW, especially
the low-current micro-PAW process. In this paper, on the
analysis of constriction mechanism, coupled field numerical
model with temperature field, electromagnetic field, and
flow field is investigated based on low-current micro-PAW
and thin metal foil welding. The experimental architecture,

procedures, and the process parameters used in micro-PAW
process are established in Section 2. In Section 3, we
present a numerical model and its boundary conditions. The
numerical results is illustrated in Section 4 and then
confirmed by real experimental. The effects and influence
factors are discussed in Section 5, and conclusion is drawn
in Section 6.

2 Micro-PAW equipment and welding parameters

Figure 1 illustrates overall architecture of micro-PAW
equipment; this platform includes welding torch, traveling
car, micro-PAWmachine, control panel, and subsidiary body.
In order to obtain a very stable, controllable arc for joining
fine sheet down to 0.1-mm thickness under the low current.

The equipment and its facilities include:

1. Micro-PAW welder based on digital signal processor
(DSP) control system. The stable welding current is
0.08–30 A. Current fluctuation is less than 0.1 A;
impulse frequency is 1–500 Hz

2. Welding traveler and control unit
3. Clamping fixture

Welding parameters are illustrated in Table 1, which
consist of welding current, welding voltage, electrode
diameter, nozzle diameter, shielding gas flow L1, and
plasma gas flow L2. Materials to be welded is stainless
steel, which chemical composition is, 0.08%C, 1.00%Si,
2.00%Mn, 0.045%P, 0.03%S, 8.0–10.5%Ni, 18.0–20.0%
Cr, and Fe(Bal.).
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shielding gas  nozzle
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Fig. 1 Architecture of the micro-PAW process
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3 Mathematical model

Figure 2 is a schematic sketch of a stationary axisymmetric
constriction model in micro-PAW system. In this model,
current is applied to the electrode through the contact tube.
A microplasma arc generated between the electrode and the
workpiece and weld pool with surface depression is formed
by dynamic interaction with the high-temperature and high-
pressure arc plasma at the workpiece. Inert shielding gas is
provided through the shielding gas nozzle to prevent the
weld metal from oxidation.

3.1 Assumptions

The assumptions of micro-PAW arc based on constricted
arc and low current are given:

1. The whole welding arc is axial symmetric.
2. The arc plasma is LTE.
3. The plasma is turbulent and compressible.
4. The effect of weld pool on arc appearance is omitted.

3.2 Governing equation

The single-stage constriction micro-PAW has an anode
region, an arc region, and a cathode region. The anode
region is the electrode, and the cathode region is the
workpiece. The anode sheath region and the cathode sheath
region have been omitted and treated as special boundary
conditions in this model for computational simplification
[7, 8]. The differential equations governing the conserva-
tion of mass, momentum, and energy based on the
continuum formulation and constricted arc are employed
in the present study. The current continuity equation is used
to calculate the current density distribution. The mass
continuity equations are divided two parts.

While the plasma arc flows through constricted nozzle
(IH, z∈[tt,tt+tttt]), in this region, the arc is constricted by
mechanical constriction, thermal constriction and electro-
magnetic constriction, high frequency constriction, and the
mass continuity equation can be given as follows:

rudA ¼ const ð1Þ
Where ρ is mass density, u is the plasma arc velocity

while flowing through constricted nozzle, A is the area of
cross-section, which plasma arc flows through.

If the above parameters are evenly distributed, on the
cross-section, Eq. 1 can be given:

dr
r

þ du

u
þ dA

A
¼ 0 ð2Þ

While the plasma arc flows until workpiece surface (FG,
z∈[0,tt]), the mass continuity equation is given as follows:

@

@t
rð Þ þ r � rVð Þ ¼ 0 ð3Þ

Momentum equation

@

@t
ruð Þ þ r � rVuð Þ ¼ r � m1

r
r1

ru

� �

� @p

@r
� m1

K

r
r1

u� usð Þ

� K �r � rfsf1Vuð Þ � Jz � Bq

ð4Þ
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Fig. 2 Constricted-arc appearance model of micro-PAW

Table 1 Welding parameters during micro-PAW process

Arc length
L0 (mm)

Nozzle neck-in
tttt (mm)

Welding
current I (A)

Welding
voltage U (V)

Plasma gas flow
L1 (L/min)

Shielding gas
flow L2 (L/min)

3–7 0.5–2.5 0.8–15 15–30 0.5–1 3–7
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While the plasma gas is compressible, the energy
conservation equation is given by:
Z

dp

r
þ u2

2
¼ C

1
k

Z
r�

1
k drþ u2

2
¼ p

r
þ u2z

2
þ RT

k � 1
ð5Þ

Where, T is temperature, C ¼ p
rk

While welding current flows through the micro-PAW arc
region, the electromagnetic equations are required to get
electromagnetic force and the joule heat. Consequently, the
electromagnetic force and the joule heat can be transferred
to arc fluid field analysis.

The general equations and the link equation between the
electromagnetic equations and the plasma fluid equations
are given as follows.

The electromagnetic equations are given in MKS units
because the magnetic field is usually described in terms of
Gauss, 1 T=104 G. Maxwell’s equations are

r� B ¼ m0jþ 1
�
c2 � @E=@t ð6Þ

where the last term on the right-hand side is the
displacement current.

B is referred to as the magnetic field
(the magnetic induction) or self-
induced magnetic field

m0 ¼ 4p � 10�7 H=m is the magnetic permeability in a
vacuum

J is the current density, here, jx and
jz are radial and axial current
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Fig. 3 Current density distribution. a The whole proposed model; b
the constricted arc region
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Fig. 4 Electromagnet force distribution. (a) The arc region; (b)
cathode region
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density, respectively, according
to Ohm law:

jx ¼ �s
@f
@x

; jz ¼ �s
@f
@z

ð7Þ

E is the electric field
c is the speed of light in a vacuum,

c ¼ m � ςð Þ�1=2� 3� 108 m
�
s

ς is the permittivity of free space

According to Faraday’s law of magnetic induction with

r� E ¼ �@B=@t ð8Þ
This indicates that a spatially varying electric field

can induce a magnetic field.Assume that the typical
length scale for plasma variations is L and that typical
timescales are of order T.

Two quantities can be used to define a typical plasma
velocity as V ¼ L=T .The displacement current is

1

c2
� @E
@t

� 1

c2
� E
T
¼ V

c2
� B
T
¼ B

L
� V

2

c2
ð9Þ

Hence, if the typical plasma velocities satisfy V2<<c2, then
the displacement current is much smaller than ▿×B. This is
the MHD approximation, so that Ampere’s law simplifies to

r� B ¼ m � j ð10Þ
By assuming the plasma obeys charge neutrality, the

final electromagnetic equation is Ohm’s law:

j ¼ s E þ n � Bð Þ ð11Þ
Where σ is the electrical conductivity in mho/m. This is

effectively a generalization of the simple U= I times
resistance to a moving conductor. ν is the plasma velocity,
and it is Ohm’s law that provides the link between the
electromagnetic equations and the plasma fluid equations.

Plasma gas and welding shield gas is argon. Thermo-
physical properties of argon are given in [10, 13].

3.3 Boundary conditions

Within the computational domain, such boundaries as
temperature, velocity, or electrical potential are added to
the area as follows:

IG boundary

ur ¼ 0; @uz=@r ¼ 0; @f=@r ¼ 0; @T=@r ¼ 0;

GF boundary

ur ¼ 0; uz ¼ 0; uq ¼ 0; f ¼ 0; T ¼ 5000 K
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Fig. 5 Flow velocity distribution
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Fig. 6 Constricted arc appear-
ance of micro-PAW by numeri-
cal simulation (I=0.8 A, U=
30 V; L1=0.5 L/min, L2=5 L/
min, L0=5 mm)
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FD boundary

ur ¼ 0; uz ¼ 0; uq ¼ 0; @f=@r ¼ 0;

DB boundary

ur ¼ 0; uz ¼ ugas; @f=@z ¼ 0; T ¼ 1000 K

BJ, IJ boundary

ur ¼ 0; uz ¼ 0; uq ¼ 0; T ¼ 3000 K

AB boundary

jz ¼ I
�
pr20

CM (CKM) boundary

ur ¼ 0; uz ¼ 0; uq ¼ 0; f ¼ 0;

T=293 K
Initial temperature of boundary GF is 5,000 K, which is

determined by excitation temperature of plasma body
between anode and cathode abide by material properties;
thus, the plasma body can be excited. In our algorithm, we
specified the boundary condition by setting excitation
temperature for plasma gas so that the gas can be ionized.
During the calculation, the load “temperature” for second,
third, …iteration calculation is read from fluid calculation
results.

4 Results

4.1 Current density distribution

Current density vector distribution of arc region (including
constricted arc and free arc) is shown in Fig. 3. The current
density distribution for the whole proposed model is
illustrated in Fig. 3a; Fig. 3b addresses the current density
distribution in the constricted arc region. The results
manifest that current density achieves the highest value at
cathode spot for its small area. In constricted arc region, the
current density is of uniform size and direction, and current
density becomes larger with axial distance nearing to the
cathode. Current density decreases with radial distance
increasing. It is known that arc conductivity of argon gas
and electric conductivity affect current density distribution
of welding arc directly.

4.2 Electromagnet force distribution

Electromagnet force is one of the most important forces to
drive the plasma arc to workpiece. After the magnetic field
analysis, the electromagnet force distribution for the plasma
arc region is illustrated in Fig. 4a, and electromagnet force
distribution for cathode region is illustrated in Fig. 4b.

(a)

(b) (c)

4mm 4mm

Copper stave

Free arc region 

Ceramic cover 

comparing rule 

Fig. 7 Constricted arc appear-
ance of microplasma arc under
different welding parameters. a
I=0.8A, U=30 V, L1=0.5 L/
min, L2=5 L/min, L0=5 mm; b
I=0.8 A, U=28 V, L1=0.5 L/
min, L2=7 L/min, L0=7 mm; c
I=3.5 A, U=26 V, L1=0.5 L/
min, L2=7 L/min, L0=7 mm
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Fig. 8 Effect of neck-in of
welding gun on current density
distribution. a tttt=0.5 mm. b
tttt=1.5 mm. c tttt=2.5 mm
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From the above results, the electromagnet force distrib-
utes from cathode spot to workpiece surface and achieves
the highest value at outlet of nozzle region. This is because
of the constricted effects by copper stave.

4.3 Flow velocity distribution

Plasma flow field describe the plasma flow velocity in
different position; from it, we disclose the flow velocity
distribution. On the basis of current density analysis and
electromagnet force distribute analysis, the plasma flow
field is shown in Fig. 5.

From the plasma flow distribution graph, in constriction
stage, the plasma velocity is approximately 2,710 m/s; in
free arc region, the plasma velocity is 903 m/s or so, and in
near workpiece surface, the plasma velocity is 301 m/s.
In the model axial cord, the most velocity is achieved; with
the increase of the distance to axial cord, the velocity
decreases accordingly.

4.4 Plasma arc appearance

In order to simulate the plasma arc appearance, tempera-
ture field distribution is used to describe the arc appear-
ance. While I=0.8 A, U=28 V, L1=0.5 L/min, L2=7 L/
min, L0=7 mm, constricted arc appearance of micro-PAW
by numerical simulation is shown in Fig. 6. From the
results, we can see that the appearance manifests the
columnar shape and in temperature range 1,180 to
12,797 K.

4.5 Arc appearance experimental results

Using welding parameters proposed in Section 2, different
plasma arc appearances are addressed using an image-
processing experiment, and the results are shown in Fig. 7.
From the image, we can see that the free arc column comes
into being during the nozzle outlet and workpiece with
three typical arc appearances under different welding
parameters. Actually, the constricted arc comes into being
in the nozzle region.

5 Discussion

We address the effect of nozzle neck-in of plasma welding
gun on the current density distribution. The results are
illustrated in Fig. 8, wherein Fig. 8a illustrates the current
density distribution while the nozzle neck-in tttt is equal to
0.5 mm; Fig. 8b illustrates the current density distribution
while the nozzle neck-in tttt is equal to 1.5 mm; and Fig. 8c
illustrates the current density distribution while the nozzle
neck-in tttt is equal to 2.5 mm.

By contrast, current density reaches the lower range
value 2,427 A/m2 while the nozzle neck-in tttt is 1.5 mm,
which distribute in the free arc region; while the nozzle
neck-in tttt is equal to 2.5 mm, current density reaches the
higher range value 5.93×106 A/m2. The direction is from
workpiece surface to anode region, and with the increase of
nozzle neck-in, the scope of current density distributes
widely.

Consequently, we investigated the effect of welding
current of plasma welding on the electromagnet force
distribution. The results are illustrated in Fig. 9, wherein
Fig. 9a illustrates the electromagnet force distribution while
the welding current currentpl is equal to 5 A; Fig. 9b
illustrates the electromagnet force distribution while the
welding current currentpl is equal to 10 A; and Fig. 9c
illustrates the electromagnet force distribution while the
welding current currentpl is equal to 15 A. Electromagnet
force near cathode region reaches the higher value, and
with increase of welding current, the electromagnet force
increase. The direction of electromagnet force abides by the
left-hand rule.

6 Conclusions

1. Using proposed numerical simulation model, current
density distribution and electromagnet force distribu-
tion are revealed. With the increase of nozzle neck-in,
the scope of current density distributes widely. Electro-
magnet force near cathode region reaches the higher
value, and with increase of welding current, the
electromagnet force increase.

2. While I=0.8 A, U=28 V, L1=0.5 L/min, L2=7 L/min,
L0=7 mm, the constricted plasma arc appearance
manifests columnar shape.
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