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Abstract: Tungsten inert gas (TIG) is currently one of the most widely applied welding technologies.
However, the arc energy divergence and high heat input of conventional TIG can lead to welding
defects in heat-input-sensitive alloys (such as Inconel 718). Introducing a fast-frequency pulsed
current (≥20 kHz) in TIG creates a welding process named fast-frequency pulsed tungsten inert
gas (FFP-TIG). The arc behavior of FFP-TIG has advantages over conventional TIG in terms of arc
contraction, arc pressure, and energy density. With an increase in the FFP current amplitude or
frequency, the arc diameter and arc area are reduced, the arc pressure at the center of the arc is
increased, and the arc energy divergence and arc temperature are reduced. The FFP-TIG weld method
was adapted for Inconel 718 based on FFP-TIG arc behavior. This study provides fresh insight into
the development and application of FFP-TIG arc physics research and industrial applications.

Keywords: TIG; Inconel 718 nickel alloys; FFP-TIG; fast-frequency arc welding

1. Introduction

With the development of welding technology, various novel welding methods have
emerged and been accepted by the industry. Tungsten inert gas (TIG) welding is currently
one of the most widely applied welding technologies, and plays an important role in the
aerospace, petrochemical, shipbuilding, and automotive industries, and other fields [1,2].
Studies have been carried out on the characteristics of arc behavior, surface welding, and
molten pool solidification. In the process of arc welding, arc energy, arc shape, and arc
pressure govern the appearance of the weld and the solidification in the weld pool [3–5].
In recent years, researchers have discovered that introducing a fast-frequency pulsed
current (≥20 kHz) in TIG welding would contract the arc and stir the molten metal by the
electromagnetic effect to refine grains, avoid defect formation, and improve the mechanical
properties of the weld beam [6]. This welding method is called fast-frequency pulsed
tungsten inert gas (FFP-TIG) welding [7,8]. Due to the radial electromagnetic contraction
force generated by FFP current, the arc plasma is contracted in the radial direction and the
arc pressure is raised, causing the welding heat to be effectively transferred to a deeper weld,
and thus the evolution of the microstructure and mechanical properties of the welding zone.
Therefore, it is of great significance to analyze the behavior patterns of the fast-frequency
welding arc and molten pool to improve the weld quality [9–11].

In the process of low-frequency pulsed welding, an arc with sufficient penetration
and high heat input can be obtained at the peak pulsed current, while an arc with low
heat input can be obtained at the base pulsed current [12–15]. The high-frequency arc
shape d is replaced by a stable contractile arc. The influence of high-frequency pulsed
current on the arc behavior has been intensely studied by scholars [16,17]. Compared
with conventional TIG welding, the arc plasma of high-frequency pulsed welding has
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higher energy density [18] and greater penetration [19,20]. Further researchshowed that
the welding current has a direct influence on the arc pressure [21,22], especially in high-
frequency pulsed welding: the higher the frequency, the greater the arc pressure [23,24].
The surface depression of the molten pool caused by the axial arc pressure directs the
heat downward. Therefore, greater arc pressure means greater penetration force. The arc
pressure is mainly determined by electromagnetic force and plasma flow force. Through
simulation experiments, the three-dimensional electromagnetic forces of the electrode,
the arc plasma, and the workpiece are analyzed. The results show that the arc pressure
cannot be ignored when studying flow and surface welding [25,26]. However, the welding
waveforms with frequency higher than 20 kHz were not regular square waveforms because
of the strong electromagnetic interference generated by the high-frequency pulsed current.
To fill this research gap and enhance the effectiveness and reliability of high-frequency
TIG welding, this paper presents a FFP-TIG welding method which can output regular
fast-frequency pulsed waveforms, and has advantages over conventional TIG in terms of
arc contraction, arc pressure, and energy density. It is urgent to study the impact of the
FFP-TIG arc to the appearance of the weld and the solidification in the weld pool.

The current work studied the features and interrelations of arc contraction, arc pressure,
and energy density in Inconel 718 (IN-718), in the cases of FFP-TIG and conventional TIG.
Two kinds of IN-718 beads were prepared by FFP-TIG and conventional TIG. The effects
of FFP current value and frequency on the characteristics of the arc diameter and arc area,
the arc pressure at the center of the arc, the arc energy divergence, and the arc temperature
were studied thoroughly. Studying the arc behavior of FFP-TIG is important for arc
physics research and industrial applications and will support applications of FFP-TIG in
the navigation, aerospace, petroleum, and nuclear power industries, among others.

2. Equipment and Experimental Methods

An elementary diagram of the FFP-TIG system is shown in Figure 1. The FFP-TIG
power supply (SCUT, Guangzhou, China) was designed to generate a FFP waveform in
TIG welding. Through fast-frequency waveform modulation technology, the FFP-TIG
power supply can output FFP waveforms. During the welding process, the current probe
was clamped in the cable as shown in Figure 1, and the welding current was measured
by oscilloscope. The current information was collected using HDO4104 high-definition
oscilloscope (LeCory, New York, NY, USA) with a current probe of 500 A and 2 MHz CP500.
As shown in Figure 2, the FFP-TIG power supply changes the steady direct current IM and
the FFP current ID to modulate the waveform. The duty cycle is 50% and the frequency is
10–30 kHz. In this case, the welding current is a pulsed current with a peak value of ID + IM
and a base value of IM. Since the duty cycle is 50%, the average current is IM + ID/2.

Metals 2023, 13, x FOR PEER REVIEW 3 of 17 
 

 

 

Figure 1. Schematic diagram of the FFP-TIG experimental system. 

 

Figure 2. Schematic diagram of waveform formation. 

An IN-718 alloy plate of 4 mm thickness was used as the base metal. The chemical 

composition of IN-718 alloy is shown in Table 1. The surface of the IN-718 alloy plate was 

cleaned with an acetone solution before welding. The welding parameters are given in 

Table 2. Two cases were adopted to research the effect of arc behavior on the weld molten 

pool by FFP-TIG, as shown in Table 3. Case 1 studied the influence of FFP current on arc 

behavior on the weld molten pool. A pulsed frequency of 20 kHz was used. Case 2 studied 

the influence of FFP frequency on arc behavior on the weld molten pool. AN FFP current 

of 50 A was used. 

Table 1. Chemical composition of IN-718 alloys (mass fraction wt %). 

 Ni Cr Fe C Mn Si Mo Cu Co Al Ti 

Min 50 17 Bal. -- -- -- 2.8 -- -- 0.2 0.65 

Max 55 21  0.08 0.35 0.35 3.3 0.3 1.0 0.8 1.15 

Table 2. Welding parameters. 

Welding Current Welding Voltage Welding Speed 
Shield Gas 

Flow (Ar) 

Electrode 

Diameter 

10~60 A 10 V 2 mm/s 15 L/min 2 mm 

  

Figure 1. Schematic diagram of the FFP-TIG experimental system.



Metals 2023, 13, 848 3 of 17

Metals 2023, 13, x FOR PEER REVIEW 3 of 17 
 

 

 

Figure 1. Schematic diagram of the FFP-TIG experimental system. 

 

Figure 2. Schematic diagram of waveform formation. 

An IN-718 alloy plate of 4 mm thickness was used as the base metal. The chemical 

composition of IN-718 alloy is shown in Table 1. The surface of the IN-718 alloy plate was 

cleaned with an acetone solution before welding. The welding parameters are given in 

Table 2. Two cases were adopted to research the effect of arc behavior on the weld molten 

pool by FFP-TIG, as shown in Table 3. Case 1 studied the influence of FFP current on arc 

behavior on the weld molten pool. A pulsed frequency of 20 kHz was used. Case 2 studied 

the influence of FFP frequency on arc behavior on the weld molten pool. AN FFP current 

of 50 A was used. 

Table 1. Chemical composition of IN-718 alloys (mass fraction wt %). 

 Ni Cr Fe C Mn Si Mo Cu Co Al Ti 

Min 50 17 Bal. -- -- -- 2.8 -- -- 0.2 0.65 

Max 55 21  0.08 0.35 0.35 3.3 0.3 1.0 0.8 1.15 

Table 2. Welding parameters. 

Welding Current Welding Voltage Welding Speed 
Shield Gas 

Flow (Ar) 

Electrode 

Diameter 

10~60 A 10 V 2 mm/s 15 L/min 2 mm 

  

Figure 2. Schematic diagram of waveform formation.

An IN-718 alloy plate of 4 mm thickness was used as the base metal. The chemical
composition of IN-718 alloy is shown in Table 1. The surface of the IN-718 alloy plate was
cleaned with an acetone solution before welding. The welding parameters are given in
Table 2. Two cases were adopted to research the effect of arc behavior on the weld molten
pool by FFP-TIG, as shown in Table 3. Case 1 studied the influence of FFP current on arc
behavior on the weld molten pool. A pulsed frequency of 20 kHz was used. Case 2 studied
the influence of FFP frequency on arc behavior on the weld molten pool. AN FFP current
of 50 A was used.

Table 1. Chemical composition of IN-718 alloys (mass fraction wt %).

Ni Cr Fe C Mn Si Mo Cu Co Al Ti

Min 50 17 Bal. – – – 2.8 – – 0.2 0.65
Max 55 21 0.08 0.35 0.35 3.3 0.3 1.0 0.8 1.15

Table 2. Welding parameters.

Welding
Current

Welding
Voltage

Welding
Speed

Shield Gas
Flow (Ar)

Electrode
Diameter

10~60 A 10 V 2 mm/s 15 L/min 2 mm

Table 3. Waveform parameters.

Case 1

Welding
Current (A)

FFP Current/ID
(A)

Steady Direct
Current/IM (A)

Frequency
(kHz)

Average
Current (A)

60/60 0 60 / 60
60/50 10 50 20 D55
60/40 20 40 20 50
60/30 30 30 20 45
60/20 40 20 20 40
60/10 50 10 20 35

Case 2

Welding
Current (A)

FFP Current/ID
(A)

Steady Direct
Current/IM (A)

Frequency
(kHz)

Average
Current (A)

60/10 50 10 10 35
60/10 50 10 15 35
60/10 50 10 20 35
60/10 50 10 25 35
60/10 50 10 30 35
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In FFP-TIG, the arc shape changed under the action of FFP current. Figure 3 shows
that the change in arc shape was reflected in the arc diameter and arc area. The arc diameter
and arc area were calculated by using the pixel statistics program written by OpenCV in
Python 3.0. A high-speed photography test platform was built to analyze the arc shape of
the IN-718 alloy welding process. A CamRecord CL600 × 2 high-speed industrial camera
(Optronis GmbH, Kehl, Germany) was used, with a resolution of 1280 × 1024, a frame
rate of 500 frames/s, and a Nikon (Tokyo, Japan) AF MICRO-NIKKOR 60 mm F/2.8D
lens. Chroma filters were used to mitigate the amount of light traveling to the high-speed
industrial camera, as shown in Figure 3.
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The small-hole-probe method was used to measure the arc pressure. The measuring
device was composed of a DCB9419 pressure and liquid level measurement device (mea-
surement accuracy: ±0.5% FS ± 1 word), a control instrument, and a water-cooled copper
plate. We placed the copper plate directly under the TIG welding gun to make the welding
gun arc on the copper plate, then moved the welding gun to make the arc pass through
the measuring hole on the copper plate. The arc pressure at the hole was measured by the
instrument. An infrared thermal camera (Chauvin, Dover, NH, USA, Arnoux 1889-3, repeat
accuracy: ±3 ◦C) was used to gather the infrared image of the FFP-TIG arc, as shown in
Figure 4. The surface welding of beads was observed by an OM (Leica, DMI3000M, Wetzlar,
Germany) after being etched with an etching solution of 6 mL HCL + 1 g CrO3+2 mL H2O.
The width and area of the weld metal were measured to evaluate the effects of the welding
processes on the surface welding.
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3. Results and Discussion
3.1. Arc Behavior Analysis of the FFP-TIG Arc

In FFP-TIG, the fast-frequency arc shape does not have the characteristics of a low-
frequency arc shape. The fast-frequency arc was replaced by a stable contractile arc.
Research indicates that the addition of FFP current with a constant amplitude can create a
contractile arc, which means that the stability of the arc is enhanced. In order to express the
effect of FFP current with different amplitudes and frequencies on the arc shape, the arc
shape parameters such as arc diameter and arc area were quantitatively calculated.

Figure 5 shows the welding waveforms and arc shape images for case 1. The stable
output FFP waveforms obtained by self-developed welding power provided a guarantee
for arc reshape in FFP-TIG. The arc shape was changed by adding FFP current with different
amplitudes. The output FFP waveforms were stable and regular, and the FFP currents
with different amplitudes are shown in Figure 5a. The arc images for case 1 are shown
in Figure 5a. Comparing Figure 5a with Figure 5b, the arc diameter and arc area are
significantly reduced under fast-frequency waveforms. The fast-frequency waveform
contains the FFP current with a frequency of 20 kHz, and the generated electromagnetic
field contracts the arc, forming a cylindrical contractile arc. At the same time, the increase
in FFP current leads to the decrease in average current and the further decrease in arc
diameter. Comparing Figure 5b, the larger the FFP current amplitude, the smaller the arc
diameter and arc area. As shown in the arc diameter and arc area of the different welding
waveforms, the arc diameter and arc area are measured to be 13.21 mm and 81.45 mm2,
respectively, in conventional TIG. When the FFP current amplitude is increased to 50 A,
the arc diameter and arc area are measured to be a minimum of 9.92 mm and 64.13 mm2,
respectively. Compared with conventional TIG, the arc diameter and arc area in FFP-TIG
with the FFP parameter of 50 A/20 kHz are reduced by 24.9% and 21.3%, respectively.
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Figure 6 shows the welding waveforms and arc shape images for case 2. Arc shape
was changed by adding FFP current with different frequencies. The output FFP waveforms
were stable and regular, with the different FFP frequencies as shown in Figure 6a. The arc
images for case 2 are shown in Figure 6a. Comparing Figure 6a, the larger the FFP current
frequency, the smaller the arc diameter and arc area. As shown in Figure 7b, when the
FFP frequency is increased to 30 kHz, the arc diameter and arc area are measured to be a
minimum of 8.16 mm and 45.38 mm2, respectively. Compared with the FFP parameter of
50 A/10 kHz (10.5 mm and 61.41 mm2), the arc diameter and arc area in FFP-TIG with the
FFP parameter of 50 A/30 kHz are reduced by 22.3% and 26.1%, respectively.
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From the above, it can be inferred that the arc energy is more concentrated under
the action of FFP-TIG than in conventional TIG. Meanwhile, the high-temperature area is
affected by the outer arc area, and the external diffusion is well-controlled. With an increase
in the FFP current amplitude or frequency, the arc diameter and arc area are reduced, while
the arc energy is more concentrated.

3.2. Arc Pressure Analysis of the FFP-TIG Arc

The contact method was used to measure the arc pressure in the welding pool in
real time, and the arc pressure values were collected by a pressure transducer under
different welding waveforms. In Figure 8, the arc pressure values measured by the pressure
transducer are the vertical axis, and the distance between the arc and the measuring hole are
the horizontal axis. The arc pressure is normally distributed as a whole, and the arc pressure
is symmetrically distributed with the change in FFP current amplitude or frequency.
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Figure 8a shows the arc pressure for case 1. The arc pressure was changed by adding
FFP current with different amplitudes. The arc pressure is measured to be 0.23 kPa in
conventional TIG. When the FFP current amplitude is increased to 50 A, the arc pressure is
measured to be a maximum of 0.39 kPa. For the same FFP frequency of 20 kHz, a higher
FFP current amplitude results in a greater arc pressure. The arc pressure away from the
arc center exhibits a downward trend: the arc pressure at the edge of the arc changes less,
and the arc pressure near the arc center changes more. Results show that a higher current
(60 A constant welding current) results in lower pressure than a lower average current of
pulsed waveforms. That would indicate that the high-frequency pulsation exerts a stronger
influence than the current value. Compared with conventional TIG, the arc pressure in
FFP-TIG with the FFP parameter of 50 A/20 kHz is raised by 69.5%.

Figure 8b shows the arc pressure for case 2. The arc pressure was changed through
adding FFP current with different frequencies. When the frequency is changed, the arc
pressure changes and the arc pressure at the edge of the arc still fluctuates up and down
with a small amplitude, but the arc pressure does not decline. The change amplitude of
the arc pressure near the center of the arc is still large, and the arc pressure at the center of
the arc is still the largest. When the FFP frequency is increased to 30 kHz, the arc pressure
is measured to be a maximum of 0.47 kPa. For the same FFP current amplitude of 50 A, a
higher FFP frequency results in a greater arc pressure.

With an increase in the FFP current amplitude or frequency, the arc pressure at the
center of the arc increases greatly. This is because the plasma in the arc changes its motion
trajectory and speed under the action of magnetic field force after the contract magnetic
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field is applied. The motion state of plasma in the arc is different under the action of FFP
current, resulting in different variation amplitudes of arc pressure at different amplitudes
and frequencies.

3.3. Infrared Image Analysis of FFP-TIG Arc Welding

In FFP-TIG, a change in fast-frequency arc shape will affect the arc energy concen-
tration. Infrared images of FFP-TIG arc welding with different welding waveforms were
taken with an infrared thermal camera, as shown in Figures 9 and 10. The arc is a high-
temperature ionized gas (also known as arc plasma) which is generated by the ionization
of inert gas in the welding process. Therefore, under the same inert gas flow, the larger
the proportion of high-temperature ionized gas in the inert gas as a whole, the more
scattered the arc energy and the higher the arc energy divergence. In addition to the
high-temperature ionized gas, the remaining gas in the inert shielding gas acts as the
welding inert gas. In order to express the effect of FFP current with different amplitudes
and frequencies on the arc energy divergence, the pixels number of high-temperature
ionized gas (arc plasma) area and the pixels number of inert gas area were quantitatively
calculated. The statistical data were calculated by the pixel statistics program written by
OpenCV in Python. Considering that there is a large temperature gradient between the
high-temperature ionized gas area and the inert gas area, which corresponds to the narrow
yellow temperature zone (800~1000 ◦C) in Figures 9 and 10, the red temperate zone was
defined as the high-temperature ionized gas area and the green temperature zone as the
inert gas area.
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Figure 9 shows the infrared images of FFP-TIG arc welding for case 1. Arc temperature
and arc energy divergence were changed by adding FFP current with different amplitudes.
The arc temperature and arc energy divergence are measured to be 1662 ◦C and 67.1% in
conventional TIG. As shown in Figure 9f, when the FFP current amplitude is increased
to 50 A, the arc temperature and arc energy divergence are measured to be 1175 ◦C and
48%, respectively. For the same FFP frequency of 20 kHz, a higher FFP current amplitude
results in a lower arc temperature and arc energy divergence. When welding current values
are maintained at 60 A, a decrease in steady direct current value and an increase in FFP
current value will reduce the average equivalent current to reduce the arc temperature and
heat input. Meanwhile, with an increase in the FFP current amplitude, the arc divergence
decreases greatly due to the increase of the contraction magnetic field intensity acting on
the arc plasma. The arc energy divergence and arc temperature in FFP-TIG with the FFP
parameter of 50 A/20 kHz are reduced by 19.1 and 29.3%, respectively.

Figure 10 shows the infrared images of FFP-TIG arc welding for case 2. The arc energy
divergence was reduced by adding FFP current with higher frequencies. Since the welding
current value and average equivalent current were constant, the arc temperature of several
groups in experiments was similar. When the FFP frequency is increased to 30 kHz, the arc
energy divergence is measured to be 43.3%. For the same FFP current amplitude of 50 A, a
higher FFP frequency results in a lower arc energy divergence.

According to the above study, the contraction magnetic field has strictly restricted
the plasma movement in the arc. Compared with a conventional TIG arc with plasma in
a free state, the FFP-TIG arc contracts obviously. This is bound to have an impact on the
arc energy divergence. With an increase in the FFP current amplitude or frequency, the
arc energy divergence reduces greatly. The high-temperature area of the FFP-TIG arc is
concentrated in the center of the weld melting surface, which can prevent the excessive
diffusion of heat input to the base metal. Therefore, the FFP-TIG arc had a good arc energy
concentration, which would result in the good melting effect on a base metal, and reduce
the impact on the heat-affected zone.
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3.4. Surface Welding Analysis of FFP-TIG

The change in arc shape and arc pressure will inevitably affect the surface welding. To
uncover the effect of the fast-frequency waveform on the surface welding of IN-718 beads,
we obtained the surface welding under the action of FFP current amplitude or frequency.

Figure 11 shows the surface welding for case 1. The surface welding of IN-718 beads
obtained by conventional TIG welding is shown in Figure 11a. The surface welding of
IN-718 beads obtained by FFP-TIG is shown in Figure 11b–f. As shown in Figure 11, when
welding current values are maintained at 60 A, the increase in FFP current value reduces the
average equivalent current to reduce the heat input in the bead. Therefore, the heat input
of conventional TIG is higher than that of FFP-TIG. The weld width and weld penetration
measurements of conventional TIG without the FFP are 4.88 mm and 1.53 mm, respectively.
When the FFP frequency remains constant at 20 kHz and the FFP current amplitude is
increased to 50 A in FFP-TIG, the weld width and weld penetration are measured to be 3.71
and 1.26 mm. The larger the FFP current amplitude, the lower the weld width, and the
greater the weld penetration. Compared with that of conventional TIG, the weld width of
the FFP-TIG with the FFP parameter of 50 A/20 kHz is approximately 23.98% smaller.
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Figure 12 shows the surface welding for case 2. The surface welding of IN-718 beads
obtained by FFP-TIG is shown in Figure 12. When the FFP current amplitude remains
constant at 50 A and the FFP frequency is increased to 30 kHz in FFP-TIG, the weld width
and weld penetration are measured to be 3.46 and 1.37 mm, respectively. As shown in
Figure 13, the higher the FFP frequency, the lower the weld width, and the greater the
weld penetration.
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According to the results of arc behavior, arc pressure, and welding pool infrared image
analysis, a change in arc and molten pool behavior leads to a change in surface welding by
adding FFP current. The arc core is the maximum-temperature region of the welding arc;
its temperature and pressure determine the contours of the molten pool. With an increase
in the FFP current amplitude and FFP frequency, the arc pressure and arc core temperature
increased. This resulted in the weld width decreasing, and the weld penetration increasing,
in IN-718 beads. The higher the FFP current amplitude or frequency, the stronger the arc
contraction effect, the smaller the weld width, and the greater the weld penetration. The
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modification of the fast-frequency waveform arc energy is the root of the evolution of
surface welding.

As shown in Figure 14, the grain size of an Inconel 718 nickel-based superalloy FFP-TIG
weld joint decreases with increasing frequency. Increasing the fast-frequency pulsed current
amplitude or fast-frequency pulsed frequency enhances the stirring effect of the molten
pool. Increasing the fast-frequency pulsed current amplitude increases the amplitude of the
stirring of the molten pool and the volume of liquid metal participating in the stirring of the
molten pool, while increasing the fast-frequency pulsed frequency increases the frequency
of the stirring of the molten pool, resulting in the rapid crushing of grains in the growth
process. In FFP-TIG, the stirring effect is conducive to accelerating the thermal convection
flow cycle, making the FFP-TIG molten pool temperature drop rapidly and heat dissipate
uniformly, which makes contributions to refining equiaxial grains.
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3.5. Mechanism of FFP-TIG Arc Contraction

The electromagnetic field generated by fast-frequency current contracts the FFP-TIG
arc, which is called the self-magnetic contraction effect. The self-magnetic contraction effect
of the FFP-TIG arc needs to be analyzed according to electromagnetic theory.

By placing two current-carrying wires together in parallel, each current-carrying wire
will generate a magnetic field around itself, and the magnetic fields generated by the two
current-carrying wires will interact with each other. If the current direction of the two
current-carrying wires is the same, it will produce an attractive electromagnetic force. Based
on this principle, the discrete analysis of the arc is carried out, as shown in Figure 15. The
arc can be regarded as a conductor composed of numerous parallel current lines, which
have the same electric direction and generate attraction between each other, thus causing
a trend of contraction in the radial direction of the arc. However, the contraction trend is
affected by the gas pressure gradient inside the arc, as shown in Equation (1):

dP
dr

+ jz·Bϕ = 0 (1)

where P is the gas pressure inside the arc, jz is the axial current density, and Bϕ is the arc
self-magnetic field intensity.
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Considering the arc as an ideal cylinder, according to the above formula, the pressure
in the center of the arc is the largest. The relationship between the intensity of the self-
magnetic field and the current can be obtained from the ampere circuital theorem, as shown
in Equation (2): ∮

l
B·dI = µ0 ∑ I (2)

where µ is the vacuum permeability and ∑ I is the algebraic sum of current contained in
loop l.

Since the magnetic field strength B is always in the tangent direction of the arc cylinder
cross-section, B is in the same direction as a point dl in the arc interface, and |B| = Bϕ, so
Equation (2) can be expressed as Equation (3):

Bϕ =
µ0

r

∫ r

0
jzrdr (3)

Substitute Equation (3) into Equation (1) to obtain Equation (4):

dP
dr

+ µ0
jz
r

∫ r

0
jzrdr = 0 (4)

Suppose the pressure at the arc boundary is P0, and use Equation (4) to integrate
radially to the center along the arc column to obtain Equation (5):

P(r)− P0 = −µ0

∫ r

r∗

jz
r

∫ r

0
jzrdrdr (5)

Transformed:
∆P(r) = P(r)− P0 = µ0

∫ r∗

r

jz
r

∫ r

0
jzrdrdr (6)

where ∆P(r) is the pressure change due to self-magnetic contraction at the radius r of
the arc.

The value of ∆Pmax is discussed in two cases:
The current density distribution of the arc is constant, as shown in Equation (7):

jz =
I2

πr2 = const (7)
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substitute Equation (7) into Equation (6) to obtain Equation (8):

∆P(r) =
µ0

4π
· I2

πr∗2 ·
(

1− r2

r∗2

)
(8)

Therefore, the maximum self-magnetic contraction produced at the central axis of the
arc is as shown in Equation (9):

∆Pmax = ∆P(0) =
µ0

4π
· I2

πr∗2 (9)

The current density distribution of the arc is parabolic, as shown in Equation (10):

jz = jm·
(

1− r2

r∗2

)
(10)

where jm is the current density on arc axis, substitute Equation (10) into Equation (6) and
perform a Fourier transform to obtain Equation (11):

∆P(r) =
5
3
· µ0

4π
· I2

πr∗2 ·
(

1− 12
5
· r2

r∗2 +
9
5
· r4

r∗4 −
2
5
· r6

r∗6

)
(11)

Therefore, the maximum self-magnetic contraction produced at the central axis of the
arc is as shown in Equation (12):

∆Pmax = ∆P(0) =
5
3
· µ0

4π
· I2

πr∗2 (12)

From the above derivation results, the arc radial pressure caused by the self-magnetic
contraction effect is directly proportional to the square of the arc current, and inversely
proportional to the arc radius. The arc radial pressure is related to the current density
distribution of the arc. When the current density distribution of the arc axis is steeper, the
arc radial pressure is larger. The highest current density of the arc is concentrated in the
center of the arc, so the value of the self-magnetic contraction effect changes from high to
low around the middle axis.

When the FFP current changes periodically, the FFP-TIG arc increases the maximum
current in the cycle by increasing the time distribution state of energy (i.e., increasing the
FFP current amplitude) to improve the self-magnetic contraction effect in the cycle. With
an increase in FFP frequency, the frequency of self-magnetic contractions increases, and the
FFP-TIG arc contraction becomes more obvious. At the same time, the average arc voltage
decreases because the electrode temperature change does not follow the ultra-fast change
of current [27].

Due to the self-magnetic contraction effect, the electromagnetic dynamic pressure force
pushes the high-temperature ionized gas at the small cross section arc cylinder towards
the workpiece. Meanwhile, new inert gas is continuously added around the tungsten
electrode. The gas is heated and ionized when entering the arc area, forming a continuous
high-temperature ionized gas flow, and impacting the surface of the molten pool.

Figure 15 shows the schematic diagram of the electromagnetic dynamic pressure
force model in the arc. The main influencing factors of electromagnetic dynamic pressure
force Fr1 include gas flow velocity, welding current value, arc shape, arc length, etc. The
expression of electromagnetic dynamic pressure force is shown as Equation (13):

Fr1 = Pmax· exp(−a|r1|) (13)

where Pmax is the current pressure on arc axis, a is the concentration factor of the distribution
curve, and r1 is the distance between a point in the arc and the central axis of the arc.
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Suppose the angle between the electromagnetic dynamic pressure force and the molten
pool is θ, and the electromagnetic dynamic pressure force Fr1 is divided into an axial force
Fr1z and a radial force Fr1r, as shown in Equation (14):{

Fr1z = Fr1 · sinθ
Fr1r = Fr1 · cosθ

(14)

As shown in Figure 16, from the above derivation results, the axial force Fr1z would
make the surface of the molten pool concave, which is conducive to the heat source flowing
down and increasing the weld penetration. The radial force Fr1r would make the surface
of the molten pool subject to radial tensile force and increase the weld width. In FFP-TIG,
with an increase in the FFP current amplitude or frequency, the self-magnetic contraction
effect enhances, and the angle θ increases. According to Equation (14), the axial force Fr1z
increases while the radial force Fr1r decreases. When the electromagnetic dynamic pressure
force Fr1 is acting on the molten pool, it is beneficial to increase the weld penetration and
decrease the weld width. Finally, the surface welding in Section 3.4 confirms the influence
of electromagnetic dynamic pressure force in FFP-TIG on the molten pool. The higher the
FFP current amplitude or frequency, the stronger the arc contraction effect, the smaller the
weld width, and the greater the weld penetration.
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4. Conclusions

1. With an increase in the FFP current amplitude or frequency, the arc diameter and arc
area were reduced. Compared with conventional TIG, the arc diameter and arc area
of FFP-TIG were reduced by approximately 38.2% and 29.2%, respectively.

2. There was a significant increase in arc pressure by FFP-TIG. The arc pressure is
normally distributed as a whole, and the arc pressure is symmetrically distributed with
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a change in FFP current amplitude or frequency. With an increase in the FFP current
amplitude or frequency, the arc pressure at the center of the arc increased greatly.

3. In FFP-TIG, the change in fast-frequency arc shape affects the arc energy concentration.
The arc energy divergence and arc temperature in FFP-TIG with the FFP parameter
of 50 A/20 kHz are reduced by approximately 19.1 and 29.3%, respectively. With
an increase in the FFP current amplitude or frequency, the arc energy divergence
reduced greatly.

4. With the effects of FFP-TIG, a change in arc and molten pool behavior leads to a change
in surface welding by adding FFP current. The higher the FFP current amplitude or
frequency, the stronger the arc contraction effect, the smaller the weld width, and the
greater the weld penetration.
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