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The Keyhole Plasma Arc Welding (KPAW) process utilizes arc plasma highly constricted by a water-cooled cupper nozzle
to produce great arc pressure for opening a keyhole in the weld pool, achieving full penetration to the thick plate.
However, advanced control of welding is known to still be difficult due to the complexity of the process mechanism, in
which thermal and dynamic interactions among the arc, keyhole, and weld pool are critically important. In KPAW, two large
eddies are generally formed in the weld pool behind the keyhole by plasma shear force as the dominant driving force.
These govern the heat transport process in the weld pool and have a strong influence on the weld pool formation process.
The weld pool flow velocity is much faster than those of other welding processes such as Tungsten Inert Gas (TIG)
welding and Gas Metal Arc (GMA) welding, enhancing the heat transport to lower the weld pool surface temperature.
Since the strength and direction of this shear force strongly depend on the keyhole shape, it is possible to control the weld
pool formation process by changing the keyhole shape by adjusting the torch design and operating parameters. If the
lower eddy is relatively stronger, the heat transport to the bottom side increases and the penetration increases. However,
burn-through is more likely to occur, and heat transport to the top side decreases, causing undercut. In order to realize
further sophistication of KPAW, a deep theoretical understanding of the process mechanism is essential.

Keywords: plasma arc welding ; arc plasma ; keyhole ; weld pool ; interaction ; driving force ; heat transport ; mass
transport

| 1. Introduction

Plasma Arc Welding (PAW) is a type of arc welding process utilizing a non-consumable electrode X, PAW uses a tungsten
electrode like Tungsten Inert Gas Welding (TIGW) to generate an arc discharge between the electrode and the base
metal. This arc is cooled by a water-cooled copper nozzle attached to the downstream side of the tungsten electrode and
is constricted by the thermal pinch effect [, so that an arc with a high current density can be obtained. Accordingly, the
plasma jet is strongly accelerated by the Lorentz force and the plasma temperature is highly increased by Joule heating.
The high current density causes strong heat transfer from the arc to the base metal due to electron condensation together
with thermal conduction from the high-temperature plasma. Consequently, it is possible to obtain a much higher arc
pressure and heat flux to the base metal than TIGW, easily forming deep and narrow penetration. Figure 1 shows a
schematic diagram of PAW.

There are two types of welding modes in PAW, melt-in or conduction mode B! and keyhole mode [, depending on the
operating parameters. In the former mode, the current value and the plasma gas flow rate are suppressed to generate an
arc having a relatively low arc pressure and heat flux, so that welding without forming a keyhole is performed. The latter is
called Keyhole PAW (KPAW). The base metal is partly melted by the high heat flux from the arc, and the weld pool surface
is gradually pushed down by the arc pressure to form a blind keyhole in the base metal and then full penetration can be
achieved to form an open keyhole. This mode is mainly used for square butt welding using the I-groove.
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Figure 1. Schematic of plasma arc welding 4.

When welding steel plates, KPAW enables to weld up to a plate thickness of about 6~10 mm in a single welding pass (.
In the case of Gas Metal Arc Welding (GMAW) of thick plates, a V- or Y-groove is generally applied to the base metal, and
several welding passes are required, because of the insufficient penetration ability of GMAW €. On the other hand, KPAW
generally uses an I-groove, which does not require operation beveling (groove processing), and the welding can be
completed in a single welding pass. This enables high-efficiency welding with reduced man-hours and decreases heat
input to the base metal, suppressing thermal distortion. Other advantages are that the capital investment is much cheaper
than for laser welding and electron beam welding, the tolerance to joint gap of the base metal is large, and also the
electrode consumption is small. Due to the many excellent advantages described above, KPAW has a wide range of
applications such as structural steel [4, aerospace [, and automobiles [,

Much research has been carried out so far with the aim of improving the quality and efficiency of KPAW [LOILIA2] The
weld pool formation process of KPAW is strongly influenced by keyhole behavior. In order to guarantee full penetration, it
is generally necessary to maintain an open keyhole state with an appropriate keyhole diameter. The keyhole diameter
largely depends on the current and the plasma gas flow rate. If these are insufficient, a blind keyhole is formed, making it
difficult to obtain full penetration. On the other hand, if both are excessive, the keyhole diameter becomes large. However,
the volume of the weld pool increases accordingly, and the width of the weld pool on the bottom surface increases. As a
result, the surface tension cannot support the weight of the molten metal, thus leading to a burn-through. Therefore, in
order to solve this problem, it is indispensable to develop sensing and control methods for the keyhole during welding.

| 2. weld Pool Formation Process

The weld pool formation process is described in this section. During the travel of the torch in the welding direction, the
molten metal on the front side of the keyhole is transported through the sides of the keyhole toward the rear region to form
the weld pool. The heat transport in the weld pool is considered to be primarily due to weld pool convection, especially in
steel welding, driven by the buoyancy force, Lorentz force, Marangoni force, and plasma shear force. Particularly, the
shear force and Marangoni force are thought to strongly depend on the keyhole shape, since those work on the surface of
the weld pool in the vicinity of the keyhole. The molten metal in the weld pool is supported by the surface tension of the
bottom surface of the weld pool, preventing burn-through. As discussed in the previous sections, the arc, keyhole, and
weld pool strongly interact together, thus making KPAW a very complex process. Furthermore, the weld pool formation
easily becomes unstable, inducing various welding defects, for example, by disturbance or a change in the condition in
welding. Accordingly, to achieve high-quality welding, it is necessary to deeply understand the weld pool formation
processes.

2.1. Weld Pool Observation

Information on the flow field and temperature field is indispensable for understanding the heat transport process in the
weld pool, but due to the difficulty in measurement, there are still few reports of these experimental measurement results.

Simultaneous measurement of both the keyhole behavior and its surrounding temperature field of the weld pool is
indispensable for understanding the thermo-physical mechanism and also achieving the process control of KPAW. Zhang
et al. used an infrared camera and a coupled charge device (CCD) camera to observe the temperature profile of the weld



pool in the vicinity of the keyhole and the keyhole behavior from below the base metal at the same time 3. After image
processing and calibration, the shapes and sizes of keyhole and weld pool as well as their relative positions were
determined with temperature field.

Chen et al. observed the flow field on the surface of the weld pool employing a high-speed camera equipped with a laser
light system and also the temperature field using an infrared thermal camera in VPPAW of aluminum alloys 14!, The
formation mechanism of the keyhole weld pool at different welding positions was studied, especially for clarifying the effect
of gravity on material flow, temperature field, and keyhole morphology. Based on the result of both calculation and
experiment, the effect of gravity on the weld pool was found to be second only to shear force in all factors. Consequently,
the heat and mass transport in the low-velocity region of the VPPA keyhole weld pool are thought to be readily influenced
by the gravity.

In order to gain a deep understanding of the heat transport process in the weld pool, it is necessary to measure the flow
field of the entire weld pool including the inside. For the first time, Nguyen et al. applied stereo synchronous imaging of
tungsten tracer particles employing two sets of X-ray transmission systems to measure the 3D flow field inside the weld
pool in KPAW 2. The 2D convection on the surface of the weld pool was also measured by observing the motion of
zirconia tracer particles. Based on this comprehensive measurement, the weld pool convection in the region behind the
keyhole to the weld pool end was totally visualized. For discussing the heat transport process in the weld pool, the 2D
temperature field on the top and bottom surfaces of the weld pool was also obtained by two-color pyrometry. A summary
of the results of this comprehensive measurement is provided below.

Figure 2 shows weld pool images and 2D temperature fields on the top and bottom surfaces. On the top weld pool
surface, the temperature was measured to be between 1718 K and 1795 K. The weld pool is divided into regions 1-3,
according to the difference in temperature. The temperature reached 1795 K in region 2. On the bottom weld pool surface,
the temperature was distributed between 1714 K and 1794 K. The temperature monotonically decreased from 1794 K
around the keyhole to 1714 K at the weld pool end.
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Figure 2. Observed image and temperature field on the surface of the weld pool. (a) Observed image; (b) temperature
field on top (left figure) and bottom (right figure) surfaces 221,

Figure 3 shows 2D convective patterns on the top and bottom weld pool surfaces. On the top weld pool surface, the
definition of each region is the same as that in Figure 2. In region 1, molten metal flowed from the keyhole to region 2 at a
high temperature. It also flowed inward from the weld pool edge to the center of the weld pool. In region 3, the molten
metal flowed in a forward direction from the weld pool end to region 2 at a high temperature. In region 2, the molten metal
flows from regions 1 and 3 were merged. Zirconia particles were rotated due to this convective pattern. On the bottom
weld pool surface, the molten metal flowed backward to the weld pool end. The maximum velocities of 0.53 m/s and 0.81
m/s were seen at X = 2.0 mm on the top surface and X = 1.0 mm on the bottom surface, respectively.
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Figure 3. Convective pattern on top (upper figure) and bottom (lower figure) surfaces of the weld pool 12!,

Figure 4 shows 3D convective patterns in the weld pool. The result showed that two eddy convective patterns in opposite
directions were stably formed in the weld pool behind the keyhole. The maximum velocities for the molten metal flows
near the top and bottom surfaces reached 0.35 and 0.30 m/s, respectively. The velocity of molten metal flow around the
middle height decreased to 0.15 m/s.
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Figure 4. Three-dimensional convective patterns inside the weld pool in KPAW of stainless steel (151,

Xu et al. clarified the 3D keyhole detouring the flow inside the weld pool in VPPAW of an aluminum alloy employing two
sets of X-ray transmission systems 18], Furthermore, measurement of the surface flow of the weld pool at different regions
of the keyhole was also carried out by observing tracers. As a result, it was shown that a thin liquid metal layer was
formed on the keyhole boundary because of the high thermal conductivity of the aluminum alloy. Moreover, the liquid
metal was mainly formed around the keyhole bottom. Figure 5 shows 3D convective patterns in the weld pool. The liquid
metal flowed upward and around the keyhole. The molten metal at the front wall of the keyhole around bottom detoured
the keyhole backward. After that, it was blanched into upward and downward flows, forming a vertical separation point. In
addition, comparing with the stainless steel case 12, the flow velocity of VPPAW was found to be much smaller.
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Figure 5. Three-dimensional keyhole detouring flow inside the weld pool in VPPAW of aluminum alloys 161,

2.2. Dominant Driving Force of Weld Pool Convection and Heat Transport Process in Weld Pool

Following the experimental results on KPAW of stainless steel 2], the dominant driving force of the weld pool convection
in KPAW and its influence on the heat transport in the weld pool are discussed. As in the TIG welding case 14, the main
driving forces of the weld pool convection in KPAW are buoyancy, Lorentz force, Marangoni force, and shear force

especially in a quasi-steady state after stable open keyhole formation. Figure 6 presents convections obtained by the
measurement and also the estimated driving forces acting on each convection.
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Figure 6. Schematic illustration of the main driving forces and convective patterns of the weld pool 22!,

The buoyancy is weaker comparing with other forces and acts in an upward direction. Therefore, this force is considered
to be negligible for weld pool formation.

The Lorentz force is generally in an inward and downward direction around the surface of the weld pool, since the current
expands conically.

The shear force acting on the surface of the weld pool is composed of two forces. The first one is caused by plasma
flowing along the top weld pool surface. The direction of this force is mainly upward and outward, inducing the clockwise
convection around the top surface. The second one is caused by plasma flowing out downward through the keyhole exit.
The direction of the force is downward, forming the counterclockwise convection around the bottom surface.



The Marangoni force is produced by the gradient of weld pool surface temperature. This force is generally directed from
high temperature to low temperature in case of inert shielding gas. On the other hand, if an active gas like oxygen is
mixed a little with the shielding gas, as expected in region 3, the force direction is reversed 18],

In region 1, the molten metal flowed backward from behind the keyhole to region 2 at a high temperature. The backward
shear force was found to surpass the resultant Marangoni and Lorentz forces in the forward direction, therefore
considered the dominant force. The maximum velocity appeared in the backside of the keyhole. It decreased as region 2
was approached.

In region 3, the molten metal flowed forward from the weld pool end to region 2 at a high temperature. The forward
Marangoni force and backward shear force are considered to mainly act in this region, but the shear force is thought to be
lower than the Marangoni force, because the velocity of plasma flow apart from the arc is largely decreased. Therefore,
the molten metal flowed in the forward direction.

In region 2, the molten metal flowing from regions 1 backward and 3 forward merged.

On the bottom surface, the molten metal flowed backward from the keyhole to the weld pool end. The flow was
accelerated by the downward shear force acting on the keyhole wall and backward Marangoni force on the bottom surface
of the weld pool. Because of the acceleration by both forces, the flow velocity on the bottom surface was much higher
than that on the top surface.

Inside the weld pool, two eddies were seen behind the keyhole. The flow in the upper eddy was in a clockwise direction.
This eddy was accelerated by the upward and backward shear forces and the forward Marangoni force. Because the
shear force is thought to be significantly larger than the Marangoni force, this eddy is mainly accelerated by the shear
force. The flow in the lower eddy was essentially accelerated by the downward shear force and the downward and
backward Marangoni forces. Therefore, this eddy flowed in a counterclockwise direction.

The formation process of the weld pool is also investigated in other arc welding processes through the measurement of
velocity field of weld pool convection by tracer particle observation. For instance, the velocity field of the weld pool surface
in TIGW was measured by Matsuda et al. 2. They clarified that the velocity reached around 0.04 m/s around the foot
point of the arc axis. Zong et al. measured the velocity field in GMAW and found that the range of velocity was about
0.15-0.20 m/s around the arc and 0.04 m/s around the weld pool end 22,

The weld pool formation process of KPAW is considered to be greatly different from those of TIGW and GMAW. The shear
force, Lorentz force, and Marangoni force are known to play a major role as driving forces in TIGW and GMAW cases. In
case of KPAW, the magnitudes of the Lorentz force and Marangoni force are predicted to have almost similar levels with
those of TIGW and GMAW in the same current condition. On the other hand, the shear force is considered to be much
larger compared with those of TIGW and GMAW due to the greater velocity of plasma flow 24, becoming the dominant
force. Consequently, the velocity of convective flow surpasses those of TIGW and GMAW.

Wu et al. quantitatively analyzed the weld pool formation process through numerical simulation, presenting that after open
keyhole formation, two convective eddies are produced behind the keyhole as in Figure 7 22, In the weld pool, the molten
metal was transported backward on the top surface by the upper eddy and backward at the bottom surface by the lower
eddy. The calculated weld pool convections well agreed with the above observation.
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Figure 7. Calculated temperature and fluid flow fields 22,

Wu et al. carried out a numerical simulation to investigate the heat transport in a weld pool with an open keyhole in a
quasi-steady state 23], Figure 8 shows the 3D temperature field of the weld pool. Although the weld pool temperature is
found to increase around the keyhole, the maximum temperature is only 1857 K, which is slightly higher than the melting



point of steel. The heat flux from arc to base metal in the KPAW process is large due to the constricted arc, but the weld
pool temperature is low. As presented by Nguyen et al. I, the maximum surface temperature of the weld pool was
approximately 1800 K, which was almost the same as that in the moving GTAW 24! and lower than that in the stationary
GTAW [, The reasons to cause this low temperature can be explained as follows.
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Figure 8. Three-dimensional temperature field in quasi-steady state 23],

Heat transport in the weld pool is carried out mainly by convection and conduction. The Peclet number is useful for
discussing the dominant heat transport mechanism. As seen in Figure 4 and Figure 7, two convective eddies were
formed behind the keyhole consisting of the upper clockwise eddy and lower counterclockwise eddy. The molten metal
was transported backward on the top and bottom surfaces. In the above result, a maximum velocity of 0.2884 m/s was
seen in the weld pool. The calculated Peclet number from the velocity was approximately 319. Wang et al. calculated a
Peclet number of the weld pool of about 77 in double electrodes TIGW 28], Generally, when the Peclet number exceeds
10, the effect of heat transport due to convection is considered to be dominant. The result indicates that the heat transport
by fluid flow is the dominant mechanism in the KPAW weld pool. As a result, the energy is not accumulated in the weld
pool around the keyhole, leading to a lower weld pool temperature.

2.3. Effect of Torch Design and Operating Parameters

In the above paper 12, only one experimental condition was performed. However, it is considered that the driving force
balance to govern the weld pool formation process significantly depends on the torch design and operating parameters.
Because the shear force is strongly affected by the plasma flow field in the vicinity of the keyhole, the force balance is
thought to greatly change depending on the keyhole shape. As shown in Figure 4, two large eddies are produced behind
the keyhole in this experimental condition, because the plasma flow from the torch is separated to a downward flow
outflowing to the bottom side through the keyhole exit and a horizontal and upward flow along the weld pool surface to
form two opposite shear forces. For example, in the case of higher plasma gas flow rate or current, the arc pressure
acting on the surface of the weld pool is enhanced, leading to a wider keyhole diameter and a steeper keyhole wall. In this
case, the downward flow through the keyhole exit might be larger than the horizontal and upward flow. The formation of
eddies is expected to be affected by an increase in shear force, making the lower eddy relatively larger. It also causes a
variation in the heat transport in the weld pool. Nguyen et al. studied the effect of plasma gas flow rate 24, welding current
(28] and also the shielding gas composition 29, and Xu et al. clarified the effects of electrode setback BY and plate
thickness 21l in VPPAW of aluminum alloys. Those studies used the same comprehensive experimental approach.

Figure 9 shows 3D convective patterns inside the weld pool for different plasma gas flow rates 24, The weld bead
appearances and cross sections of the weld beads were already presented in Figure 4. As the plasma gas rate is
increased, a penetrated keyhole is formed. The counterclockwise eddy inside the weld pool becomes large and then
dominant. The backward flow on the top surface is weakened, while the inward flow is induced by the teardrop-shaped top
weld pool profile. According to the dominant counterclockwise eddy inside the weld pool, the molten metal temperature at
the lateral sides of the top weld pool is low.
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Figure 9. Three-dimensional convective patterns inside the weld pool for different plasma gas flow rates: (A) 0.7 L/min;
(B) 1.7 L/min; (C) 3.0 L/min [,

As described above, convection is the dominant mechanism for the heat transport inside the weld pool in KPAW. The
strong counterclockwise eddy formed behind the keyhole and the weak backward flow on the top surface of the weld pool
produce the uneven energy distribution between the top and bottom surfaces. The strong inward flow causes the uneven
energy distribution between the lateral sides and centerline of the top weld pool. All these reasons contribute to the
undercut formation at the top surface.

Figure 10 shows 3D convective patterns inside the weld pool for different currents 28, The weld bead appearances and
cross sections of the weld beads have already been presented in Figure 5. In case of a low current of 90 A, an open
keyhole was formed with a smaller diameter on the bottom surface than that on the top surface. This is due to the
insufficient penetration ability and is considered to produce a strong upward shear force. Therefore, the upper eddy grew
up more compared with the lower one. On the other hand, in case of a high current of 150 A, an open keyhole was formed
with a large diameter on the bottom surface. The lower eddy was enhanced due to a strong downward shear force. This
relative magnitude of the two eddies is thought to significantly affect the heat transport in the weld pool and also the
welding defect occurrence. The stronger upper eddy due to the insufficient heat input might cause an undercut and high
reinforcement on the top surface. On the contrary, the stronger lower eddy leads to deeper penetration by the large heat
transport in a downward direction. However, if the downward heat transport is excessive, it leads to welding defects such
as concaves on the top surface and burn-throughs on the bottom surface. Consequently, it is considered that when the
arc has sufficient penetration ability to the base metal, the relative magnitude of the two eddies should be suitably
controlled for achieving the larger counterclockwise eddy and smaller clockwise eddy, which enables achievement of a
stable and high-quality welding preventing welding defect occurrence, as in the optimal current of 120 A in this
experiment.
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Figure 10. Three-dimensional convective patterns inside the weld pool for different currents [28],

Figure 11 shows 3D convective patterns inside the weld pool for different shielding gas compositions 22, The weld bead
appearances and cross sections of the weld beads have already been presented in Figure 6. It was presented that in the
case of pure Ar shielding gas, the molten metal flowed upward behind the keyhole. In the case of Ar with 0.5% O,
shielding gas, the flow direction became downward behind the keyhole. The molten metal flow in the weld pool is varied
depending on the keyhole shape, for example, by the keyhole diameter and keyhole wall inclination angle. The keyhole
diameter is large on the top side and small on the bottom side in the pure Ar case, but it is smaller on the top side and
larger on the bottom side in the Ar mixed with 0.5% O, case. The magnitude and direction of the shear force are
influenced by this difference. As a result, it was found that the addition of a small amount of oxygen into Ar shielding gas
assuming shielding failure strongly affected the heat transport process. It is also implied that narrow and deep penetration
can be achieved by mixing oxygen slightly such as in the AA-TIG welding process 22, This mechanism is considered to
be related primarily to the variation in shear force because of different keyhole shape formation due to change in the
surface tension rather than the variation in the magnitude and direction of the Marangoni force.
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Figure 11. Three-dimensional convective patterns inside the weld pool for different shielding gas compositions 22,
2.4. Effect on Microstructure of Solidified Metal in Welded Joint

As mentioned above, the heat and mass transport within the weld pool governs the formation of the temperature field in
the weld pool and therefore has a strong influence on the microstructure of solidified metal, mainly according to a
temperature history during the cooling process, thus affecting mechanical properties of the welded joint.

There are many previous studies on the microstructure in KPAW. For example, microstructures when applying KPAW to
various materials have been reported, such as duplex stainless steel 2324 |nconel B8], aluminum alloy B8], and titanium
alloy 4. Comparative studies with microstructures in other arc welding processes have also been conducted. Gupta et al.
compared the welded joints prepared by a single-pass KPAW and multi-pass GATAW of M 250 (Maraging steel) with a
thickness of 8 mm, showing improved mechanical and metallurgical properties for KPAW in comparison to those for
GTAW 8l welding parameters such as current waveform also affect the microstructure B3I871 Kumar et al. found that
pulse current helps in grain refinement, which leads to a higher ultimate tensile strength of the welded joints B2, Large
current and high peak current lead to more heat and a longer cooling time, resulting in coarse grain. When the pulse rate
is increased, the tensile strength is also increased.

The above studies basically demonstrate the relationship between welding conditions and microstructures experimentally.
Although these results are very useful industrially, its mechanism has not been fully elucidated academically. In particular,
there are very few studies on the formation process of the microstructure in welded joints based on quantitative
discussions of heat and mass transport within the weld pool. Yan et al. investigated the gravity effect on the mechanical
property of VPPAW of aluminum alloys at vertical and horizontal positions B2, Microstructures and residual stress in the
welded joint for vertical-up welding were symmetrical. This is in contrast to horizontal welding, which tends to have
asymmetric and inhomogeneous microstructures that lead to poor mechanical properties. In the upper side of welded
joints for horizontal welding, larger grain sizes brought about lower hardness and lower tensile strength. The difference in
the mechanical properties between bilateral sides was suggested to be caused by gravity driving the melting metal flow.
After that, Liu et al. carried out the measurements of temperature field and velocity field on the weld pool surface of
VPPAW at different positions to discuss the effect of heat and mass transport in the weld pool on microstructure and also
mechanical properties of the welded joint through the gravity force ¥9. From the measurement, they found that the
asymmetric flow of molten metal under the influence of gravity is the main factor leading to uneven temperature
distribution and asymmetric grain distribution in the weld pool. Furthermore, Xu et al. clarified the relationship between the
microstructure of the welded joint and the heat and mass transport in VPPAW of thick aluminum alloy plates at a flat
position by combining in situ three-dimensional X-ray imaging and multi-physics modeling 1. Figure 12 shows the
microstructure and crystal size of the weld bead. It was concluded that the large crystal size observed in the lower layer of
the weld is partly caused by heat treatment from the upper layer of the thick plate. An eddy with a high flow velocity to the
rear of the weld pool destroys the crystal-growth process, and this is considered to be one of the reasons for fine crystals
appearing in the upper part of the weld.
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Figure 12. Microstructure and crystal size of the weld bead in VPPAW of a thick aluminum plate 211,

In this way, it has been found that the formation of the microstructure is greatly affected by the flow of the weld pool and
the accompanying heat transport. Also, in KPAW, a filler wire is often used when the base material plate thickness is large.
Especially when the chemical composition of this filler wire is different from that of the base metal, non-uniform element
distribution tends to occur within the weld pool due to weld pool flow 2, which is also thought to affect the formation of
the microstructure. Elucidation of the influence of the weld pool formation process on the formation of the microstructure
of the solidified metal in the welded joint is still insufficient and remains a future work.
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