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Chapter 1 Introduction and literature review

1.1 Background

As one of the high energy density welding processes, keyhole plasma arc welding
(KPAW) process has the advantages of low equipment cost and joint tolerance compared
with laser beam welding (LBW) and electron beam welding (EBW), and thus is widely
used in welding of automobile [1], airplane [2], rocket [3], structure steel [4]. During the
KPAW process, as the plasma arc with high energy and high momentum impinges on the
base metal surface, the metal is melted, and pushed to the edge of the weld pool [5]. A
large keyhole is formed during the KPAW process [6], and middle thick steel and
aluminum alloy plates [7] can be joined with only one pass.

It should be noted that the keyhole inside the weld pool in the KPAW process is very
unstable [8], and the welding parameter window to obtain sound bead is very narrow.
Welding defects [9,10], such as undercuts, are easy to form in the KPAW process, which
decrease the static, fatigue and fracture strength of the weld joint

In order to suppress weld defects and improve the weld bead formation, paraxial
hybrid keyhole plasma arc welding and gas metal arc welding (KPAW-GMAW) process
was proposed by many researchers [11,12,13], in which the plasma torch was located at
the leading direction, and the GMAW torch was located at the rearing direction. During
the hybrid KPAW-GMAW process, a deep keyhole is formed under the plasma arc, and
the bead formation can be effectively improved by GMAW. Besides, a direct current path
is formed between the KPAW cathode (tungsten electrode) and GMAW anode (welding
wire) through the arc plasma [14]. In summary, the hybrid KPAW-GMAW process is
characterized by complex interactions of the arc, droplet, keyhole and weld pool. Deep
understanding of the interactive phenomena in the hybrid KPAW-GMAW process can
help provide guidance to the welding engineers in developing welding procedures to

obtain high quality welds.
1.2 Interesting phenomena in keyhole plasma arc welding

1.2.1 High plasma arc temperature while low weld pool temperature

Under the constraint effects of water cooling nozzle, plasma gas and Lorenz force,
the plasma arc energy density is increased, as well as the plasma arc temperature [15,16].

As shown in Fig.1.1, the maximum arc temperature in the KPAW process with a current
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of 120 A is much higher than that in the gas tungsten arc welding (GTAW) process with
a same welding current [17].

Based on Nguyen’s study [18], the maximum temperature on the top and bottom
surfaces of the weld pool in the KPAW process of 304 stainless steel was about 1800 K
when the welding current was 120 A, which was similar to that in the moving GTAW
process [19], and lower than that in the stationary GTAW process [20].

In summary, compared with GTAW process, even though the plasma arc temperature

in the KPAW process is much higher, the weld pool temperature is relatively lower

KPAW process GTAW process
2.30e4 "
Current: 120 A . I\l/?Cf 17, :urrc?tl.71050(z)AK
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1.92e4 0 2 4 6 8 10
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& (e
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1.54e4 ! N
2 00K 2 ook
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Fig. 1.1 Comparison of arc and weld pool temperatures between KPAW and GTAW processes
1.2.2 Arc pressure is not the only driven force for penetrated keyhole formation

The keyhole formation in the KPAW process is much different from that in the laser
beam welding (LBW) process. In the LBW process, due to the much high recoil pressure
caused by the metal evaporation, a keyhole with large depth to width ratio is formed in

several milliseconds [21]. The keyhole formation is considered as a periodical laser
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drilling process on the front keyhole wall [22], and the keyhole depth is determined by
the drilling behavior induced by the first absorption of laser energy on the front keyhole
wall [23]. The keyhole is more easily formed in the LBW of aluminum alloy, and the
keyhole depth is deeper than that in the LBW of steel [24]. Besides, the keyhole in the
LBW process is much unstable, causing the generation of keyhole induced porosity [25],
spatter [26] and other welding defects [27].

In the KPAW process, the maximum temperature of the weld pool is very low, so the
metal evaporation can be ignored [18]. Generally, the keyhole with large width is formed
in several seconds, and it is more easily formed in the KPAW of steel than that in the
KPAW of aluminum alloy [28]. Usually, the high arc pressure is proposed to be the
dominant driven force for the penetrated keyhole formation in the KPAW process [29,
30,31]. As shown in Fig. 1.2, Wu et.al proposed that the plasma arc pressure determined
the keyholing capability in the KPAW processes; The ultrasonic vibration increased the
plasma arc pressure, and thus improved the keyholing capability [29]. Mendez et.al
proposed that the high arc pressure contributed to the crater formation below the TIG arc
with a high current [32].

It should be noted that the arc pressure in the KPAW process is only several kPa [29],
which is similar to that in the high current gas tungsten arc welding (GTAW) process [33]
or gas metal arc welding (GMAW) process [34]. Even though the arc pressure is high, a
penetrated keyhole is difficult to form in the high current GTAW process or GMAW
process.

Many studies also showed that the arc shear stress influenced the penetrated
formation or weld pool surface deformation. As shown in Fig.2, a simulation without arc
shear stress showed that a blind keyhole rather than penetrated keyhole formed inside the
weld pool in the KPAW process [35]. Meng et.al [36,37,38] suggested that the effect of
the arc pressure on the weld pool deformation was over-estimated in the high current
GTAW process, and the arc shear stress was the dominant driven force to facilitate the
weld pool deformation. However, the arc shear stress and arc pressure in his studies were
calculated based on the empirical equations.

It can be concluded from previous studies that the penetrated keyhole formation
mechanism has not been revealed in detail, and the material properties has great influence

on the penetrated keyhole formation in the KPAW process.
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Fig. 1.2 The influences of arc pressure and arc shear stress on the penetrated keyhole or weld pool surface

deformation in the KPAW and TIG processes
1.2.3 Low arc energy efficiency

Owing to the strong interaction of the plasma arc, keyhole and weld pool, the energy
propagation in the KPAW process is very complex. In the laser welding, due to the
multiple reflections and Fresnel absorption by the keyhole [39], the laser energy absorbed
by the weld pool is increased. Kawabhito et.al measured the absorption of a 10 kW fiber
laser beam, and found that the maximum absorptions of the steel and aluminum were 89
and 93% [40]. However, in the KPAW process, the energy efficiency is relatively lower
than the gas tungsten arc welding (GTAW) or gas metal arc welding (GMAW) processes.
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Tanaka et.al showed that the arc energy efficiency of the GTAW process was 82%
[17]. Stenbacka et.al proposed that the average arc energy efficiency value for the GTAW
process was about 77% [41]. Joseph et.al measured the arc energy efficiency in the pulsed
GMAW process by a liquid nitrogen calorimetry, and suggested that the arc energy
efficiency was 68%~72% [42]. Metcalfe et.al [43] proposed that in a 10 kW plasma
welding arc, the efficiency of energy to the anode was only 60%~66%. As shown in Fig.
1.3, DuPont et.al [44] measured the arc energy efficiency by a Seebeck arc welding
calorimeter, and suggested that the consumable electrode processes exhibited the highest
arc energy efficiency (84%), followed by GTAW process (67%), and KPAW process
(47%). Jiang et.al [45] measured the arc energy efficiency in the variable polarity plasma
arc welding (VPPAW) process by a thermal measurement system, and found that the
VPPA arc energy efficiency was 46.71% to 61.63%.

It can be concluded that the penetrated keyhole formation can’t increase the energy

absorption in the KPAW process.

KPAW process VPPAW process
GMAW (84%) > GTAW (67%) > KPAW (47%) 46.71% ~ 61.63%
) 80 80
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0.8 - 77 - 70 |- 470
'Z <
2 o 61.63 61.55 :&,
g o6 > 60 |- \ 460 5
Arc energy 2 g it "
ffici & ae L i ‘ 3 T R PS8 -~ 784047 "~ - 5a04 §
ernciency e O ¥ 1 } k: 50 |- 529 ~~g-” /5?49 {50 &
Z I ‘ - 50.08 46.71 ﬁ
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14 | T wf Juo 2

/ '
0.0 | Iy I74
PAW GTAW GMAW SAW 30 : L : B L 30
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Fig. 1.3 Arc energy efficiency in the KPAW and VPPAW processes

1.2.4 Easy formation of undercutting

The undercut formation mechanism had been widely discussed in the arc welding
based on the experimental observation and numerical simulation. In the GTAW process,
the inward Marangoni force caused by the positive surface tension temperature coefficient
was proposed by Mills to explain the undercut formation [46]. However, the undercut was
not generated during the GTAW process of high Sulphur steel (positive surface tension
temperature coefficient) with low welding speed. Mendez found that a thin layer of liquid

metal was formed under the arc due to the large arc pressure in the high current GTAW
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process. The premature solidification of this thin liquid layer initiated the undercut [32].
Meng developed a three dimensional numerical model for the high speed GTAW process
[36,38]. The premature solidification of the thin liquid layer at the periphery and the
inward flow at the trailing periphery promoted the undercut formation [36]. He also
proposed that the arc shear stress was the dominant driven force for the weld pool
deformation and backward flow of the liquid metal [38]. However, the arc shear stress
and arc pressure in his studies were calculated based on the empirical equations. In the
submerged arc welding (SAW) process, based on the X-ray observation, the undercut
occurred when the liquid metal was displaced more than the solidification point [47]. The
large arc pressure was suggested to be responsible for the undercut formation [48]. In the
gas metal arc welding (GMAW) process, Nguyen suggested that the backward flow of
the liquid metal caused by the arc pressure and droplet impact was the main reason for
the undercut and humping formation [49]. Based on the observation of the weld pool and
the movement of the tracer particles, Zong suggested that the large longitudinal to
transverse velocity ratio, and the inward flow in the middle of the weld pool contributed
to the undercut formation [50,51]. It can be concluded from previous studies that the weld
pool convection in the arc welding plays an important role in the undercut formation.

It should be noted that the undercut formation in the KPAW process is much different
from that in the GTAW, SAW and GMAW processes. The undercut is likely formed in the
GTAW, SAW and GMAW processes with high current and high welding speed [36,48,50],
while can be formed in the KPAW process with low current and low welding speed. As
shown in Fig. 1.4, undercutting formed in the KPAW process with a low current of 120

A, and a low welding speed of 3 mm/s.

KPAW process GTAW and GMAW processes

1=120A, v=3 mm/s KPAW: 1 =250 A, v = 27.5 mm/s
e B-B Penetrated keyhole

Serious undercut
. Undercut depth: 1.2 mm
Undercutting | &= e

formation

GMAW: 1=260A,U=30V
13.3 mm/s 16.6 mm/s

Fig. 1.4 Undercutting formation in the KPAW, GTAW and GMAW processes
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This may be caused by the formation of the penetrated keyhole and the complex weld
pool convection. Previous studies of full penetration laser welding showed that the molten
metal was pressured towards the bottom surface, which caused the redistribution of the
thermal energy between the top and bottom welds [52], and facilitated the weld defects
formation on the top and bottom surfaces [53].

As shown in Fig. 1.5, based on the comprehensive experimental measurement of the
weld pool convection with the help of the X-ray transmission system, high-speed video
camera system and thermal camera system, Nguyen et.al [ 10] suggested that the undercut
formation was caused by the irregular fluid flow and uneven energy distribution of the
weld pool in the KPAW process. As the plasma gas rate is increased, the anti-clockwise
eddy inside the weld pool is increased, and the backward flow at the top surface is
decreased, so more energy is transported to the bottom surface, while less energy is
transported to the top surface. The rear part of the top weld pool is easily solidified, so a
teardrop-shaped profile is easily formed. Due to the strong inward flow at the top surface
caused by the teardrop-shaped top weld pool profile and the dominant anti-clockwise
eddy inside the weld pool, more energy is transported from the lateral sides to the center
line of the top weld pool. A high temperature zone is formed at the center line of the top
weld pool, while the lateral sides are easily prematurely solidified, causing the undercut

formation at the top surface.

The weld bead appearances Cross sections X-ray results Thermal camera results

B-B

The temporature at weld pool periphory is high
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l .
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Fig. 1.5 Experimental study of undercutting formation in the KPAW process
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1.3 Developing of hybrid KPAW-GMAW welding

As discussed above, weld defects are easily formed in the KPAW process [9,10]. How
to suppress the weld defects formation and improve the weld bead quality?

Many improved KPAW processes have been proposed by researchers, such as pulsed
controlled KPAW process [54], ultra-sonic assisted KPAW process [29,30,31] and hybrid
KPAW-GMAW process [13,55,56]. Among these technologies, the hybrid KPAW-
GMAW process combines the advantages of both KPAW and GMAW, such as deep
penetration and high quality. As shown in Fig. 1.6(A), the leading plasma arc possesses
high energy density and momentum, resulting in a deep penetrated keyhole inside the
weld pool. The rearing GMA arc and droplet improve the bead formation. As shown in
Fig. 1.6(B), the hybrid KPAW-GMAW process is already successfully adopted in the
welding of aluminum thick plates [57,58] and steel [13].

(A) Welding experiment setup of the hybrid KPAW-GMAW process

NW-300ASR CM-7401

100WH

Plasma
Power

Source -

Power
Source

Basemetal

GMAW region
Basemetal Plasma region

(B) Hybrid KPAW-GMAW process (C) Hybrid KPAW-GMAW process of
of aluminum alloy high strength steel

Fig. 1.6 (A) The welding experiment setup of the hybrid KPAW-GMAW process; (B) Hybrid KPAW-
GMAW process of aluminum alloy; (C) Hybrid KPAW-GMAW process of high strength steel
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Compared with the GMAW process, the hybrid KPAW-P-GMAW process has
advantages of higher energy density, deeper weld penetration and higher welding
efficiency. The KPAW process can be used to join thick plates with only one pass.
However, weld defects, such as undercut, can easily form with a low welding current and
a low welding speed [10]. Compared with the KPAW process, the hybrid KPAW-GMAW
process has advantages of wider range of process parameters and better weld quality. The
hybrid laser-GMAW process [59,60] can join thick plates with high efficiency and quality,
but the laser equipment cost is high. The laser focus radius is small, so the joint tolerance
is relatively low. Compared with the hybrid laser-GMAW process, the hybrid KPAW-
GMAW process has advantages of lower equipment cost and higher joint tolerance. In
summary, the hybrid KPAW-GMAW process has a promising future in the welding of
thick plates.

1.4 Interactive phenomena in hybrid KPAW-GMAW welding

1.4.1 Interactive phenomena of the arc and droplet

The arc coupling behaviors in other hybrid arc welding processes, such as tandem-
TIG [61,62], tandem-GMAW [63,64] and hybrid GTAW-GMAW processes [65,66], have
been widely investigated. Both hybrid GTAW-GMAW and hybrid KPAW-GMAW
processes are characterized by the formation of the direct current path between the
tungsten electrode and GMAW anode (welding wire) [67]. In the hybrid GTAW-GMAW
process, cathode spots of the GMA become stable [66,68]. The temperature gradient on
the top surface at the middle and rear parts of the hybrid weld pool is lower than that in
the conventional GMAW weld pool, while the heat input is increased [66]. Due to the
additional heat input and electromagnetic force generated by the GTA, the GMA length
increases, and the droplet transfer also becomes easy and stable [66]. In the hybrid KPAW-
GMAW process, owing to the strong impingement of the PA, a large keyhole forms [5,6],
which may have a great influence on the arc and droplet behaviors. Han et.al [57]
proposed that owing to the large number of metal ions and electrons provided by the
keyhole, the electrical conductivity of GMA increased in the hybrid variable polarity
plasma arc (VPPA)-GMAW process. Besides, the VPPA had a compression effect on the
GMA.

Both hybrid laser-GMAW and hybrid KPAW-GMAW are characterized by complex
interaction of the arc, droplet and keyhole. In the hybrid laser-GMAW process, due to the
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irradiation of the laser beam on the basemetal surface, the metal temperature increases,
and intense evaporation occurs [69]. Under the influence of the vaporization induced
recoil pressure, a keyhole with a large depth to width ratio generates [70]. Shinn et.al [71]
found that a laser can stabilize the arc cathode spots in the hybrid laser-GMAW process
of a titanium alloy. Zhang et.al [72] investigated the plasma and droplet behaviors in the
hybrid CO2 laser-GMAW process, and proposed that the metal vapor jet from the keyhole
acted as a resistant force on the droplet, and suppressed the droplet transfer. Liu et.al [73]
calculated the forces acting on the droplet in the hybrid laser-GMAW process, and found
that the laser plasma compressed the arc, causing an increase of electromagnetic resistant
force of the droplet, so the droplet shape changed and the droplet transfer frequency
decreased. However, in the hybrid KPAW-GMAW process, the metal vapor ejected from
the keyhole is very weak [18], which will not suppress the droplet transfer. Besides, the
phenomenon that the metal vapor ejected from the keyhole cools the arc plasma in hybrid
laser-arc process [74,75], will not occur in the hybrid KPAW-GMAW process.

In summary, the interactive phenomena of the arc and droplet in the hybrid KPAW-
GMAW process may be significantly different from these in the hybrid GTAW-GMAW
and hybrid laser-GMAW processes.

1.4.2 Interactive phenomena of droplet, keyhole and weld pool

An obvious “pull-push” flow pattern defined as a backward molten metal flow after
the leading arc, and a forward molten metal flow before the rearing arc, exists on the top
weld pool surface between two arcs in the tandem-TIG [76], tandem-GMAW [77] and
hybrid GTAW-GMAW [66] processes. It should be noted that the keyhole may have a
great influence on the weld pool convection in the hybrid KPAW-GMAW process.

Based on the numerical simulation, Gao et.al [78] predicted an outward flow near the
keyhole in the hybrid laser-GMAW process of single-crystal nickel-base superalloys.
Zhao et.al [79] measured the fluid flow of the weld pool in the hybrid laser-GMAW
process by an advanced X-ray transmission system, and found that the arc shear stress
and droplet momentum promoted the inward flow in the keyhole. However, in the hybrid
KPAW-GMAW process, the keyhole size is relatively large, and the action areas of the
plasma arc pressure and plasma arc shear stress are very large [11], thus the droplet
momentum may have a minor influence on the fluid flow near the keyhole.

It can be concluded that the interactive phenomena of droplet, keyhole and weld pool
in the hybrid KPAW-GMAW process may significantly differ from these in the hybrid
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laser-GMAW process.

1.5 Objectives of this study

The hybrid KPAW-GMAW process characterized by complex interactions of the arc,
droplet, keyhole and weld pool is proposed to improve the weld bead formation. In order
to better understand the interactive phenomena in the hybrid KPAW-GMAW process,
some fundamental phenomena related weld pool convection, keyhole behaviors and
energy propagation in the KPAW process are firstly investigated. The objectives of this
study are as follows:

(1) Investigate the weld pool convection in the KPAW process based on numerical
simulation and experiment. The driven forces for the weld pool convection are discussed.
The mechanisms for the low weld pool temperature are revealed.

(2) The keyhole formation mechanisms in the KPAW process are elucidated.

(3) A coupled arc, keyhole and weld pool numerical model is developed to
investigate the energy propagation in the KPAW process.

(4) The interactive phenomena of the arc, droplet, keyhole and weld pool in the
hybrid KPAW-GMAW process are elucidated.

1.6 Structure of this study

As shown in Fig. 1.7, this thesis consists of seven chapters. Chapter 1 is introduction
and literature review. In Chapter 2, Chapter 3 and Chapter 4, the weld pool convection,
keyhole formation and energy propagation in the KPAW process are analyzed.

In chapter 5 and chapter 6, the interactive phenomena of the arc, droplet, keyhole and
weld pool in the hybrid KPAW-GMAW process are analyzed. In chapter 7, all the findings

are concluded.
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Fig. 1.7 Structure of this study

Pagel6



Chapter 2 Elucidation of the weld pool convection in
the keyhole plasma arc welding process

2.1 Introduction

Different sensing and observation methods had been carried out to study the weld pool
convection in the KPAW process [80,81]. However, owing to the complexity of the KPAW
process, detail information of the weld pool convection is difficult to be obtained only by
experimental methods, so numerical simulation is also used to better understand the
thermo-physical behaviors of the KPAW process. Fan [82] built a two dimensional model
to investigate the keyhole formation and keyhole closure in the KPAW process. In this
model, the heat source was not changed with the keyhole geometry. The combined
volume heat source models changed with the keyhole shape were proposed to simulate
the three dimensional temperature and fluid flow fields in the KPAW process [83-85].
However, the time for the open keyhole formation was very short in their numerical
simulations. Li [86] built a 3D transient numerical model for KPAW process to investigate
influences of the keyhole shape and size on the arc heat flux and pressure distribution.
However, the shear stress caused by plasma flow was ignored in above studies [83-86].
As known to all, the shear stress, arc pressure, Marangoni force, Lorentz force and
buoyancy force are five principal forces for the melt flow in the KPAW process. Based
on the comprehensive experimental measurement of weld pool convection, the shear
stress due to the plasma flow was found to be the dominant driven force in the KPAW
weld pool [18]. So without considering the shear stress, the weld pool convection was
much different from experimental results.

Pan [16] proposed a coupled tungsten-plasma-anode mathematic model to analyze the
heat transfer and fluid flow in the stationary KPAW process, and found that the outward
convection on the weld pool surface was induced by the shear stress and Marangoni force.
Jian also developed a unified 3D model to study the interaction mechanisms of the plasma
arc, weld pool and keyhole in the stationary KPAW process [87], and moving KPAW
process [88]. However, the bottom surface deformation, and the fluid flow on the bottom
surface were ignored in their numerical simulations. Based on the experimental study, the
backward flow of the molten metal can be observed on the bottom surface [18]. When a

penetrated keyhole is formed in the KPAW process, special treatments on the heat source
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and shear stress should be considered in the numerical model.

In this study, an electrode-arc model, and a three dimensional weld pool model are
developed to investigate the weld pool convection in the KPAW process. The self-
adaptive heat source, the shear stress caused by plasma flow, and deformations of the top
and bottom surfaces are considered in the numerical model. An X-ray transmission
system is used to estimate convective patterns inside the weld pool. A high-speed video
camera is used to measure the convective patterns on weld pool surfaces. A thermal
camera is used to measure the weld pool surfaces temperature. For the first time, the
convective patterns inside the weld pool measured by the X-ray are predicted by

numerical simulation. The reasons for the low weld pool temperature are discussed.

2.2 Mathematical model and numerical simulation

As shown in Fig. 2.1, an electrode-arc model is firstly built for the KPAW process
to study plasma arc physics. The important parameters related to the current density, arc
pressure and plasma shear stress are obtained. Then a three dimensional weld pool model
is developed to investigate the weld pool convection and keyhole formation in the KPAW
process, in which special treatments on the heat source, arc pressure and plasma shear
stress are considered.

Plasma arc modeling

—

Special treatments on :
Heat source model
Arc pressure model
Shear stress model

——
Weld pool
b Mmodeling
\/

Weld pool convection and keyhole formation
mechanism in the KPAW process

Fig. 2.1 The framework of the whole mathematic model
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In the electrode-arc model, the mesh size is 0.1 mm in the electrode region, and 0.2
mm in the nozzle and gas regions. The detail information of the model can be seen in our
previous work [89]. In order to verify the accuracy of our model, the welding parameters
are obtained from previous study, and the numerical results are compared with
experimental results [29]. When the welding current is 120A and the torch orifice
diameter is 3.2mm, as shown in Fig. 2.2(A), the maximum temperature of the arc is
23400K. As shown in Fig. 2.2(B), the maximum calculated arc pressure is 1778 Pa, which
is similar to that obtained by the experiment (1820 Pa).

(A) Arc temperature (K)

. 2.30e4

1.92e4
1.54e4
1.17e4
7.87e3
4.09e3
3 mm IIII
3.00e2
(B) Arc pressure (pa)
2000
1600 | %
!_‘
1200 A\
Y
a" 800
400 N
0 Base
0 0.002 0.004 0.006 0.008

r(m)

Fig. 2.2 Plasma arc modeling: (A) Arc temperature; (B) Arc pressure
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In the weld pool model, some assumptions have been made: (1) The flow is laminar,
and the liquid metal is considered as a Newtonian and in-compressible fluid. (2) The gas
phase (plasma gas and shielding gas) is omitted. (3) Owing to the low weld pool
temperature, the metal evaporation from the weld pool is ignored.

Four governing equations including mass, momentum, energy conservation
equations, and VOF (Volume of Fluid) equations [90] are solved to calculate the heat and
mass transfer in the KPAW weld pool. The enthalpy-temperature relationship is used to
model the solid-liquid phase change [91] and the porous media drag concept is used to
model the flow in the mushy zone [92]. The main driven forces of the weld pool are shear
stress, arc pressure, Marangoni force, Lorentz force, and buoyancy force. The governing
equations, surface tension, Lorentz force, buoyancy force and boundary conditions are
similar to our previous works [77]. In this section, only the special treatments on the heat

source, arc pressure and plasma shear stress are discussed.

2.2.1 Self-adaptive heat source model

The Gaussian distributed heat source model [82,85], the combined volume heat
source models [83,84,85] were used in previous studies. In this study, the VOF method is
used to track the free surface of the weld pool. However, due to the large deformation of
the weld pool surface in the KPAW process, as shown in Fig. 2.3, the total number of free
surface cells is increased. If the Gaussian distributed heat source model is used, the total

energy absorbed by the free surface is overestimated.

D Void cell, F=0
. Full cell, F=1

I:I Free surface cell
0<F < 1, F=1 but adjacent cell is void

of"B="

Fig. 2.3 The selection of the free surface before and after deformation

Free surface before deformation Free surface after deformation

Free surface cells : 6 Free surface cells : 13

The number of the free surface cells is increased after the free surface deformation

It should be noted that before the penetrated keyhole formation, only the top free

surface is heated by the arc plasma. After the penetrated keyhole formation, both the top
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and bottom free surfaces are heated by the arc plasma, as shown in Fig. 2.4(A) and (B).
Based on Xu’s study [32], after the penetrated keyhole formation, the welding current
mainly flows from the upper part of the base metal to the tungsten, so the decrease of heat
flux caused by the increase of the arc length should be considered in the heat source model.

|

[2 I3 (Arc plasma energy) 2

vy o

Base metal

I1 I2 I3 (Arc plasma energy)

l

Weld pool

* The arc plasma energy 12 is dissipated
15 due to the penetrated keyhole formation

14
I2

S

A virtual free surface

Weld pool

Fig. 2.4 The heat source model: (A) The energy absorbed by the top free surface; (B) The energy
absorbed by both the top and bottom free surfaces; (C) The calculation of I,

In this study, a self-adaptive heat source model is adopted. Before the penetrated
keyhole formation, as shown in Eq. (2.1), the heat source is considered as Gaussian
distributed. The shape function of the keyhole wall L, is introduced in the heat source
model to consider the decrease of heat flux, as shown in Eq. (2.2). A global controlling
parameter K, is introduced to conserve the total energy absorbed by the free surface,

which is calculated by Eq. (2.3).

33Ul 3(x -vt) +3y?
a(x y,2)=K,L, Zrz exp{—(r#} 2.1)
q q
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Ly=(1- Hbf’; —)? (2.2)
nul = [[ q(x,y,2) (2.3)

Where x, y, z are coordinates, 71 is arc power efficiency, U is the arc voltage, / is the
welding current, 7, is the effective radius of the heat source, v is the welding speed, ¢ is
the time, Z; is the distance between the cell center and the top of the base metal, H}, is
the thickness of the base metal, H, is the distance between the nozzle and the top of
the base metal.

After the penetrated keyhole formation, as shown in Eq. (2.4), the heat source is
considered as double-ellipse distributed. As shown in Fig. 2.4(B), the arc plasma energy
1> 1s dissipated, so the total energy absorbed by the top and bottom free surfaces is equal
to nUI — I,. I> is assumed to be equal to the energy absorbed by the virtual free surface

at the top of the base metal, as shown in Fig. 2.4(C), and the K, is calculated by Eq. (2.5).

2 2
6Ul exp{_ 3(x-vt) 3y }

40 y.2)=K,L, (3, +a )b

a, x<wut
a=

a, x>t
nul =1, = [ q(x,y,2) (2.5)

Where ay, ar and b are the distribution parameters of the double-ellipse heat source. In this

a’ b?
(2.4)

study, before and after the penetrated keyhole formation, a same arc power efficiency (0.6)

is used.
2.2.2 Arc pressure model

Li [86] considered the plasma arc pressure varying with the dynamic keyhole wall.
In his study, the arc pressure was decreased from the top to the bottom of the base metal.
However, based on Xu’s study, the formation of a keyhole in the KPAW process was
believed to have great influences on the arc pressure. From the top to the bottom of the
base metal, the plasma arc pressure was decreased firstly, and then increased due to the

additional constraint of the keyhole [93].
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For simplicity, in this study, from the top to the middle of the base metal, the arc
pressure is assumed to be linearly decreased, and from the middle to the bottom of the
base metal, the arc pressure is assumed to be linearly increased. The parameter K,
calculated based on Xu’s study is introduced to control the variation of the arc pressure.
It should be noted that K, is negative from the top to the middle of the base metal, and is
positive from the middle to the bottom of the base metal.

3(x% + yz)}
2

p

P(x Y, 2) =1+ K, ®Z,) Py exp{— (2.6)

Where Ppq 1s the maximum arc pressure, 7, is the effective radius of the arc pressure.
Puaxand 1, are obtained from numerical results, as shown in Fig. 2.5. Here, a small torch
orifice with diameter 2.0 mm is used, so the maximum arc pressure is 4532 Pa.

Arc pressure (pa)

5000
4000

3000

P.(pa)

2000

1000

0 0.001 0.002 0.003 0.004 0.005
r(m)
Fig. 2.5 The arc pressure distribution

2.2.3 Plasma shear stress model

In the simulations of the GTAW process [94] and GMAW process [95], the Phares’s
model [96] was used to consider the shear stress caused by plasma flow. It should be noted
that the Phares’s model is used to determine the shear stress produced by the normal
impingement of a jet on a flat surface. In the GTAW process and GMAW process, the
deformation of the weld pool surface is small, so the weld pool surface can be regarded

as a flat surface. However, In the KPAW process, the weld pool surface is largely
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deformed, so an improved shear stress model should be adopted.

Before the penetrated keyhole formation, the direction of the shear stress at the
keyhole wall is upward, as shown in Fig. 2.6(A). The value of the shear stress is obtained
from numerical results, as shown in Fig. 2.7.

After the penetrated keyhole formation, the reverse flow can be observed at the top
part of the keyhole wall [93]. In this study, it is assumed that the direction of shear stress
is upward at the top part of the keyhole wall, but downward at the bottom part of the
keyhole wall, as shown in Fig. 2.6(B).

At the top part of the keyhole wall, the value of shear stress caused by the reverse

flow can be expressed as below:
7(X,,2) = Gy? 2.7)

At the bottom part of the keyhole wall, the plasma velocity is relatively low, and the

value of shear stress can be expressed as below:

2
(XY, 2) = % 2.8)

It should be noted that Eq. (2.8) is used to determine the value of shear stress induced
at the cylindrical keyhole walls by the vapor [97]. However, the shape of the keyhole in
the PKAW process is in dynamically changing, so it is important to calculate the shear

stress vector at each free surface cell.
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Plasma flow
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\J eld pool

Plasma flow
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T

T Shear force caused by the reverse flow
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Weld pool

T

(C) Shear force at free surface cell R
T T N

T Shear force caused by the downward flow

Shear force before deformation  Shear force after deformation

Fig. 2.6 The shear stress model: (A) The shear stress model before the penetrated keyhole formation; (B)

The shear stress model after the penetrated keyhole formation; (C) The shear stress at free surface wall

7 (pa) Plasma shear stress (pa)
700
600
500
400
300
200
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0

0 0.005 0.01 0.015
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Fig. 2.7 The plasma shear stress distribution
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As shown in Fig. 2.6(C), before the free surface deformation, the direction of shear
stress is horizontal. After the free surface deformation, the shear stress is redirected. It
is assumed that the horizontal vector 0, redirected shear stress vector 7, and free surface

normal vector 7 are coplanar, so the redirected shear stress vector can be determined

as:
7:n1=0
17| = t(x,y,2) (2.9)
T=A40+ Bn

Where Uy is the average plasma jet speed inside the keyhole after penetration. Re is
the Reynolds number of the plasma inside the keyhole after penetration. @ 4, A and B

are real numbers.

2.2.4 Numerical simulation

The commercial CFD (Computational Fluid Dynamics) software FLOW3D is used
to solve the governing equations and VOF equation. Finite volume method is applied to
discrete the governing equations. Due to the symmetry, half of the computational domain
is used in the actual calculation, which is 50 mm in length (x-axis), 15 mm in width (y-
axis), and 10 mm in thickness (z-axis). The plate thickness is 4 mm, and the other parts
are void region. The mesh size is 0.2 mm. The origin of z-axis locates at the top surface
of the plate. The details of the iteration scheme can be found in our previous work [30].

The thermo-physical material properties of SUS304 stainless steel can be seen in
Table 2.1, which are obtained from previous study [98] and the fluid database of
FLOW3D. It can be seen from previous studies that the numerical results agree well with
experimental results when constant material properties are used [98,99]. Besides, the
temperature of the weld pool in the KPAW process is relatively low, so the constant
material properties are also used in this study.

Table 2.1 Thermo-physical material properties of SUS304 stainless steel

Nomenclature Value  Nomenclature Value

Density (kg/m?) 6900 Liquidus temperature(K) 1727

Viscosity (kg/m-s) 0.0059  Solidus temperature 1697

Specific heat (1) (J/kg-K) 720 Boiling temperature(K) 3133

Specific heat (s) (J/kg-K) 760 Heat transfer coefficient (W/m?-K*) 20

Latent heat of fusion(J/kg) 2.47x  Coefficient of thermal expansion(K-') 1.5x10*
10°
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Thermal conductivity (I) (W/m-K) 28.4 Surface tension(N/m) 1.8
Thermal conductivity (s) 33.2 Surface tension gradient(N/m-K) -0.00043
(W/m-K)

2.3 Experimental method

The welding equipment consists of a transfer-type plasma arc welding torch (100WH,
Nippon Steel Welding & Engineering Co., Ltd.) and a welding power source (NW-
300ASR, Nippon Steel Welding & Engineering Co., Ltd.). As shown in Fig. 2.8, An X-
ray transmission system is used to observed the movement of tungsten particles, so the
convective patterns inside the weld pool can be estimated. A high-speed video camera is
used to observe the movement of Zirconia particles on the weld pool surfaces, so the
convective patterns on the top and bottom surfaces can be measured. A thermal camera
(Miro Ex4 Phantom, Vision research Inc.) including three color sensors composed of Red
(R), Green (G) and Blue (B) is used to take the weld pool surfaces images. The base metal
used in the experiments is stainless steel SUS304 plates with a dimension of 300 mm x

100 mm x 4 mm.

Fig. 2.8 The photographs of the welding equipment and X-ray transmission system [35]

A small torch orifice with a diameter of 2.0 mm is used in the experiments. The
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electrode setback is 3 mm. The distance between the nozzle and the base metal is 5 mm.
The welding speed is 3 mm/s. The pure Ar is used as the main plasma gas and the
shielding gas. In order to protect the back weld bead formation, a back-shielding gas box
is put on the welding jig. The main plasma gas flow rate is 1.7 I/min, and the shielding
gas flow rate is 7.5 I/min. The main current is DC120 A, and the output arc voltage is
approximately 27 V. The detail descriptions of the experimental methods can be seen in
our previous work [18]. The same welding parameters are used in the numerical

simulation.

2.4 Results and discussion

2.4.1 Weld pool convection

2.4.1.1 Before the penetrated keyhole formation

When the plasma arc with high energy impinges on the base metal surface, the metal
is melted. At the beginning, the top surface deformation is small. At about t=0.6 s, as
shown in Fig. 2.9(A), the large deformation of the top surface can be observed, and the
molten metal is pushed from the arc center to the weld pool edge. A gouging region with
few molten metal is formed under the arc. The temperature of the molten metal near the
arc center is high. At about t=1.2 s, as shown in Fig. 2.9(B), the top surface is largely
deformed, and a deep blind keyhole is generated. The front keyhole wall is very thin. The
molten metal flows backward along the rear keyhole wall due to the plasma shear stress
and Marangoni force, so a large swelling is formed at the rear part of the weld pool. It can
be seen that there are two convective eddies formed inside the weld pool. An anti-
clockwise eddy is formed near the arc center under the influence of the arc pressure and
Lorenz force, and a clockwise eddy is formed at the rear part of the weld pool under the
influence of the plasma shear stress and Marangoni force. In Fig. 2.9(C), the keyhole
depth is increased, and the temperature is uniformly distributed on the weld pool surface.
Besides, the size of the clockwise eddy is increased. In Fig. 2.9(D), the convective
patterns of the weld pool are unchanged, while the weld pool length and keyhole depth

are increased.
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Temperature (K) and fluid flow ( max=0.293 m/s) fields Temperature (K) and fluid flow ( max=0.439 m/s) fields
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300 831 1097 1363 1629 1895 300 559 819 1079 1339 1599 1859
(C) (D)
0.003 0.003
Molten metal flows backward Molten metal flows backward
s
Z(m) 5 Z(m) g
-0.002 Ry 5 -0.002 -
The size of the clockwise eddy is increased
-0.007 -0.007
-0.02605 -0.02076 -0.01547 -0.01018 -0.02605 -0.02076 -0.01547 -0.01018
X (m) X (m)

Fig. 2.9 Temperature (K) and fluid flow fields of y=0 cross sectional view at: (A) t= 0.6 s; (B) t=1.2s; (C)
t=22s;(D)t=25s

An interesting thermo-physical phenomenon confirmed by experiment is that even
though the heat flux density of the KPAW process is much high, the temperature of the
weld pool is low. Based on Anh’s study [18], the maximum temperature on the top and
bottom surfaces of the weld pool was about 1800 K, which was similar to that in the
moving GTAW process [19], and lower than that in the stationary GTAW process [20].
As shown in Fig. 2.9, under the arc center, the temperature of the molten metal is the
highest, and its value is about 1900 K. The reasons for this phenomenon are explained as
follows.

The simulation without the arc pressure and plasma shear stress is carried out. As
shown in in Fig. 2.10, the weld pool deformation is small, and the maximum velocity of
the fluid flow is very low. The maximum temperature of the weld pool is more than 2600
K.
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Temperature (K) and fluid flow ( max=0.0295 m/s) fields Temperature (K) and fluid flow ( max=0.0525 m/s) fields
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Fig. 2.10 Temperature (K) and fluid flow fields of y=0 cross sectional view at: (A)t=0.6s; (B)t=2.55s
(Simulation without the arc pressure and plasma shear stress)

The simulation without the arc pressure is carried out. As shown in Fig. 2.11(A), the
molten metal flows outward from the arc center with high velocity. In Fig. 2.11(B), the
weld pool surface is largely deformed. The molten metal flows backward, and a clockwise
eddy is formed at the rear part of the weld pool. The maximum temperature of the weld
pool is more than 2000 K.

Temperature (K) and fluid flow ( max=0.488 m/s) fields Temperature (K) and fluid flow ( max=0.441 m/s) fields
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Fig. 2.11 Temperature (K) and fluid flow fields of y=0 cross sectional view at: (A)t=0.6s; (B) t=2.5s
(Simulation without the arc pressure)

The simulation without the plasma shear stress is carried out. As shown in Fig.
2.12(A), an anti-clockwise eddy is formed inside the weld pool under the influence of the
arc pressure and Lorenz force. The fluid flow is strong. In Fig. 2.12(B) and Fig. 2.12(C),
a blind keyhole is formed. The molten metal near the rear keyhole wall flows inward, and
the size of the anti-clockwise eddy is increased. The maximum temperature of the weld

pool is more than 2000 K.
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Temperature (K) and fluid flow ( max=0.493 m/s) fields Temperature (K) and fluid flow ( max=0.378 m/s) fields
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Fig. 2.12 Temperature (K) and fluid flow fields of y=0 cross sectional view at: (A)t=0.6s; (B)t=1.6s;
(C) t= 2.5 s (Simulation without the plasma shear stress)

The Peclet number of the weld pool is calculated. Based on equation (2.10), its value
is about 980. The Peclet number of the weld pool in double electrodes tungsten inert gas
welding is only 77 [100]. The Peclet number is a dimensionless number showing the ratio
between convection and conduction. The much high Peclet number means that the heat
transportation by the fluid flow is the dominant mechanism for energy transportation
inside the weld pool.

Pe = pCVL/K (2.10)

Where p is fluid density (6900 kg/m®). C is specific heat (720 J/kg-K). L is the
characteristic length (Molten pool length: 0.014 m). V is the characteristic velocity (0.4
m/s). K is the thermal conductivity (28.4 W/m-K).

Based on our numerical simulation, the arc pressure and plasma shear stress are the
two most important driven forces for the fluid flow in the KPAW process. The
significance of shear stress had been revealed in the previous studies of the GTAW

process. The unified model developed by Tanaka et al. [17] suggested that the fluid flow
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in the GTAW process was mainly driven by the arc shear stress. Meng’s studies suggested
that in the GTAW process, the arc shear stress is the dominant force for the backward
flow of the liquid metal, which masks the effect of Marangoni force [36-38]. However, in
the KPAW process, the arc pressure is much high, which also has great influences on the
fluid flow.

The Marangoni force has minor influence on the fluid flow in the KPAW process,
which is different from the previous studies of the GTAW process. The Marangoni force
is calculated by Eq. (2.11):

_oyar
M = a7 or

Where dy/dr is the surface tension gradient (-0.00043 N/m'K), 0T /dr is the

temperature gradient.

(2.11)

At the rear part of the weld pool, the maximum temperature (1859 K) is located at the
weld pool center, and the minimum temperature (1727K) is located at the weld pool edge,
so the average Marangoni force in longitudinal direction is about 6 Pa.

Here, the dominant driven forces for energy transportation in the KPAW and GTAW
processes can be concluded. Due to the much high arc pressure and plasma shear stress,
the energy can be easily transported in the vertical and horizontal directions, so a weld
pool with large weld depth and weld length is obtained in the KPAW process. For
simplification, it is assumed that the energy absorbed by the weld pool in the KPAW
process is same to that in the GTAW process. Based on Eq. (2.12), the volume of the weld
pool in the KPAW process is much larger than that in the GTAW process, so the average

temperature of the weld pool in the KPAW process is lower.
1427 pV,Cs + pV,H; + pV,C o (T, -1727) =1427 pV,Cs + pV,H, + pV,C, o (T, -1727)

(2.12)

Where V; and V> is the volume of the weld pool in the KPAW process and GTAW
process, respectively, T;and 7> is the average temperature of the weld pool in the KPAW
process and GTAW process, respectively, Cs, Cy is specific heat of the solid and liquid
phase, respectively. Hris the latent heat of fusion.

In summary, the much high arc pressure and plasma shear stress promote the fluid flow
and energy transportation in the vertical and horizontal directions, such that a large weld
pool is formed in the KPAW process, leading to the low temperature distribution in the

weld pool.
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2.4.1.2 After the penetrated keyhole formation

The penetrated keyhole is formed at about 2.8s. At t=3.6 s, it can be seen from Fig.
2.13 that the front keyhole wall is very thin. The keyhole width at the top is much higher
than that at the bottom. The temperature of the molten metal near the keyhole is the
highest. At the top surface of the weld pool, the molten metal flows upward and backward
due to the reverse flow of the plasma. A clockwise eddy is formed inside the top weld
pool. At the bottom surface of the weld pool, the molten metal flows downward and
backward due to the arc pressure and the downward flow of plasma. An anti-clockwise
eddy is formed inside the bottom weld pool.

It should be noted that the average velocity of the molten metal at the top surface of
the weld pool is decreased after the penetrated keyhole formation. Before the penetrated
keyhole formation, as shown in Fig. 2.9, the average velocity at the top surface of the
weld pool is about 0.3 m/s. After the penetrated keyhole formation, as shown in Fig. 2.13,
the average velocity at the top surface of the weld pool is about 0.10 m/s. This is because
all the arc plasma flows upward and outward before the penetrated keyhole formation.
However, most of the arc plasma flows downward, and the reverse flow is weak after the

penetrated keyhole formation.

Temperature (K) and fluid flow ( max=0.20 m/s) fields Upward and backward flow
300 574 848 1122 1396 1671 1945
|| \ 1 [ [ .
0.003 Thin front High temperature
keyhole wall

Z (m)

-0.002 ockwise eddy
- nti-clockwise eddy

D=1.65 mm
-0.007

-0.030  -0.026 -0.022 -0.018 -0.014 -0.10
X(m) Downward and backward flow

Fig. 13 Temperature (K) and fluid flow fields of y=0 cross sectional view at t= 3.6 s
The similar convective patterns can be seen in the high speed x-ray results. As shown
in Fig. 2.14, the clockwise eddy and anti-clockwise eddy can be observed at the top and
bottom parts of the weld pool, respectively. The maximum velocity (0.32 m/s) is located
at the convective pattern near the bottom surface. Because the plasma flows downward
near the keyhole with high velocity, and the top surface is far away from the arc center,

but the bottom surface is closer to the arc center, so the plasma shear stress is higher near
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the bottom surface. Besides, the arc pressure near the bottom surface is also higher. All

of these reasons contribute to the higher fluid flow velocity near the bottom surface.

6}&—&—% O 1) 31 44564 7 89719131313

Clockwise eddy

X [mm

) S5 PR T ey S W e TR T T 1Y

Keyhole Anti-clockwise eddy
Y [mm]

Z [mm

Fig. 2.14 Three dimensional convective patterns inside the weld pool based on the high speed x-ray
results [35]
The convective patterns on the top and bottom surfaces are also obtained by tracing
the movement of Zirconia particles on the weld pool surfaces. As shown in Fig. 2.15(A),
at the top surface of the weld pool, the molten metal flows backward at the rear part of
the weld pool. As shown in Fig. 2.15(B), at the bottom surface of weld pool, the molten

metal flows backward.

(A) Top surface

Trajectory i Trajectory
near the keyhole| near the rear part|

_

fp T LT J—
~e X

Fig. 2.15 Convective patterns on the weld pool surfaces: (A) Top surface; (B) Bottom surface [35]
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The temperature distributions at the top and bottom surfaces are studied based on
experiment. As shown in Fig. 2.16(A), at the top surface, a teardrop shaped weld pool is
formed. The weld pool width is the widest at the arc center. A high temperature zone can
be observed near the keyhole, and the maximum temperature of the weld pool is about
1875K, as shown in Fig. 2.16(B). A teardrop shaped weld pool and a high temperature
zone near the keyhole can also be seen at the bottom surface, as shown in Fig. 2.16(C)

and (D). The weld pool at the top surface is obviously wider than that at the bottom surface.

emperature [K
—

Keyhole Boundary of the weld pool High temperature zone

1600 K I
Fig. 16 (A) Weld pool image at the top surface; (B) Temperature distribution of the weld pool at the
top surface; (C) Weld pool image at the bottom surface; (D) Temperature distribution of the weld
pool at the bottom surface [35]

Due to the strong radiation of the arc, it is difficult to take the weld pool surface
images by the thermal camera. In this study, the temperature of the weld pool is measured
immediately after switching off the main arc. The main arc completely disappears within
1.0 ms. Yamazaki et al reported that the decrease of the surface temperature was negligible
within 2 ms after cutting the arc [20]. However, it should be noted that the molten metal
inside the keyhole is very difficult to be obtained by experiment, so the temperature
distribution of the weld pool is studied based on numerical simulation. As shown in Fig.
2.17, after the penetrated keyhole formation, the molten metal at the front keyhole is very
thin, and the temperature is low. At the top surface, a high temperature zone can be
observed near the keyhole, but far from the torch axis. As discussed above, the heat
transportation by the fluid flow is the dominant mechanism for energy transportation in
the KPAW process. Due to the reverse flow of the plasma, the molten metal at the top
surface of the keyhole flows upward and backward, causing the energy accumulation and

the high temperature zone formation at the top surface.
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Keyhole exit
Fig. 2.17 Temperature (K) field of the weld pool at t=3.6 s

2.4.2 Comparison of experiment and numerical simulation

As shown in Fig. 2.18, under the influence of the Marangoni force, the molten metal
near the keyhole flows backward. Under the influence of the arc pressure and Lorentz
force, the molten metal near the keyhole flows downward. Under the influence of the
plasma shear stress, the molten metal at the top of the weld pool flows upward and
backward, and the molten metal at the bottom of the weld pool flows downward and
backward. Under the influence of the buoyance force, the molten metal inside the weld
pool flows upward. The convective patterns on the weld pool surfaces and inside the

weld pool in numerical simulation agree well with those in the experiment [35].

(A) Driven forces in the weld pool (B) Convective patterns in the weld pool

@ Marangoni force

Driving @ Convective pattern near the keyhole
forces @ Plasma shear force Convective @ Convective pattern on the top surface
@ Buoyance force patterns Convective pattern on the bottom surface
@ Arc pressure @ Convective pattern inside the weld pool

Fig. 2.18 Schematic illustration of the main driven forces and convective patterns of the weld pool

As shown in Fig. 2.13 and Fig. 2.16, the maximum temperature obtained by
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numerical simulation is about 1945K, which is similar to that obtained by experiment
(about 1875K).

Fig. 2.19 shows the comparison of the calculated and experimental weld profiles at
transverse cross section [35]. The weld widths at the top and bottom surfaces, and fusion
line obtained by numerical simulation are basically similar to these obtained by the
experiment. However, the calculated weld widths (the weld width on the top and bottom
surface i1s 7.2 mm and 3.5 mm, respectively) are larger than the experimental weld
widths (the weld width on the top and bottom surface is 6.4 mm and 3.1 mm,
respectively), which may be caused by the overestimation of the arc efficiency and

underestimation of the heat loss caused by the efflux.

leasured

Fig. 2.19 Comparison of calculated and experimental weld profiles at the transverse cross section

2.5 Conclusions

In this study, an electrode-arc model, and a three dimensional weld pool model are
developed to investigate the weld pool convection in the keyhole plasma arc welding of
stainless steel. The convective patterns inside the weld pool are estimated by a X-ray
transmission system. The convective patterns on the weld pool surfaces are measured by
a high-speed video camera. The weld pool surface temperature is measured by athermal
camera. The conclusions can be summarized as follows:

(1) After the penetrated keyhole formation, at the top surface of the weld pool, the

molten metal flows upward and backward due to the reverse flow of plasma. A clockwise
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eddy is formed inside the top weld pool. At the bottom surface of the weld pool, the
molten metal flows downward and backward due to the downward flow of plasma. An
anti-clockwise eddy is formed inside the bottom weld pool.

(2) The much high arc pressure and plasma shear stress promote the fluid flow and
energy transportation, such a large weld pool is formed in the KPAW process, leading to

the low temperature distribution in the weld pool.
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Chapter 3 The keyhole formation mechanisms in the
keyhole plasma arc welding process

3.1 Introduction

Numerical simulation provides an effective way to better understand the keyhole
formation in the KPAW process. In order to improve the accuracy of numerical results,
special treatments on the heat source, arc pressure and plasma shear stress should be
considered.

Unlike the GTAW [94] process and GMAW process [95], in the KPAW process, the
weld pool deformation is large and a keyhole is formed, so the heat source is keyhole
geometry dependent. After the penetrated keyhole formation, both the top and bottom
surfaces are heated by the heat source. The efflux plasma from the keyhole exit causes
the heat loss. Besides, the keyhole channel is curved backward [81], which also has great
effect on the heat source distribution. The combined volume heat source models were
used in previous numerical simulation [83-85]. A deviation parameter of the volume heat
source center was introduced to considered the thermal effect of the keyhole deviation
[101]. However, the time for the open keyhole formation was very short in their numerical
simulation. Li [86,102] developed a keyhole dependent surface heat source to investigate
the temperature field and fluid flow in the KPAW process, but the special treatments on
the heat source after the penetrated keyhole formation was not provided.

Generally, the Gaussian distributed arc pressure was used in previous numerical
simulations [82]. The decrease of the arc pressure with the keyhole depth was also
considered [28,102]. However, based on Xu’s study [93], due to the additional constraint
of the keyhole, the arc pressure was increased at the bottom of the keyhole.

In this study, one way coupled electrode-arc-weld pool model is developed to
investigate the keyhole formation in the KPAW process. The influence of the backside
keyhole deviation on the heat source distribution, the influence of the keyhole constraint
on the arc pressure and the keyhole geometry dependent plasma shear stress are
considered. A high-speed video camera is used to measure the convective patterns on
weld pool surfaces. The keyhole formation mechanism and the influence of material

properties on the keyhole formation are revealed.
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3.2 Mathematical model and numerical simulation

Firstly, an electrode-arc model is built to investigate the plasma physics in the KPAW
process. The numerical result can be seen in Fig. 3.1. Some important parameters related
to the heat source, arc pressure and plasma shear stress are obtained. The detail
information of the model can be seen in our previous work [89]. Based on Jian’s study,
the maximum mass fraction of the Fe vapor was only 0.24% in the KPAW process, when
the welding current was 190 A [103]. The temperature distribution of the weld pool in the
KPAW process was measured in our previous work. The maximum temperature was 1795
K when the welding current was 120A [18]. In this study, the relative low welding current
(135 A) is used, so the metal vapor is ignored in our electrode-arc model.

3.00e2 5.00e3  9.70e3 1.44e4 1.91e4  2.38e4

Arc temperature (K) -

Electrode Nozzle 1 Nozzle 2

Torch
standoff

Fig. 3.1 Plasma arc modeling

Then, an improved weld pool numerical model is developed for the KPAW process.
The simplification of the mathematic model, the governing equations, surface tension,
Lorentz force, buoyancy force and boundary conditions can be found in our previous
work [77,90]. In this section, only the special treatments on the heat source, arc pressure
and plasma shear stress are discussed.

3.2.1 Self-adaptive heat source model
Before the penetrated keyhole formation, as shown in Eq. (3.1), the heat source is
considered as Gaussian distributed. In order to consider the decrease of the heat flux

caused by the increase of the arc length, a parameter L, is introduced in the heat source

model [86,102], as shown in Eq. (3.2). A global controlling parameter K, is introduced to
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conserve the total energy absorbed by free surfaces, which is calculated by Eq. (3.3). It
should be noted that the origin of the coordinate system locates at the left of the top

surface, and the heat source moves along the negative x direction.

33Ul 3(x -vt)’ +3y?
q(x y,2)=K,L, 772 exp{—#} (3.1)
ﬂrq rq
Ly=(1-—2k2 (3.2)
q Hp+Hpp '
nul = [[ q(x,y,z) (3.3)

where x, y, z are coordinates, 7 is arc power efficiency, U is the arc voltage, [ is the
welding current, 7, is the effective radius of the heat source, v is the welding speed, ¢ is
the time, Z; is the distance between the cell center and the top of the base metal, Hj is
the thickness of the base metal, H is the distance between the nozzle and the top of the
base metal.

After the penetrated keyhole formation, when the arc plasma strikes the inclined front
keyhole wall, it will be bent toward the rear part of the weld pool. Some part of the arc
plasma flows out through the keyhole entrance aperture. The arc plasma is not symmetry
along the welding direction. As shown in Fig. 2, the arc plasma is wider at the rear part

of the weld pool.

Nozzle Welding direction
5 e Y . 4(_______________________

florch axis Arc plasma

Fig. 3.2 High speed photograph of the plasma arc
As shown in Eq. (3.4), in this study, the heat source after the penetrated keyhole

formation is considered as double ellipse distributed. It should be noted that the keyhole

Page4l



channel is curved backward, and the keyhole exit is deviated from the torch axis, as shown
in Fig. 3.3(A). Here, a deviation parameter x. is introduced to consider the backside
keyhole deviation. As shown in Fig. 3.3(B), at the top of the keyhole, x. is equal to the
torch axis location. At the bottom of the keyhole, x. is equal to the average of the front
keyhole and rear keyhole locations. The heat loss (/;) due to the efflux plasma should also
be considered. /; is assumed to be equal to the energy absorbed by the virtual free surface

at the top of the base metal, as shown in Fig. 3.3(B), and the K, is calculated by Eq. (3.5).

2 2
67Ul exp{_ 3(x-x,) 3y }

. y.2)= Kl 7(a, +a )b

a, x<wt
a=
a, x>ut

r

a’ b2
3.4)

nul -1, = [[q(x,y,2) (3.5)

where ay, a- and b are the distribution parameters of the double-ellipse heat source.

—

>
.
(A) ~./ Plasma Welding direction
A\ ;\ torch <
y Arc plasma flows out z

/The keyhole channel is
_» curved backward o)

Deviation =% Heat loss due to the efflux plasma
distance \-2’; -

Torch axis' ' Keyhole exit center

Weld pool Base metal

X=(Xq+ X;)/2
X, : Front keyhole wall location;
X, : Rear keyhole wall location.

Fig. 3.3 (A) The schematic of the arc plasma-keyhole-weld pool; (B) The calculation of the deviation

parameter and heat loss
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3.2.2 Arc pressure model

Based on Xu'’s study, the plasma arc was compressed by the keyhole, which resulted
in the increase of the plasma arc pressure. The plasma arc pressure was decreased firstly
due to the increase of the arc length, and then increased due to the additional constraint
of the keyhole [93]. For simplicity, in this study, from the top to the middle of the base
metal, the arc pressure is assumed to be linearly decreased. From the middle to the bottom
of the base metal, the arc pressure is assumed to be linearly increased due to the additional
constraint of the keyhole. A parameter K), is introduced to control the variation of the arc
pressure. It should be noted that K, is negative from the top to the middle of the base
metal, and is positive from the middle to the bottom of the base metal.
3(x24—y2)}

2

p

pP(X,y,2) =1+ K, ®Z, )P exp{— (3.6)

where Pnqx is the maximum arc pressure, 7, is the effective radius of arc pressure, Puax

and r, are obtained from numerical results, as shown in Fig. 3.4.

P, (Pa) Arc pressure (Pa)
4000
3000
2000
1000

0

0 0.001 0.002 0003  0.004  0.005
r(m)

Fig. 3.4 The arc pressure distribution

3.2.3 Shear stress model

Before the penetrated keyhole formation, the arc plasma flows upward and outward
along the keyhole wall, as shown in Fig. 3.5(A). The values of the shear stress with

different torch standoff are obtained from numerical results, as shown in Fig. 3.6. In the
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numerical simulation, the plasma shear stress is calculated by Eq. (3.7).

(T1 z = —0.001y
7, —0.001>z>=-0.002
(x,y,z) =73 —0.002>2z>=-0.003 (3.7)
7, —0003>2z2= —0.004J
Tg —0.004 > z
" iy

Weld pool Base metal

Plasma

Base metal

6< 90°, plasma shear stress is downward
6> 90°, plasma shear stress is upward

Fig. 3.5 The plasma shear stress model: (A) Before the penetrated keyhole formation; (B) After the

penetrated keyhole formation

The influence of the torch standoff on

t(Pa) the plasma shear stress distribution

800
600
400

200

0 0.002 0.004 0.006 0.008 0.01 0.012 0.014
r(m)

Fig. 3.6 The influence of the torch standoff on the plasma shear stress distribution
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After the penetrated keyhole formation, the direction of the plasma shear stress is
upward at the top part of the keyhole wall due to the reverse flow of the arc plasma [93],
but downward at the bottom part of the keyhole wall. Here, as shown in Fig. 3.5(B), a
simple model is developed to determine the plasma shear stress direction at the keyhole
wall. It is assumed that the arc plasma flows directly from the torch orifice to the point A
at the keyhole wall, and the plasma shear stress direction is downward. The angle ( 0 )
between the virtual plasma flow direction and the virtual plasma shear stress direction is
used. If 0 is less than 90° ,the plasma shear stress at the point A is downward.
Otherwise, it is upward.

At the top part of the keyhole wall, the value of the plasma shear stress caused by the

reverse flow can be expressed as below:
(X, Y,2) = T (3.8)
where @ 4, is a real number.

At the bottom part of the keyhole wall, the plasma velocity is relatively low, and the
value of the plasma shear stress can be expressed as below:

8pArU§

(X, y,2) = >

(3.9)

where p ar is the density of argon shielding gas, Uy is the average plasma jet speed
inside the keyhole after penetration, Re is the Reynolds number of plasma inside the
keyhole after penetration.

It should be noted that Eq. (3.10) is used to determine the value of the plasma shear
stress induced at the cylindrical keyhole walls by the vapor [97]. However, the shape of
the keyhole in the PKAW process is in dynamically changing, so it is important to
calculate the shear stress vector at each free surface cell. As shown in Fig. 3.5(B), before
the free surface deformation, the direction of the shear stress is horizontal. After the free
surface deformation, the shear stress is redirected. It is assumed that the horizontal vector

0, redirected shear stress vector 7, and free surface normal vector 71 are coplanar, so the

Page45



redirected plasma shear stress vector can be determined as [104]:

7:1=0
17| = t(x,y,2) (3.10)
T=A40+ Bn

where 4 and B are real numbers.

3.2.4 Numerical simulation

The commercial CFD (Computational Fluid Dynamics) software FLOW3D is used
to solve the governing equations and VOF equation. The finite volume method is applied
to discrete the governing equations. Due to the symmetry, half of the computational
domain is used in the actual calculation, which is 50 mm in length (x-axis), 20 mm in
width (y-axis), and 10 mm in thickness (z-axis). The plate thickness is 4 mm, and the
other parts are void region. The mesh size is 0.2mm. The origin of z-axis locates at the
top surface of the plate. The details of the iteration scheme can be found in our previous
work [91].

The thermo-physical material properties of SUS304 stainless steel can be seen in
Table 3.1. In our previous studies [105], the temperature dependent surface tension was
used, and the numerical results agreed well with the experimental results. So in this study,
only the influence of the temperature on the surface tension is considered.

Table 3.1. Thermo-physical material properties of SUS304 stainless steel

Nomenclature Value Nomenclature Value
Density (kg/m?) 6900 Liquidus temperature(K) 1727
Viscosity (kg/m-s) 0.0059 Solidus temperature 1697
Specific heat (1) (J/kg-K) 720 Boiling temperature(K) 3133
Specific heat (s) (J/kg'K) 760 Heat transfer coefficient (W/m?-K*) 20
Latent heat of fusion(J/kg) 2.47x105 Coefficient of thermal expansion(K-") 1.5x10*
Thermal conductivity (1) (W/m-K) 28.4 Surface tension(N/m) 1.8
Thermal conductivity (s) 33.2 Surface tension gradient(N/m-K) -0.00043
(W/m-K)

3.3 Experimental method

The welding experiment setup can be seen in Fig. 3.7. The welding equipment
consists of a transfer-type plasma arc welding torch (100WH, Nippon Steel Welding &
Engineering Co., Ltd.) and a welding power source (NW-300ASR, Nippon Steel Welding
& Engineering Co., Ltd.). The base metal used in the experiments is the stainless steel

SUS304 plate with a dimension of 300 mm x 100 mm x 4 mm. The torch orifice with a
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diameter of 2.8 mm is used in the experiments. The electrode with a diameter of 3.2 mm
and tip radius of 0.5 mm is used. The electrode setback is 3 mm. The distance between
the nozzle and the base metal is 5 mm. The welding speed is 3 mm/s. The pure Ar is used
as the main plasma gas and the shielding gas. In order to avoid the oxidation of the weld
bead as far as possible, a back-shielding gas box is put on the welding jig. The main
plasma gas flow rate is 2.6 I/min. The shielding gas flow rate is 15 I/min, and the back
shielding gas flow rate is 10 1/min. The main current is DC135 A. The same welding
parameters are used in the numerical simulation.

In order to measure the convective pattern on the weld pool surface, the Zirconia
particles with a diameter of 0.03 mm are put into the small holes on the top surface of the
base metal. During the welding, a high-speed video camera (HSVC) is used to observe
the movement of Zirconia particles on the weld pool surface. A band pass filter with the
wavelength of 500 nm and bandwidth of 10 nm is attached in the front of the HSVC. The
frequency is 3000 frame/s.

In order to investigate the evolution of the keyhole depth, the plasma arc is cut off
during the welding. This method called “Sudden Stop Test” is used in previous study to
investigate the evolution of the front keyhole wall [54]. After the welding, the weld length
and keyhole depth are measured. After several trials, the relationship between the weld

length and keyhole depth can be obtained.

ANy s h -
ool
Welding

Plasma torch £ shielding

Fig. 3.7 The welding experiment setup

3.4 Results and discussion

It can be seen that from Fig. 3.8 that the keyhole depth increases very quickly at first,
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then smoothly, and then quickly again. In this study, the process between the weld pool
formation and weld pool penetration is defined as the blind keyhole stage. The process
between the weld pool penetration and keyhole penetration is defined as the blasting
penetration stage, and the duration of this process is defined as the blasting time. The
process after the keyhole penetration is defined as the penetrated keyhole stage. The weld

pool convection and keyhole depth evolution in these stages are discussed.

0.005
0.004
0.003
0.002

0.001

Keyhole depth (mm)

0
0 1 2 3 4 5

Welding time (s)

Fig. 3.8 Keyhole depth evolution in the simulation
3.4.1 Blind keyhole stage

Fig. 3.9 shows the temperature and fluid flow fields of y=0 cross sectional view. It
can be seen that at the beginning of the welding, the weld pool surface is deformed under
the influence of the arc pressure and plasma shear stress. The molten metal under the arc
flows outward, and a swelling is formed at the rear part of the weld pool. Att=1.7s, a
deep keyhole is formed, and the molten metal flows backward along the rear keyhole wall.
Two convective eddies exist inside the weld pool. The anti-clockwise eddy near the arc
center is caused by the arc pressure and Lorenz force, and the clockwise eddy at the rear
part of the weld pool is caused by the plasma shear stress and Marangoni force. The size
of the latter eddy is larger. At t =3.48 s, the weld pool is penetrated, while the keyhole

depth is only 2.89 mm. The size of the anti-clockwise eddy becomes larger.
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300 579 859 1139 1418 1698 1978 300 570 840 11 1381 1652 1922
NN | 2 | - T |0 [(aEm
00027 Molten metal flows outward w002 Molten metal flows backward
Z (m) Z(m)
-0.002: -0.002

-0.006' -0.006

-0.035  -0.0303 -0.0256 -0.0209 -0.0162 0.035  -0.0303 -0.0256 -0.0209 -0.0162
X (m) X (m)

Temperature (K) and fluid flow ( max=0.637 m/s) fields

300 563 827 1091 1355 1619 1882
(©

0.002 Molten metal flows backward ,
e
Z(m)
-0.002
eddy is increa:
-0.006 The weld pool is penetrated
1 I 1 I t I
-0.035 -0.0303 -0.0256 -0.0209 -0.0162
X (m)

Fig. 3.9 Temperature (K) and fluid flow fields of y=0 cross sectional view at: (A) t=0.42s; (B) t=
1.7s;(B)t=3.48s
Fig. 3.10 shows the temperature and fluid flow fields of different cross sectional
views at t = 3.48 s. It can be seen that near the keyhole center, the convection pattern on
the top surface is similar to that in Fig. 3.9, and the forward flow can be observed inside
the weld pool. Near the weld pool edge, the molten metal on the top surface and inside

the weld pool flows backward to the rear part of the weld pool.
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Fig. 3.10 Temperature (K) and fluid flow fields at t = 3.48 s: (A) y= 0.001 mm cross sectional view;
(B) y=0.003 mm cross sectional view
Fig. 3.11 shows the temperature and fluid flow fields at the A-A section in Fig.9
(C). It can be seen that at the lateral sides of the keyhole, the molten metal flows

outward and backward with high momentum. When the molten metal reaches the weld
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pool edge, it will change the flow direction, causing the forward flow.

Temperature (K) and fluid flow ( max=0.375 m/s) fields
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Fig. 3.11 Temperature (K) and fluid flow fields of A-A sectional view at t = 3.48 s (z=0.0002mm
section)
The weld pool convection in the three dimensional view in the blind keyhole stage
can be summarized as Fig. 3.12. The molten metal flows outward and backward along
the rear keyhole wall. Two contrary convective eddies can be found at the top and bottom

parts of the weld pool.
00 537 775 1013 1251 1489 1727

3
Temperature (K) field

Molten metal flows outward and backward

A A

Anti-clockwise eddy . s Clockwise eddy

4mm

Fig. 12 Three dimensional temperature (K) field of the weld pool at t = 3.48 s
It can be obviously seen from Fig. 3.9 that the weld pool depth is larger than the
keyhole depth. The same conclusion can also be obtained from the experiment. As shown
in Fig. 3.13, when the low plasma gas rate is used (2.0 L/min), only a blind keyhole is
formed in the experiment, but the weld pool is penetrated, and the bottom surface is

largely deformed.
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Fig. 3.13 Weld bead formation with low plasma gas rate (2.0 L/min): (A) Top surface; (B) Bottom
surface; (C) The high speed photography of the bottom surface
In order to explain this phenomenon, the simulations with large arc pressure or large
plasma shear stress are restarted at t = 2 s. As shown in Fig. 3.14, when the arc pressure
is doubled, at t = 2.1 s, the molten metal layer under the arc is very thin, and the keyhole
depth is almost same to the weld depth. At t = 2.2 s, the keyhole becomes deep, and the
depth to width ratio of the keyhole bottom is about 2.96. It should be noted that the anti-

clockwise eddy is disappeared, and only a clockwise eddy exists inside the weld pool. At

t=2.54 s, the keyhole is penetrated.
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Fig. 3.14 Temperature (K) and fluid flow fields of y=0 cross sectional view at: (A)t=2.1s; (B)t=

2.2 s; (C) t=2.54 s (The simulation is restarted at t = 2s with double arc pressure)
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As shown in Fig. 3.15, when the plasma shear stress is doubled, at t = 2.1 s, the
keyhole depth is also almost same to the weld depth. At t = 2.2 s, the keyhole becomes
deep and only a clockwise eddy exists inside the weld pool. The depth to width ratio of
the keyhole bottom is about 1.62. At t = 2.7 s, the keyhole is penetrated. Based on the
above discussion, it can be concluded that the arc pressure and plasma shear stress are not
large enough to push the molten metal under the arc to the rear part of the weld pool, so

the weld pool depth is larger than the keyhole depth.
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300 563 826 1090 1353 1617 1880 300 567 835 1103 1370 1638 1906
(A) I l [T (8) I \ B |
0.002 0.002

Molten metal flows backward _ -~ Molten metal flows backward
7 ”

Z(m) Z (m)
-0.002 en -0.002 v
Clockwise eddy Clockwise eddy
-0.006 - -0.006
-0.035 -0.0303 -0.0256 -0.0209 -0.0162 -0.035 -0.0303 -0.0256 -0.0209 -0.0162
X (m) X (m)
Temperature (K) and fluid flow ( max=0.883 m/s) fields
300 571 843 1115 1387 1659 1931
€ HEENE | Tl [ .
0.002
Z(m) 4
-0.002
The keyhole is penetrated
-0.006" )
-0.035 -0.0303 -0.0256 -0.0209 -0.0162

X (m)

Fig. 3.15 Temperature (K) and fluid flow fields of y=0 cross sectional view at: (A)t=2.1s; (B) t=
2.2s; (C) t=2.7 s (The simulation is restarted at t = 2s with double plasma shear stress)
Here, the blind keyhole formation mechanism is concluded. The pressure balance of

the blind keyhole bottom in the vertical direction is shown in Fig. 3.16. Py is the arc

pressure, which acts to deepen the keyhole. P »is the surface tension pressure (P .= 0/,

o is the surface tension. 7 is the keyhole bottom radius), which acts to shrink the keyhole.
P is the resistant drag force. In this study, the porous media drag model is used to model
the flow in the mushy zone in which the temperature of the cell is between the liquidus
and solidus temperature [90,91]. At the blind keyhole bottom, the resistant drag force acts
on the mushy zone, so the flow is suppressed. The resistant drag force suppresses the

keyhole formation.
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The arc pressure is larger than the sum of the surface tension pressure and the resistant
drag force, so the anti-clockwise eddy is formed, and the energy can be easily transported
in the vertical direction. It should be noted that parallel to the rear keyhole wall, the
plasma shear stress is very large, and the resistant drag force for the fluid flow is very
small. So the molten metal flows backward easily along the rear keyhole wall, and the
depth to width ratio of the keyhole is decreased. These conclusions can be verified by Fig.
3.14 and Fig. 3.15. Even though the arc pressure is doubled, the molten metal still flows
backward along the rear keyhole wall. When the plasma shear stress is doubled, the depth
to width ratio of the keyhole bottom becomes smaller. In summary, the arc pressure
deepens the keyhole. The plasma shear stress facilitates the fluid flow along the rear
keyhole wall and decreases the curvature of the keyhole. All of these reasons contribute
to the formation and depth increase of the blind keyhole.

Which force is more dominant for keyhole formation? In Chapter 2, in the normal
case, the keyhole depth is about 3.2 mm at t=2.5 s. Without the arc shear stress and arc
pressure, the keyhole is not formed. Without the arc pressure, a shallow blind keyhole is
formed at t=2.5s, and the keyhole depth is about 1.1 mm. Without the arc shear stress, a
deep blind keyhole is formed at t=2.5s, and the keyhole depth is about 2.9 mm. It can be
concluded that the arc pressure has greater influences on the keyhole formation than the
plasma shear stress.

In the blind keyhole stage, the relationship between the keyhole depth and time can
be explained as follow. As shown in Fig. 3.16, at the beginning of the welding, the weld
pool deformation is small, so the surface tension pressure is small. The arc pressure is
much higher than the sum of the surface tension pressure and the resistant drag force, and
the plasma shear stress is also very large, so the keyhole depth increases very quickly.
When keyhole depth is large enough, the surface tension pressure is increased and the

plasma shear stress is decreased, so the keyhole depth increases smoothly.
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Weld pool deformation is small. The
surface tension pressure is small. The
keyhole depth increases very quickly.

Base metal

The keyhole depth is large enough, the
surface tension pressure is increased
and the plasma shear stress is decreased,
so the keyhole depth increases smoothly.

Base metal

Fig. 3.16 The pressure balance of the blind keyhole bottom in the vertical direction: (A) The weld

pool deformation is small; (B) A deep keyhole is formed
3.4.2 Blasting penetration stage

As shown in Fig. 3.17(A). The molten metal under the arc center is defined as the
molten bridge. Even though the weld pool is penetrated, at the bottom surface, some solid

metals still exist near the arc center. Based on the pressure balance of the molten bridge,

Pur acts to break the molten bridge. P, and P act to keep the molten bridge. At the

beginning of the blasting penetration stage, the molten metal on the bottom surface is few,
and the mushy zone is large, so P is large. As shown in Fig. 3.17(B), (C) and (D), more
energy is transported in the vertical direction. The size of the anti-clockwise eddy inside

the weld pool is increased, and the molten metal on the bottom surface becomes more and

more. Even though the keyhole bottom radius becomes smaller, and P, becomes larger,

but P is very small. The thickness of the molten bridge becomes smaller and smaller,

and it will be broken soon. The blasting time is about 0.36 s (3.48s ~ 3.84s).
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Fig. 3.17 Temperature (K) and fluid flow fields of y=0 cross sectional view at: (A)t=3.56s; (B) t=
3.765;(C)t=3.80s; (D)t=3.825

As shown in Fig. 3.18, before the weld pool penetration, the average maximum

velocity of the weld pool is only 0.375 m/s. After the weld pool penetration, the maximum

velocity becomes very high, and the average maximum velocity is 0.586 m/s.

@0.8 The weld pool is penetr%edi
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Fig. 18 The maximum velocity of the weld pool vs time

Before the weld pool penetration, the molten metal flows backward along the rear

keyhole wall. After the weld pool penetration, as shown in Fig. 3.17(A), the molten metal
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flows backward along the rear keyhole wall and the bottom surface with higher velocity.
As shown in Fig. 3.19, after the weld pool penetration, the outflow velocity of the molten
metal in the molten bridge is much larger than the inflow velocity. Based on the mass

conservation, the thickness of the molten bridge becomes smaller and smaller quickly.

’Before the weld pool penetration:v,1>Vi,
After the weld pool penetration:vg 1 +V,1:>>Vi,

Vout1____...——-->
-

A il

The thickness of the molten bridge becomes smaller and smaller quickly

Base metal

Fig. 3.19 Mass conservation mechanism contributes to the blasting penetration

In summary, both the pressure balance and mass conservation mechanisms are
proposed to be responsible for the blasting penetration. After the weld pool penetration,
the arc pressure is much larger than the sum of the surface tension pressure and resistant
drag force. The outflow velocity of the molten metal in the molten bridge is much larger
than the inflow velocity. All of these reasons contribute to the break of the molten bridge.

Here some simulations are carried out to verify the proposed mechanisms. Based on
the pressure balance mechanism, the decrease of the resistant drag force plays an
important role on the break of the molten bridge. The simulation with low melting
temperature (1200 K) is restarted at t = 3.48 s. It can be seen from Fig. 3.20(A) that a lot
of fluid in the mushy zone in the normal case becomes liquid metal, because its
temperature is larger than 1200 K. So the resistant drag force on the molten bridge is very
small, and the arc pressure is much larger than the surface tension pressure. In Fig.
3.20(B), a deep keyhole is formed and the maximum velocity is 0.469 m/s. The molten
bridge is thin. In Fig. 3.20(C), the keyhole is penetrated. The blasting time is only 0.009

S.
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Temperature (K) and fluid flow ( max=0.303 m/s) fields Temperature (K) and fluid flow ( max=0.469 m/s) fields

300 567 835 1103 1371 1638 1906 300 564 829 1093 1358 1623 1887
(A) I [ | [ (8) I I | |
0:002 The temperature is larger than 1200K. So it is liquid 0% Keyhole becomes much deep. The molten
met:; P is very smallt % '..;4«;:: . 3 \b{ridge is thin. .
Z(m)| .. Z(m) |
0002! | | | g -0.002
: _
-0.006 l Par{!.lpward flow caused by buoyance| -0.006
-0.035 -0.0303 ‘ 00256  -0.0209 -0.6162 -0.035 -0.0303 -0.0256 -0.0209 -0.0162
X (m) X (m)

Temperature (K) and fluid flow ( max=0.755 m/s) fields

300 552 804 1057 1309 1561 1814
©) I [— l | .
0.002 -

The blasting time is about 0.009 s

Z(m)
-0.002-

| \‘! 4 /

-0.006. The keyhole is penetrated

-0.035 -0.0303

00256  -0.0209  -0.0162
X (m)

Fig. 3.20 Temperature (K) and fluid flow fields of y=0 cross sectional view at: (A) t =3.481s; (B) t
=3.484 s; (C) t = 3.489 s (Simulation with low melting temperature)

Based on the pressure balance mechanism, the decrease of the surface tension
pressure facilitates the break of the molten bridge. The simulation with low surface
tension (0.87 N/m) is restarted at t = 3.48 s. As shown in Fig. 3.21(A), even though the
keyhole bottom radius is small, but the surface tension is small. The surface tension
pressure is small, and the arc pressure is much larger than the sum of the surface tension
pressure and reaction force. As shown in Fig. 3.21(B), the keyhole depth becomes much
deep, and the maximum velocity is 0.568 m/s. The molten bridge is very thin. As shown

in Fig. 3.21(C), the keyhole is penetrated, and the blasting time is only 0.08 s.
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Fig. 3.21 Temperature (K) and fluid flow fields of y=0 cross sectional view at: (A)t=3.52s; (B) t=
3.54s; (C) t = 3.56 s (Simulation with low surface tension)

Based on the mass conservation mechanism, the increase of the outflow velocity in
the molten bridge plays an important role on the break of the molten bridge. After the
weld pool penetration, the backward flow along the rear keyhole wall is mainly caused
by the plasma shear stress, and the backward flow along the bottom surface is mainly
caused by the arc pressure. The simulation without the plasma shear stress is restarted at
t = 3.48 s. As shown in Fig. 3.22(A), the molten metal on the bottom surface flows
backward with high velocity, and the flow of the anti-clockwise eddy becomes strong. It
can also be seen that without the plasma shear stress, the molten metal flows to the molten
bridge along the rear keyhole wall, and only flows out of the molten bridge along the
bottom surface. So the inflow velocity in the molten bridge is high, but the outflow
velocity is decreased. As shown in Fig. 3.22(B), at t = 3.84 s, the molten bridge is very
thick, and the keyhole depth is stable.
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Fig. 3.22 Temperature (K) and fluid flow fields of y=0 cross sectional view at: (A)t=3.76s; (B) t=
3.84 s (Simulation without the plasma shear stress)

The simulation with bottom wall boundary is restarted at t = 3.48 s. As shown in Fig.
3.23(A), the bottom surface is not deformed, and the backward flow on the bottom surface
is suppressed. As shown in Fig. 3.23(B), at 3.84 s, the flow of the anti-clockwise eddy is
weak, and the keyhole depth is stable. The molten bridge is still very thick.
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Fig. 3.23 Temperature (K) and fluid flow fields of y=0 cross sectional view at: (A)t=3.76s; (B) t=
3.84 s (Simulation with bottom wall boundary)

It should be noted that the pressure balance and mass conservation mechanisms are
coupled. When the pressure balance condition is changed, the maximum velocity of the
weld pool is also changed, as shown in Fig. 3.19, Fig. 3.20. If the fluid flow condition is
changed, the keyhole shape is change, which also has great influences on the pressure
balance condition.

Based on the above simulations, the penetrated keyhole is easily formed in the KPAW
process of the material with low melting temperature or low surface tension. However, as
is known to all, the keyhole is difficult to form in the variable polarity plasma arc welding
(VPPAW) of aluminum alloy. The simulation with aluminum alloy thermal conductivity
(Solid thermal conductivity: 235 W/m-K. Fluid thermal conductivity: 90 W/m-K) is
restarted at t = 3.48 s. As shown in Fig. 3.24(A), due to the large thermal conductivity, a

lot of energy is transported from the weld pool to the solid metal. The weld pool becomes
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smaller. As shown in Fig. 3.24(B), the anti-clockwise eddy in the weld pool is disappeared.
The bottom part is solidified, and a penetrated keyhole is not formed. It should be noted
that the VPPAW of aluminum alloy is a very complex process. The simulation in this

study only shows that the material properties have great influences on the keyhole

formation.
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Fig. 3.24 Temperature (K) and fluid flow fields of y=0 cross sectional view at: (A)t=3.52s; (B) t=

3.56 s (Simulation with large thermal conductivity)
3.4.3 Penetrated keyhole stage

The keyhole is penetrated at t = 3.84s. After the penetrated keyhole formation, it can
be seen from Fig. 3.25 that at the top surface of the weld pool, near the keyhole, the
molten metal flows upward and backward due to the reverse flow of the arc plasma, but
obviously flows forward at the rear part of the weld pool. A clockwise eddy is formed
inside the top weld pool. At the bottom surface of the weld pool, the molten metal flows
downward and backward due to the downward flow of arc plasma. An anti-clockwise
eddy is formed inside the bottom weld pool. In our previous study [18], with the help of
an x-ray transmission system, the movement of tungsten particles was observed, and two
contrary convective eddies inside the weld pool were found. With the help of a high speed
camera, the movement of Zirconia particles on the weld pool surfaces was observed, and
the convective patterns on the top and bottom surfaces were measured. The convective
patterns on the weld pool surfaces and inside the weld pool in the numerical simulation

agree well with those in our previous X-ray and high speed camera results.
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Fig. 3.25 Temperature (K) and fluid flow fields of y=0 cross sectional view at: (A) t= 3.84 s; (B) t=
43s

As the plasma shear stress on the top surface of the weld pool is backward, and the
Marangoni force is also backward due to the negative surface tension gradient, so near
the keyhole, the molten metal on the top surface of the weld pool flows upward and
backward. However, in both experiment and simulation, the forward flow can be observed
at the rear part of the top surface of the weld pool. As shown in Fig. 3.26(A), the dot line
indicates the weld pool edge. On the top surface, Zirconia particles P1 and P> locate at the
rear part of the weld pool, and a Zirconia particle Ps is close to the keyhole. As shown in
Fig. 3.26(B) to (C), P; and P, flow forward, and P3 flows backward to the rear part of the
weld pool.

P, and P, flow forward. : P, and P, flow forward.
W P, flows backward. 4mm’ P flows backward. 4mnt

Fig. 3.26 High speed photographs of the movement of the Zirconia particles
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The reason responsible for the forward flow at the rear part of the top surface is
explained based on numerical simulation. Fig. 3.27 shows the temperature and fluid flow
fields of different cross sectional views at t = 4.3 s. It can be seen that near the keyhole
center, the convection pattern on the top surface is similar to that in Fig. 3.25, and the
forward flow can also be obviously observed at the rear part of the top surface of the weld
pool. Near the weld pool edge, the molten metal on the top surface obviously flows

backward to the rear part of the weld pool.
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Fig. 3.27 Temperature (K) and fluid flow fields at t = 4.3 s: (A) y=0.001 mm cross sectional view;
(B) y=0.003 mm cross sectional view

Fig. 3.28 shows the weld pool convection in the three dimensional view att =4.3 s.
Due to the high plasma shear stress, the molten metal near the arc center flows backward
and outward. As shown in Fig. 3.6, when the radius is larger than 0.01 m, the plasma
shear stress is very small. As the rear part of the top weld pool is far away from the arc
center (more than 0.01 m), the plasma shear force here is very small. Besides, due to the
small temperature gradient at the rear part of the top surface of the weld pool, the
Marangoni force is also very small. So at the rear part of the top surface of the weld pool,
when the molten metal reaches the weld pool edge, it will change the flow direction,

causing the forward flow.

775 1013 1251 1489 1727

E |

300 537
Temperature (K) field [

Molten metal changes the flow direction,
causing the forward flow.

Upward and backwar: *cmekwlse eddy
Downward and backwa \ ;’ﬁ-clockwise eddy

Fig. 3.28 Three dimensional temperature (K) field of the weld pool att=4.3 s
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3.4.4 Comparison of experiment and numerical simulation

As shown in Fig. 3.29, both in the numerical simulation and experiment, the keyhole

depth increases very quickly at first, then smoothly, and then quickly again.

Keyhole depth vs weld length

€ 4

£ Experimental results

= 3 .

o 2

© .

v 1 Numerical results

E _

s © b

A 6 8 10 12 14 16 18 20

Weld length (mm)

Fig. 3.29 Keyhole depth vs weld length
The schematic illustration of the convective patterns of the weld pool is shown in
Fig. 3.30. The convective patterns of the weld pool in numerical simulation agree well

with experimental results [18].

@ Convective pattern on the bottom surface

Convective O Convective pattern at the front part of the top surface

patterns @ Convective pattern at the rear part of the top surface

Fig. 3.30 Schematic illustration of the convective patterns of the weld pool

As shown in Fig. 3.31, in the experiment, the weld widths on the top and bottom

surface are 8.65 mm and 4.52mm, respectively. In the simulation, the weld widths on
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the top and bottom surface are 9.06 mm and 3.50 mm, respectively. The calculated weld
geometry is basically in agreement with the experimental result. It should be noted that
the weld width and weld reinforcement obtained by numerical simulation are smaller
than these obtained by experiment, which may be caused by the underestimation of the
downward plasma shear stress after the penetrated keyhole formation. In the future, we
will develop fully coupled plasma arc-keyhole-weld pool model to investigate the
energy propagation and force distribution in the keyhole plasma arc welding.

sTop side

% A

Bottom side

Measured
fusion line

Calculated
fusion line

Fig. 3.31 (A) Top surface of the weld bead; (B) Bottom surface of the weld bead; (C) Comparison

of calculated and experimental weld profiles at the transverse cross section

3.5 Conclusions

In this study, a novel one way coupled electrode-arc-weld pool model considering the
influence of the backside keyhole deviation on the heat source distribution, the influence
of the keyhole constraint on the arc pressure, and the keyhole geometry dependent plasma
shear stress, is developed to study the keyhole formation in the KPAW process. The
conclusions can be summarized as follows:

(1) In the blind keyhole stage, the arc pressure deepens the keyhole. The plasma
shear stress facilitates the fluid flow along the rear keyhole wall and decreases the
curvature of the keyhole. These two forces both contribute to the blind keyhole formation,
and the arc pressure is more dominant.

(2) In the blind keyhole stage, the surface tension pressure is increased, while the
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plasma shear stress is decreased with the increase of keyhole depth, so the keyhole depth
increases very quickly at first, and then smoothly.

(3) Both the pressure balance and mass conservation mechanisms contribute to the
blasting penetration.

(4) The material properties have great influences on the blasting penetration. Low
melting temperature, low surface tension and bottom surface deformation facilitate the
blasting penetration, while high thermal conductivity inhibits it.

(5) In the penctrated keyhole stage, two contrary convective eddies are found inside
the weld pool. At the top surface of the weld pool, the molten metal flows upward and
backward near the keyhole, but obviously flows forward at the rear part of the weld pool.

At the bottom surface of the weld pool, the molten metal flows downward and backward.
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Chapter 4 Analysis of the energy propagation in the keyhole

plasma arc welding process

4.1 Introduction

There are many mechanisms responsible for the electrical energy propagation in the
keyhole plasma arc welding (KPAW) process [106]. For example, thermionic cooling
from the emission of electrons, ion heating and radiation cooling at the cathode; Ohmic
heating and radiation cooling at the arc column; Electron condensation heating, energy
conduction from the arc to the anode and radiation cooling at the anode. As the
distribution of energy during the welding has great influences on the final weld quality
[107], deep understanding of the energy propagation in the KPAW process can help
provide guidance to the welding engineers in developing KPAW procedures to obtain high
quality welds.

It should be noted that in the plasma system, the arc is concentrated and straight
[108,109]. Due to the strong constrained effect of the water cooled copper nozzle, the arc
temperature and arc pressure in the KPAW process are much high [110], and thus a
penetrated keyhole is formed during the welding [6]. However, the penetrated keyhole
formation can’t increase the energy absorption in the KPAW process.

Developing of a coupled model considering complicated interactive phenomena is
necessary to give in-depth knowledge of the energy propagation in the KPAW process. Li
et.al [111, 112] developed a unified model with a preset keyhole to investigate the energy
transport phenomena in the KPAW process, and found 10% of the arc plasma outflowed
from the keyhole exit. Besides, the heat conduction flux was more than two times of
electron condensation flux. Xu et. al [93] also established a similar unified model, and
found that the energy on the top part of the weld pool was produced by the electron
condensation heating and energy conduction, while that on the bottom part was provided
mainly by energy conduction. However, the plasma shear stress was not considered in
their model [93,111,112]. Jian et. al built a unified model to study the interaction
mechanism of the plasma arc, weld pool and keyhole in the stationary KPAW process
[87], and moving KPAW process [88]. The volume of fluid (VOF) method was used to

track the keyhole boundary, and the plasma shear stress was automatically calculated. It
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was found that in the stationary KPAW process, the total heat flux on the weld pool
surface after the keyhole formation distributed in a double-peak type. In the moving
KPAW process, most of the energy were transported to the rear weld pool. A similar
unified model was also developed by Pan et. al [16]. It should be noted that only the
energy propagation in the keyhole formation stage was analyzed in their numerical
simulations [16,87,88]. Besides, due to the bottom surface deformation was ignored, the
numerical convective patterns of the weld pool can’t agree well with the experimental
results [18].

In this study, for the first time, a fully coupled plasma arc-keyhole-weld pool model is
developed to investigate the energy propagation in the KPAW process when the weld pool
reaches the quasi-steady state. The plasma arc is considered as in local thermodynamic
equilibrium (LTE). The turbulent model is introduced to describe the flows of the plasma
arc and weld pool. The plasma shear stress acted on the weld pool surface and the molten
metal flow on the bottom surface are considered. Based on this coupled model, the energy
input, transfer, dissipation and energy efficiency in the KPAW process are calculated and

analyzed.

4.2 Mathematical model and numerical simulation

Fig. 4.1 shows the three dimensional computation domain in the KPAW model. The
computation domain contains the cathode region (tungsten), the nozzles, the arc regions,
and the anode region (basemetal) with a preset keyhole. It should be noted that all the
physic phenomena in the KPAW process are symmetry, so only a half computation
domain is used. The Cartesian coordinate system is used, and its origin locates at the left
bottom of the symmetry plane. The z-axis is normal to the top surface of the workpiece.
The size of the basemetal is 50 mm x 25 mm x 4 mm. The heights of gas region 1 and gas
region 2 are 20 mm and 11 mm, respectively. During the simulation, the welding torch is
stationary, and the basemetal moves from the left side to the right side, so the welding

direction is along the negative x-axis.
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Fig. 4.1 The computation domain in the KPAW model

In previous coupled model [16,87,88], the VOF method was adopted to track the
varying keyhole boundary in the KPAW process, which caused large amount of
calculation. Besides, the calculated flow patterns inside the weld pool can’t agree well
with the X-ray results [18]. In our previous study [35], the arc heat source, arc pressure
and arc shear stress were adopted as boundary conditions in the KPAW weld pool
modelling, in which the VOF method was also used to track the free surface. However,
the plasma arc was ignored in our numerical model. It should be noted that when the
KPAW process reaches the quai-steady state, the weld pool size and keyhole shape are
almost unchanged as time goes by. With this predefined keyhole method, the
amount of calculation is reduced, and reasonable numerical results can be obtained.

In order to simplify the complex interaction of the plasma arc, keyhole and weld
pool in the KPAW process, some assumptions are introduced: (1) The plasma arc is in
LTE, which means the electron temperature and heavy temperature are same. (2) The
plasma arc and weld pool are considered as Newtonian and incompressible fluids. (3) The
flows of the plasma arc and weld pool are turbulent, and the k- ¢ model is used to

describe the turbulent flows [16]. (4) The metal vapor from the weld pool is not
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considered. Based on our previous experimental study [35], the maximum temperature of
the weld pool was only 1875 K when the welding current was 120 A. Jian et. al [103]
investigated the influence of the metal vapor on the weld pool behavior in the KPAW
process based on numerical simulation, and found that the maximum mass fraction of the
Fe vapor was only 0.24% when the welding current was 190 A. In this study, the welding

current is 90 A, so it is reasonable to ignore the effect of the metal vapor.

4.2.1 Mathematic model

4.2.1.1 Governing equations

The mass, fluid flow, energy propagation and current in the computation domain are
governed by the mass, momentum, energy, current and turbulence kinetic energy
conservation equations.

Mass conservation equation:
]
a—‘:+v-(pv)=0 4.1)
where o is the density, ¢ is the time, v is the velocity vector.

Momentum conservation equation:

20 4+ V- (pvv) =—VP -V -T+]XB+G +5, 4.2)

The Boussinesq’s approximation is used to calculate the buoyance force in the weld
pool [90]. The porous media drag model is used to deal with the solid- liquid phase
change in the weld pool, and the Darcy damping force Sy is included in the momentum

conservation equation [91].

In the plasma arc, G = pg, S, =0 (4.3)

_ 2
In the weld pool, G = pgB(T —T,)» S, = C, (;3’; Uy (4.4)
l

The liquid fraction f; is given by [29]:

0 I<T;
Il

fi=y 77 GST<T; (4.5)
1 T

where P is the pressure, 7 is the viscosity stress tensor, J is the current density vector,
B is the magnetic flux density vector, g is the gravitational acceleration, £ is the

thermal expansion coefficient, Cy is the mushy zone constant, & is a non-zero fractional
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denominator constant, 7 is the temperature of the weld pool, 7; and T are the liquidus
and solidus temperatures of the basemetal.

Energy conservation equation:

%’?+V-(pvh)=V(§Vh)+]-E—Sh (4.6)
14
In the plasma arc, the radiative loss is considered. S, = U 4.7)
In the weld pool, the latent heat of fusion is considered. S; = AH % (4.8)

where / is the enthalpy, K is the thermal conductivity, ¢, is the specific heat, E is the
electric field vector, U is the radiative loss of the plasma arc, 4 H is the latent heat of
fusion of the basemetal.

Current conservation equation [113]:

V-(aVp)=0 4.9)
Ohm’s law [113]:

J=-0(Ve) (4.10)
Vector potential [113]:

VA = —u,f (4.11)
Magnetic field [113]:

B=VxA (4.12)

where ¢ is the electric conductivity, #is the electric potential, A4 is the vector potential,
U 1s the permeability of vacuum.
The standard two-equation &~ ¢ model is used. The turbulence kinetic energy, &, and

its rate of dissipation, ¢, are obtained from the following conservation equations [16]:

0

= (pk) + V- (pvk) = V- <(# + ;‘—;) Vk) + Gy — pe (4.13)
0 ) . He C1Grpe Cype?

2 (pe) + V- (pve) =V ((u + ag) Vs)  SAOKEE_ ZoPE (4.14)

The generation of the turbulence kinetic energy, G, due to the mean velocity

gradients is calculated by:

=[5 + (32 + G|+ G+ 5) + (5 3 + (2 3 )

(4.15)
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The turbulent viscosity, #;, is given by:

k2

He = Cup— (4.16)
The turbulent thermal conductivity, K;, is derived from the Prandtl number of the

turbulence:

Pr, = Cf{‘:f =09 (4.17)

where # is the fluid viscosity, vy, v, and v; are the fluid velocities in the x, y, z directions.
The recommended values for the empirical constants are ¢,.=0.09, ¢1 =1.44, c,=1.92, o©
r=1.0and o .=13.

4.2.1.2 Boundary conditions

It should be noted that there is a sheath layer between the arc and metal, where the
heavy particle temperature and electron temperature are different. The LTE conservation
equations can’t be used in this layer. In our previous study, the LTE-diffusion
approximation was proposed. The mesh size close to the sheath was set to the diffusion
length of electrons, so the non-LTE region can be avoided in the numerical simulation. In
this study, the LTE-diffusion approximation is used to treat the plasma arc / metal
interface.

At the cathode surface, the additional heat flux including the cathode thermionic
cooling, ion heating, conduction energy and radiation cooling is considered [115]. The
conduction energy is determined by solving the energy conservation equation in the whole
computation domain.

H. = =ljeloc + jilV; — eraT* (4.18)

At the anode surface, the additional heat flux including the electron condensation
heating, conduction energy (¢g.) and radiation cooling is considered [115].

H, = |j|(pa +qc— graT4 (4-19)

Tg—Tm

qdc = _keff 5 (420)

where j. is the electron current density, j; is the ion current density, j is the current density

at the anode surface, ¥.is the work function of the cathode, ¥, is the work function of
the anode, V; is the ionization potential of argon, ¢, is the surface radiation emissivity,
a is the Stefan-Boltzmann constant, ke is the effective thermal conductivity, &'is the

length of the anode sheath region, 7, and 7, are the arc temperature and metal temperature
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at the interface, respectively.

The arc pressure, Marangoni force, plasma shear stress, Lorentz force, and buoyancy
force are five principal forces for the fluid flow in the weld pool. The Lorentz force and
buoyancy force are volumetric forces, which are described in Eq. (4.2) and Eq. (4.4). The
arc pressure, Marangoni force and plasma shear stress act on the weld pool surface.

The pressure boundary at the keyhole wall is given as:

P=P,. _g 4.21)

The momentum boundary of the weld pool surface at the tangential direction is

given as:
d

—u% =Ty + T, (4.22)
The Marangoni force is calculated as follows [116]:
_ dror

Tm = 3555 (4.23)

In previous studies, the shear stress caused by the normal impingement of a jet on a
flat surface was adopted to describe the arc shear stress [34,117]. In this study, the

plasma shear stress is calculated as follows:

vy

Tp =='-Lﬁ,?;: (4.24)
where Pur. 1s the arc pressure, }is the surface tension, R is the keyhole radius, #is the
fluid viscosity, v is the tangential fluid velocity, 4, is the plasma viscosity, v, is the

plasma velocity, § is the tangential vector, n is the normal vector.

The detailed boundary conditions can be seen in Table 4.1.

Table 4.1. External boundary conditions in the numerical simulation

Boundary V T (K) ¥ (V) A (T.m)
Top electrode - 300 j= e G_A —0
surface(Wall) mr? on

Top nozzles surfaces - 300 99 _0 24 _
(Wall) on on

Plasma gas inlet 1.7 L/min 300 a9 _ 0 A _
(Mass flow inlet) on on

Shielding gas inlet 7.5 L/min 300 6_([) =0 a_A _
(Mass flow inlet) on on

Left workpiece 0.003 m/s 300 99 _ 04 _
on on
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surface

(Velocity inlet)

Right workpiece - - de _ 0 [ _
surface on on

(Pressure outlet)

Back workpiece - —heon VT 0 0

surface (Wall) —&, aT*

Arc out surfaces - 300 ¢ 0A

=’ a0

(Pressure outlet)

where [ is the welding current, 7 is the tungsten radius, /.o, is the convective heat transfer

coefficient.

4.2.2 Numerical simulation

The conservation equations are solved by the commercial CFD solver FLUENT. The
User-Defined Scalar (UDS) is used to treat the electromagnetic scalar equations, and the
User-Defined Function (UDF) is used to treat the source terms. A non-uniform grid
system is used: 0.1 mm near the cathode, 0.3 mm in the arc region and weld pool, and
0.5mm in other parts. The governing equations and auxiliary equations are solved
iteratively by the Pressure-Implicit with Splitting of operators (PISO) algorithm. The
momentum and energy equations are discretized by Second Order Upwind difference.
The turbulent kinetic energy, turbulent dissipation rate and User-Defined Scalar are
discretized by First Order Upwind difference. The convergence criteria for the residuals
of continuity, momentum, turbulent kinetic energy, turbulent dissipation rate and User-

Defined Scalar is 10, The convergence criteria for the residual of energy is 10,

4.3 Experimental method

Fig. 4.2 shows the welding setup used in the experiment. A welding power source
(NW-300ASR, Nippon Steel Welding & Engineering Co., Ltd.) and a transfer-type
plasma arc welding torch (100WH, Nippon Steel Welding & Engineering Co., Ltd.) are
used as the welding equipment. The diameter of the torch orifice is 2.0 mm and the
electrode setback is 3.0 mm. The base metal is the stainless steel SUS304 plates with the
dimension of 300 mm x 100 mm x 4 mm. The thermo-physical material properties of

SUS304 stainless steel can be seen from our previous study. The distance between the
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nozzle and the base metal is about 5.0 mm. The welding current is DC90 A and the
welding speed is 3 mm/s. The pure Ar is used as the main plasma gas and shielding gas.
In order to protect the back weld bead from being oxidized, a back-shielding gas box is
put on the welding jig during the welding. The main plasma gas flow rate is 1.7 1/min,

and the shielding gas flow rate is 7.5 1/min.

Welding direction
3 mm/s

-t

Weldin ¥ Back-shielding | 304 stainless steel
jig ' gas box Thickness: 4mm

Fig. 4.2 The photograph of the welding setup

4.4 Results and discussion

Based on the numerical simulation, the plasma arc physics and weld pool convection
are studied. The energy propagation from the arc to the weld pool, the energy propagation

inside the weld pool and the energy efficiency are elucidated.

4.4.1 Energy propagation from the arc to the weld pool

Fig. 4.3 shows the temperature distribution in the symmetry plane. It can be seen that
due to the constraint of the water cooled copper nozzle (Region 1), the arc temperature
and arc temperature gradient near the nozzle are very high, and the maximum temperature
(about 24000 K) can be observed at the torch axis. In the region below the nozzle and
above the basemetal (Region 2), without any constraint, the arc expands freely in the
horizontal direction. In the keyhole (Region 3), the arc is also confined by the keyhole.

Below the basemetal (Region 4), the efflux arc can be observed from the keyhole exit.
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Fig. 4.3 The arc temperature distribution of the KPAW process in the symmetry plane

The arc temperature distribution along the torch axis is shown in Fig. 4.4. It can be
seen that in region 1, the arc temperature is increased firstly, and then decreased. In the
region 2, without any constraint, the arc temperature is decreased very sharply, and the
average decreasing rate is 1970000 K/m. In the region 3, due to the constraint of the
keyhole, the arc temperature is decreased slowly at the top part of the weld pool. At the
bottom part of the weld pool, the constraint effect becomes weak, and the arc temperature

is decreased quickly. The average decreasing rate in Region 3 is 287500 K/m.
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Fig. 4.4 The arc temperature distribution along the torch axis
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Based on Eq. (4.20), the conduction energy flux from the arc to the weld pool can be
calculated. As shown in Fig. 4.5 (A), the conduction energy flux at the top part of the
weld pool is higher than that at the bottom part of the weld pool. Besides, the maximum
conduction energy flux locates at the middle of the rear keyhole wall, and its value is
2.685E7 W/m?. It should be noted that that the conduction energy flux is highly related
to the temperature difference between the arc temperature and metal temperature. The
metal temperature at the bottom front keyhole is lower, as shown in Fig. 4.3, but the arc
temperature is much higher at the top and rear parts of the keyhole, as shown in Fig. 4.5
(B), so the conduction energy flux at the top and rear parts of the keyhole is higher.

Energy heat
flux [Wim?]

H 268567

2.148E7

Arc Temp g
3

l 9240

73%0

|
| 1811E7
‘ 1.074E7
energy flux:

537088 2.685E7 W/m? 199 bz
" A v{ X!
00 300

0 0.0025 0.005 (m) 0 0.0025 0.005 (m)
— — — —

5540

l 3700

Max conduction

Fig. 4.5 (A) The conduction energy flux from the arc to the weld pool; (B) The arc temperature at the

interface

Fig. 4.6 (A) and (B) shows the electric energy flux and total energy flux from the
arc to the weld pool. The electric energy flux at the top part of the weld pool are much
higher than that at the bottom part of the weld pool, which means that the welding current
flows mainly from the top part of the weld pool to the tungsten. It should be noted that
the current density distribution is determined by the electric conductivity and conductive
area. In region 3, the arc temperature is within the range of [11000 K, 13000 K], and the
electric conductivity increases with the temperature. From the top to the bottom part of
the weld pool, the arc temperature and electric conductivity are decreased, so the current
density is also decreased. The maximum electric energy flux is 2.682E7 W/m?, which is
similar to the maximum conduction energy flux. The maximum total energy flux locates

at the top of the side keyhole wall, and its value is 4.648E7 W/m?.
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Fig. 4.6 (A) The electric energy flux from the arc to the weld pool; (B) The total energy flux from the arc
to the weld pool

4.4.2 Energy propagation in the weld pool

As discussed above, the arc temperature (Max temp: 24000 K) and the total energy
flux at the top part of the weld pool in the KPAW process are very high. As shown in Fig.
4.7, a high temperature region is formed near the keyhole. However, the maximum
temperature of the weld pool is only 1857 K, which means that the energy is not
accumulated on the top weld pool surface in the KPAW process. It can also be seen that

the weld pool size on the top surface is larger than that on the bottom surface.

Weld pool
Temp [K]

1900
! 1671
| je03 Weld pool

1214

985

757

528

Max Temp:
1857 K 0.005 0.01 (m)

300

Fig. 4.7 The temperature distribution of the weld pool in the numerical simulation
The energy conduction and energy convection are two main mechanisms for the
energy propagation in the weld pool, and the Peclet number can be used to determine
which mechanism is dominant. The three dimensional convective patterns inside the weld
pool and the weld pool convective patterns in the symmetry plane are presented in Fig.
4.8. It can be seen that there are two dominant convective eddies inside the weld pool: a

clockwise eddy at the top part of the weld pool, and an anti-clockwise eddy at the bottom
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part of the weld pool. At the top and bottom surfaces, the molten metal flows backward.
The maximum velocity of the weld pool is 0.2884 m/s. Based on Eq. (4.25), the Peclet
number of the weld pool is about 319. In previous study, the Peclet number of the weld
pool in double electrodes tungsten inert gas welding was calculated, and its value was
only 77 [100].

Qualitatively, when the Peclet number is larger than 10, the contribution of the

energy convection increases. The much high Peclet number means that the energy
convection caused by the fluid flow is the dominant mechanism for energy propagation
in the weld pool in the KPAW process [118].
Pe = pCVL/K (4.25)
where p is fluid density (6900 kg/m?®), C is specific heat (720 J/kg-K), L is the
characteristic length (Weld pool surface radius: 0.00633 m), V is the characteristic
velocity (0.2884 m/s), K is thermal conductivity (28.4 W/m-K).

(A) Three dimensional convective patterns in the weld pool
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Fig. 4.8 The weld pool convective patterns
Our previous study showed that the arc pressure and plasma shear stress are the two
most important driven forces for the fluid flow in the KPAW process [35]. It should be

noted that the arc pressure and plasma shear stress are obtained using an electrode-arc
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model with flat surface, which is much different from actual welding process. In this study,
the arc pressure and plasma shear stress distributions along the keyhole wall are presented.

As shown in Fig. 4.9, in the x direction, the arc pressure is negative at the front
keyhole wall, and positive at the rear keyhole wall, and the minimum value is -1.189ES8
N/m?>. In the y direction, the arc pressure is positive at the front and rear keyhole walls,
and the maximum value is 5.012E7 N/m®. In the z direction, the arc pressure is negative
at the front keyhole wall and top part of the rear keyhole wall, and the minimum value is
-5.434E7 N/m>. It should be noted that in the KPAW process, the keyhole channel is
backward curved [119], as shown in Fig. 4.9 (D). As a result, the arc pressure is positive

at the bottom part of the rear keyhole wall in the z direction.
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Fig. 4.9 The arc pressure distribution along the keyhole wall: (A) In the x direction; (B) In the y
direction; (C) In the z direction; (D) The schematic diagram of the keyhole

Fig. 4.10 shows the plasma arc velocity distribution in the symmetry plane. It can
be seen that at the top part of the weld pool, the plasma arc strikes the front and rear
keyhole walls, and then flows upward and outward. At the bottom part of the weld pool,
the plasma arc strikes the keyhole wall, and then flows downward. So both the reverse

flow and downward flow of the plasma arc exist inside the keyhole.’
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Fig. 4.10 The plasma arc velocity distribution in the symmetry plane

As shown in Fig. 4.11, due to the reverse flow of the plasma arc, at the top part of
the weld pool, the plasma shear stress is outward in the x and y directions, and upward in
the z direction. Due to the downward flow of the plasma arc and the reduction of bottom
keyhole cross-sectional area, at the bottom part of the weld pool, the plasma shear stress
is inward in the y direction, and downward in the z direction. The maximum shear stress
locates at the bottom of the keyhole wall. It should be noted that owing to the backward
curved keyhole channel, as shown in Fig. 4.11 (D), the shear stress is inward at the bottom
part of the front keyhole wall, but outward at the bottom part of the rear keyhole wall in

the x direction.
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Fig. 4.11 The shear stress distribution along the keyhole wall: (A) In the x direction; (B) In the y direction;
(C) In the z direction; (D) The schematic diagram of the keyhole

4.4.3 Energy efficiency

As shown in Fig. 4.12, the conduction energy from the arc to the cathode is 215.9 W,
and the energy gained by the cathode from ion bombardment (ion heating) is 704.9 W.
The thermionic cooling and radiation emission of the cathode is 739.7 W and 23.2 W,
respectively. The Ohmic heating in the cathode is 21.6 W, and the conduction energy loss
through the top of the cathode is 135.4 W.

The Ohmic heating in the arc column is 2975 W. The conduction energy loss through
the arc out surfaces is 1012.3 W, and the energy loss by radiation from the arc plasma is
316.1 W.

The conduction energy from the arc to the anode is 1375.4 W, and the electron
condensation heating by the electrons absorbed at the anode surface is 438.7 W. The
Ohmic heating in the anode is 1 W, and the radiation emission of the anode is 58 W.

As shown in Fig. 4.5 and Fig. 4.6(A), even though the maximum conduction energy
flux and maximum electric energy flux are similar, the distribution area of the conduction
energy flux is much larger, so the conduction energy from the arc to the anode is much
higher than the electron condensation heating. It should be noted that the conduction
energy and electron condensation heating are about equal in the GTAW process [17]. The

reasons can be explained as following: When the same welding current is used, the arc
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size in the KPAW process is larger than that in the GTAW process, and a large penetrated
keyhole is formed in the KPAW process, so the arc-anode area in the KPAW process is
much larger. Besides, the arc temperature in the KPAW process is much larger than that
in the GTAW process. All of these reasons contribute to a higher conduction energy /
electron condensation heating ratio in the KPAW process than that in the GTAW process.

Another interesting thermo-physical phenomenon is that the radiation loss of the
anode in the KPAW process is very high. This is because during the KPAW process, a
large penetrated keyhole is formed, and the weld pool size is much large (the top weld
pool length is 15.7 mm in the numerical simulation), so the radiation area and radiation
loss are increased. However, Pan et.al [16] calculated the radiation loss of the anode in
the stationary KPAW process at 0.4 s, and the value was only 2.7 W. The reasons can be
explained as following: In the moving KPAW process, the model is not axisymmetric, so
a large three dimensional computation domain is used. The weld pool size in the moving
KPAW process is much larger than that in the stationary KPAW process. Besides, the
radiation loss at the bottom surface in this study is also considered.

The calculated arc efficiency for heating the anode in this study is only 60.7%, which
is much lower than these in the GTAW [17] and GMAW [107] processes. Metcalfe et.al
proposed that the efficiency of energy transfer to the anode was 60%~66% in a 10 kW
plasma welding arc [43]. Evans et.al measured the arc efficiency in the variable polarity
plasma arc welding of 6061 aluminum alloy, and found that when the current was 110 A,
and voltage was 32 'V, the arc efficiency was about 60% [120]. As discussed above, the
calculated arc efficiency in our study is reasonable. In the KPAW process, the arc size is
large, and the arc temperature is high, so the conduction energy loss and radiation loss of
the plasma arc are high. It should be noted that multiple reflections and Fresnel absorption
by the keyhole do not happen in the KPAW process. Actually, due to the formation of the
penetrated keyhole, the energy is dissipated from the efflux arc. The conduction energy
loss from the efflux arc to the bottom surface of the computation domain is calculated,

and its value is 341.4 W, which accounts for 11.5% of the arc energy.
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Fig. 4.12 The energy balance in the KPAW process

4.4.4 Validation of the numerical simulation

Fig. 4.13 shows the convective patterns of the weld pool based on previous high
speed X-ray and high speed video camera results [35]. It can be seen that two convective
eddies exist inside the weld pool: a clockwise eddy at the top part of the weld pool and
an anti-clockwise eddy at the bottom part of the weld pool. At the top weld pool surface,
the molten metal flows upward and backward. At the bottom weld pool surface, the
molten metal flows downward and backward. The calculated convective patterns agree

well with experimental results.
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Fig. 4.13 The convective patterns of the weld pool based on the previous high speed X-ray and high speed

video camera results
Based on the observation of the thermal camera in our previous study [19], the
maximum temperature of the weld pool in the KPAW process is about 1875 K when the
welding current is 120 A. It can be concluded that the maximum temperature of the weld
pool is in the range of 1697 K~1875 K when the welding current is 90 A. In this study,

the calculated maximum temperature is about 1857 K.

As shown in Fig. 4.14, in the simulation, the weld widths on the top and bottom
surfaces are 6.33 mm and 1.67 mm, respectively. In the experiment, the weld widths on
the top and bottom surface are 5.67 mm and 1.70mm, respectively. The calculated weld
geometry is basically in agreement with the experimental result. It should be noted that
the weld width at the top surface obtained by the numerical simulation is larger than that

obtained by experiment, which may be caused by the overlook of undercut formation.

(A) Weld pool 300 579 858 1138 1418 1697 @)

Temp [K] - ] [T§ J

y
/

Measured
fusion line

Calculated
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Fig. 4.14 (A) The calculated weld pool at the transverse cross section (B) The comparison of

calculated and experimental weld profiles at the transverse cross section
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As discussed above, the calculated the convective patterns of the weld pool and at the
weld pool surfaces, maximum weld pool temperature, weld geometry and energy

efficiency are in good agreement with our and previous experiment results.

4.5 Conclusions

In this study, a novel fully coupled plasma arc-keyhole-weld pool model is developed
to investigate the energy propagation when the weld pool reaches the quasi-steady state
in the KPAW process. The conclusions can be summarized as follows:

(1) The conduction energy flux, electric energy flux and total energy flux from the
arc to the top weld pool are larger than these from the arc to the bottom weld pool. The
maximum conduction energy flux and maximum electric energy flux are similar, while
the distribution area of the conduction energy flux is much larger. As a result, the
conduction energy from the arc to the anode is much higher than the electron condensation
heating.

(2) The energy convection caused by the fluid flow is the dominant mechanism for
energy propagation in the weld pool in the KPAW process. Under the influence of the arc
pressure and plasma shear stress, two dominant convective eddies exist inside the weld
pool.

(3) In the KPAW process, the arc size is large, and the arc temperature is high, so the
conduction energy loss and radiation loss of the plasma arc are high. The keyhole
formation can’t increase the energy absorption, and 11.5% of the arc energy are lost by
the efflux arc. The calculated energy efticiency for heating the anode in this study is only
60.7%.
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Chapter 5 Interactive phenomena in the hybrid KPAW-P-
GMAW process

5.1 Introduction

In order to suppress weld defects and improve the weld bead formation of keyhole
plasma arc welding (KPAW), paraxial hybrid keyhole plasma arc welding and gas metal
arc welding (KPAW-GMAW) is proposed by many researchers [11,12], by which carbon
steel plates with the thickness of 12 mm can be successfully welded with only one pass
[11]. In this welding process, the plasma torch is located at the leading direction, and the
tungsten electrode is the cathode. The GMAW torch is located at the rearing direction,
and the welding wire is the anode.

As is known to all, pulsed-GMAW, especially one pulse one drop (OPOD) metal
transfer mode, is capable of reducing spatters and stabilizing the GMA [121]. However,
the welding parameter range for getting the stable OPOD mode is very narrow [122,123].
In this study, the paraxial hybrid KPAW-P-GMAW was carried out, and the stable OPOD
mode was obtained. During the welding, the arc and droplet behaviors, keyhole and weld
pool were observed by a high speed video camera (HSVC). The fluid flow of the weld
pool was measured with the help of Zirconia particles. The weld pool temperature was
measured by a thermal camera. Based on the observation of the complicated interactive
phenomena of the arc, droplet, keyhole and weld pool in the hybrid KPAW-P-GMAW, the
influences of arc interference and keyhole behaviors on the droplet transfer were
discussed. The convective patterns in the weld pool and their driven forces were revealed.
The interesting thermo-physical phenomenon that even though the heat input was much
higher, the maximum temperature of the weld pool in the hybrid KPAW-P-GMAW was

lower in comparison with the P-GMAW, was also explained.

5.2 Experimental procedures

The welding experimental setup is shown in Fig. 5.1. A transfer-type plasma arc

welding torch (100WH, Nippon Steel Welding & Engineering Co., Ltd.), a KPAW power
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source (NW-300ASR, Nippon Steel Welding & Engineering Co., Ltd.), a GMAW power
source (DP 350, Daihen Co., Ltd) and a wire feeder (CM-7401, Daihen Co., Ltd) were
used as the welding equipment. Carbon steel plates with the thickness of 12 mm (SS400)

were used as the base metal. A constant current was adopted for the KPAW, and the pulsed

mode was adopted for the GMAW. Detailed welding parameters can be seen in Table.
5.1.

CM-7401, DP 350,
Daihen Co., Ltd Daihen Co., Ltd

PIAC NW-300ASR 100WH
2SI Nippon Steel Nippon Steel
Welding & Welding & feeder GMAW
Engineering Engineering power
+ Co., Ltd. Co., Ltd. source

Wire

High speed
video camera

prefabricated Zirconia
hole particles

Fig. 5.1 The welding experiment setup of the hybrid KPAW-P-GMAW
Table. 5.1 Detailed welding parameters
KPAW KPAW KPAW KPAW torch GMAW Welding CTWD
torch orifice  electrode electrode = and GMAW  torch angle wire (KPAW)

diameter diameter setback torch diameter
distance

4.0 mm 4.8 mm 3 mm 22 mm 70° 1.2 mm 5 mm

CTWD Welding Plasma gas KPAW GMAW KPAW  Wire feed
(GMAW) speed flow rate shielding shielding current rate

(Ar) gas flow rate  gas flow rate
(A1) (Ar)
15 mm 3 mm/s 2.5 I/min 10 1/min 15 1/min DC280A 5.8 m/min

During the welding, the current waveform of the GMAW was measured by a clamp
meter, and sent to a data logger with a frequency of 1MHz. The arc and droplet behaviors
were observed by the HSVC, and the frame rate was 2000 frame/s. In order to measure
the fluid flow of the weld pool, before the welding, the Zirconia particles were put into

prefabricated holes in the base metal. During the welding, the movement of the Zirconia
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particles on the top weld pool surface was measured by the HSVC with a frame rate of
2000 frame/s. A thermal camera (Miro Ex4 Phantom, Vision research Inc.) including three
color sensors composed of Red (R), Green (G) and Blue (B) was adopted to obtain the
weld pool surface images immediately after switching off the arcs. The weld pool
temperatures can be calculated from the ratio of the R sensor signal to the G sensor signal
in the images based on the two color pyrometry method. It should be noted that the arcs
completely disappear within 1.0 ms after switching off the arcs, so the surface temperature
decrease can be ignored [20]. Detail descriptions of the observation and measurement
methods can be seen in our previous work [35]. For the P-GMAW and hybrid KPAW-P-
GMAVW, the temperatures of the weld pools were obtained after the droplet transfer in the

base current stage.

5.3 Results
5.3.1 Arc and droplet behaviors in the hybrid process

The current waveform, arc and droplet behaviors in the hybrid KPAW-P-GMAW are
shown in Fig. 5.2. In the peak current stage, both the PA and GMA are very bright. Two
arcs connect, and a direct current path forms between the KPAW cathode (tungsten
electrode) and GMAW anode (welding wire) through the arc plasma, as shown in Fig.
5.2(A). In the current decrease stage, two arcs separate, and the arc interference becomes
weak, as shown in Fig. 5.2(B). At the end of the current decrease stage, as shown in Fig.
5.2(C), the GMA is still bright near the wire axis, while very weak far from the wire axis.
In the base current stage, as shown in Fig. 5.2(D), the GMA is rather weak, and a
globular droplet is detached from the tip of the welding wire. In Fig. 5.2(E), the droplet
almost arrives at the top surface of the weld pool. The average current in the hybrid
KPAW-P-GMAW is 170.1 A. In summary, the stable OPOD mode can be obtained in the
hybrid KPAW-P-GMAW. The arc interference is strong only in the peak current stage.
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Fig. 5.2 The current waveform, arc and droplet behaviors in the hybrid KPAW-P-GMAW

The current waveform, arc and droplet behaviors in the P-GMAW are shown in Fig.
5.3 and Fig. 5.4. Two droplet transfer modes are observed: globular transfer mode, and
short circuit transfer mode.

As shown in Fig. 5.3, in the peak current stage, the GMA is very bright. In the current
decrease stage, the arc length and width decrease. In the base current stage, a

globular droplet is transferred. The average current in the P-GMAW is 157 A.

Droplet « ‘ Droplet
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Droplet ¢
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Fig. 5. 3 The current waveform, arc and droplet behaviors in the P-GMAW
As shown in Fig. 5.4, the GMA length is small. When a globular droplet is almost

detached from the tip of the welding wire, it contacts the weld pool, and the GMA is

extinguished.

t=t, ms Welding t=t,+2.0ms t=t,+4.0ms
direction 3

Droplet

Droplet S5

Weld pool ¢

GMA L ” 2 The droplet contacts the weld pool

Weld pool Weak GMA Weld pool

, and the GMA is extinguished

Fig. 5. 4 The short circuit transfer mode in the P-GMAW
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Here, the wire extension length (L) and arc length (L») are presented based on
statistics of several pulse periods. It can be seen from Fig. 5.5 that the wire extension
length in the hybrid KPAW-P-GMAW and P-GMAW (globular transfer mode) is 5.4 mm
and 7.1 mm, respectively. The arc length in the hybrid KPAW-P-GMAW and P-GMAW
(globular transfer mode) is 7.1 mm and 6.4 mm, respectively. In summary, the wire
extension length is shorter, while the average arc length is larger in the hybrid KPAW-P-
GMAW.

Welding direction GMAW Torch GMAW Torch

KPAW Torch

7.1 mm

Fig. 5.5 Comparisons of arcs in the hybrid KPAW-P-GMAW process and P-GMAW

The droplet diameter, droplet velocity and droplet transfer frequency are shown in
Fig. 5.6 based on statistics of several pulse periods. The droplet diameter (D) in the hybrid
KPAW-P-GMAW and P-GMAW (globular transfer mode) is 1.14 mm and 1.22 mm,
respectively. The droplet velocity (V) in the hybrid KPAW-P-GMAW and P-GMAW
(globular transfer mode) 1s 1.16 m/s mm and 0.69 m/s, respectively. The transfer
frequency (f) in the hybrid KPAW-P-GMAW and P-GMAW (globular transfer mode) is
119 Hz and 107 Hz, respectively. In summary, the droplet velocity and droplet transfer
frequency increase, while the droplet diameter decrease in the hybrid KPAW-P-GMAW.

Welding direction

KPAW Torch

D= 1.14 mmfm KPAW Torch D= 1.22 mm
A= 1.16 m/s . V= 0.69 m/s
Droplet “¥Sga H2 - g% =107 Hz

¢ GMA ° -
GMA s Droplet

Fig. 5. 6 Comparisons of droplet behaviors in the hybrid KPAW-P-GMAW and P-GMAW

5.3.2 Convective patterns in the hybrid process

As shown in Fig. 5.7(A), in the base current stage, a particle cluster can be seen on
the top surface near the PA, and the distance from the PA center is 7.28 mm. In the peak
current stage, as shown in Fig. 5.7(B), two arcs connect. In the current decrease stage, it
can be seen from Fig. 5.7(C) that the particle cluster flows away from the PA, and the
distance from the PA center is 7.93 mm. As time goes on, as shown in Fig. 5.7(D), (E)
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and (F) that the distance between the particle cluster and PA center increases. In summary,
the molten metals on the top surface near the PA flow backward in the hybrid KPAW-P-
GMAW.

Connected arc

Fig. 5. 7 Convective patterns on the top surface near the PA

As shown in Fig. 5.8(A), in the base current stage, a particle cluster can be seen on
the top surface before the GMA, and the distance from the welding wire center is 5.38
mm. After the peak current stage (as shown in Fig. 5.8(B)), the particle cluster flows
forward, and the distance from the welding wire center is 7.20 mm, as shown in Fig.
5.8(C). In the base current stage, as shown in Fig. 5.8(D), the particle cluster flows
backward, and the distance from the welding wire center decreases. After next two
periods, as shown in Fig. 5.8(E)~(I), the particle cluster flows forward. At last, the particle

cluster stops at the weld pool side.

Fig. 5.8 Convective patterns on the top surface before the GMA
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As shown in Fig. 5.9(A), in the current decrease stage, three particles can be seen on
the top surface after the GMA. In the base current stage, the distances between the
particles and welding wire center increase, as shown in Fig. 5.9(B). In next period, it can
be seen from Fig. 5.9(C) and (D) that the particles flow backward, and then arrive at the
rear part of weld pool. It can be concluded that the molten metals after the GMA mainly
flow backward in the hybrid KPAW-P-GMAW.

The convective patterns in the P-GMAW and KPAW can be seen in previous studies.
The convective patterns on the top surface in the P-GMAW are similar to these in Fig.
5.9 [124], and the convective patterns on the top surface in the KPAW are similar to these

in Fig. 5.7 [10].

=t; +4.0ms

Fig. 5.9 Convective patterns on the top surface after the GMA

5.3.3 The temperature distribution and weld bead formation in the hybrid process

As shown in Fig. 5.10, in the hybrid KPAW-P-GMAW, a high temperature region can
be seen near the GMA, and the maximum temperature is 2489 K. In the P-GMAW, the
maximum temperature near the GMA is 2584 K, and high temperature regions can also
be seen at the rear part of the weld pool. It can also be seen from Fig. 5.10 that even
though the welding current in the KPAW is very high, the maximum temperature of the
weld pool is only 2259 K, which is much smaller than these in the hybrid KPAW-P-
GMAW and P-GMAW.
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Fig. 5.10 The weld pool temperature distributions in the hybrid KPAW- P-GMAW, P-GMAW and KPAW
In the hybrid KPAW-P-GMAW, as shown in Fig. 5.11(A), sound weld bead formation

can be obtained. In the P-GMAW, the weld width is narrow, and the reinforcement is high.
In the KPAW, undercut forms at the weld toe.

Narrower width,
higher reinforcemeht
A

Fig. 5.11 The weld bead formation: (A) Hybrid KPAW-P-GMAW; (B) P-GMAW; (C) KPAW
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5.4 Discussion

5.4.1 Influences of arc interference and keyhole behaviors on the droplet transfer

Even though both the hybrid Laser-P-GMAW and hybrid KPAW-P-GMAW are
characterized by the complex interaction of the arc, droplet, keyhole and weld pool, the
influences of arc interference and keyhole behaviors on the droplet transfer in these two
welding processes are totally different. In the hybrid Laser-P-GMAW, the maximum weld
pool temperature on the keyhole wall is higher than the boiling temperature of the material,
and large amount of metal vapor is produced. As shown in Fig. 5.12(A), the metal vapor
ejected from the keyhole produces a resistant force on the droplet [72]. Besides, owing to
the arc contraction caused by the strong laser plasma, the current at the droplet is
converged. Based on Eq. (5.1) [125], the electromagnetic resistant force of the droplet
transfer increases [73]. All of these reasons contribute to the suppression of the droplet

transfer in the hybrid Laser-P-GMAW.

__ Hol? [1 _ r4sind 1 2 ( 2 ]
Femz - 4 L4 ln( Tw )+ 1-cos®  (1-cos0)? In 1+cose) (5'1)

where [ is the welding current, rq is the droplet radius, 7, is the wire radius, ¢ is the arc

hanging angle and 1 ¢ is the permeability of free space.

Detailed comparisons of arc, droplet and keyhole behaviors between the hybrid
Laser-P-GMAW and hybrid KPAW-P-GMAW can be seen in Table. 5.2. In the hybrid
KPAW-P-GMAW, the maximum weld pool temperature is only 2259 K, which is much
lower than the boiling temperature of the material (2900 K), so the metal vapor ejected
from the keyhole can be ignored, and the metal vapor jet force has a minor influence on
the droplet transfer. Owing to the formation of a direct current path between the KPAW
cathode (tungsten electrode) and GMAW anode (welding wire), the ionized PA is
extended to the GMA side. Based on the minimum voltage principle, an arc has an
automatic dropping tendency to drive the electric field intensity E to the minimum value
[126]. As the GMA is heated by the PA, it will automatically expand, and the cross section
area of the GMA increases. Therefore, the current density decreases, and the electric field
intensity E has the maximum reduction. As shown in Fig. 5.12(B), the current at the
GMAW droplet is diverged, and the Lorenz force acts as a detachment force, so the

droplet velocity and droplet transfer frequency increase, and the droplet diameter
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decreases in the hybrid KPAW-P-GMAW in comparison with the P-GMAW. As a result,
the wire extension length is shorter, and the arc length and width are larger in the hybrid
KPAW-P-GMAW in comparison with the P-GMAW. In summary, the coupled arcs
improve stability of the OPOD metal transfer mode in the hybrid KPAW-P-GMAW.

Laser Fame GMAW Welding direction
beam E torch

Fu
Laser E GMA Conductive
plasma é’ region

Fomz: Electromagnetic
contraction force
F, : Surface tension

Fy : Metal vapor resistant force
F,: Plasma flow force

Base metal G : Gravity

KPAW
torch
Conductive
region

Weld pool

Base metal

Fig. 5.12 Diagrams of the droplet transfer in the (A) Hybrid Laser-P-GMAW; (B) hybrid KPAW-P-
GMAW
Table. 5.2 Comparisons of the arc, droplet and keyhole behaviors between the hybrid Laser-P-GMAW
and hybrid KPAW-P-GMAW

Metal vapor Arc GMAW Lorenz
Keyhole Metal ] )
jet force behavior current force
temperature  vapor ]
effect density effect
Hybrid Suppress A Suppress
rc
Laser-P- High Strong droplet ] Converged droplet
contraction
GMAW transfer transfer
Hybrid ) Promote
Minor Arc
KPAW-P- Low Weak ) ] Diverged droplet
influence expansion
GMAW transfer

5.4.2 Interaction of the arc, droplet, keyhole and weld pool
Based on the convective patterns in the P-GMAW [124] and KPAW [10] in previous
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studies, and our experimental results, the convective patterns on the weld pool surface
and their driven forces in the hybrid KPAW-P-GMAW can be concluded in Fig. 5.13. The
convective pattern 1 (backward flow) on the top surface near the PA is caused by the
Marangoni force and PA shear stress. The convective pattern 2 (forward flow) on the top
surface in the transition region is caused by the Marangoni force and GMA shear stress.
The convective pattern 3 (inward flow) on the top surface near the GMA is caused by the
arc pressure, Lorentz force and droplet impingement force. The convective pattern 4
(backward flow) on the top surface after the GMA is caused by the Marangoni force and
GMA shear stress.

In the peak current stage, as shown in Fig. 5.13(A), the GMA shear stress is large, so
the convective pattern 2 (forward flow) on the top surface is strong, while the convective
pattern 3 (inward flow) is relatively weak. If a particle Py locates at the action area of the
convective pattern 2, it will flow forward, as shown in Fig. 5.8(A)~(C). In the base current
stage, as shown in Fig. 5.13(B), the GMA shear stress, arc pressure and Lorentz force are
all very small, so the convective pattern 2 becomes weaker. However, the strong droplet
impingement will cause strong inward flow, so the convective pattern 3 becomes stronger.
If a particle P> locates at the action area of the convective pattern 3, it will flow inward,
as shown in Fig. 5.8(C)~(D). If a particle Pz locates at the action area of the convective

pattern 2, it will also flow forward, as shown in Fig. 5.8(H)~(I).
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Fig. 5.13 Convective patterns on the top weld pool surface and their driven forces in the hybrid
KPAW-P-GMAW: (A) Peak current stage; (B) Base current stage

Here, the convective pattern 1 (backward flow) is defined as “Pull” flow, and the
convective pattern 2 (forward flow) is defined as “Push” flow. This “Pull-Push” flow
pattern on the top weld pool surface between two arcs in the hybrid KPAW-P-GMAW is
mainly caused by the Marangoni force and arc shear stress. This flow pattern was also
found in the tandem P-GMAW [63], which prevented the irregular backward flow of
molten metals, and facilitated sound weld bead formation. As revealed in the previous
study, the strong backward flow was one of the most important factors for the undercut
formation in the GTAW process [37]. Owing to the “Pull-Push” flow pattern in the hybrid
KPAW-P-GMAVW, the strong backward flow from the keyhole is suppressed, which is
benefit for preventing the undercut formation, as shown in Fig. 5.11.

There is an interesting thermo-physical phenomenon that even though the heat inputs
are much higher, the maximum weld pool temperatures in the hybrid KPAW-P-GMAW
(2489 K) and KPAW (2259 K) are lower in comparison with the P-GMAW (2584 K). As

revealed in our previous studies, in the KPAW, energy convection caused by the fluid flow
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is the dominant mechanism for energy propagation in the weld pool. Owing to the much
high plasma arc pressure and plasma arc shear stress, the fluid flow and energy
propagation in the weld pool are strong. Energy is not accumulated on the keyhole, but
transported to the whole weld pool together with the molten metal, causing the relatively
low temperature distribution near the PA [35, 127]. As shown in Fig. 5.14, in the hybrid
KPAW-P-GMAVW, the weld pool temperature is lower in the region near the PA, and
higher in the region near the GMA. Due to the “Pull-Push” flow pattern on the top weld
pool surface between two arcs, the molten metals in the region near the GMA are
transported to the region near the PA. As heat in the weld pool is transported from the
high temperature region to low temperature region, the molten metal temperature near the
GMA decreases. Besides, owing to the formation of the direct current path between the
KPAW cathode (tungsten electrode) and GMAW anode (welding wire), the GMA expands,
and the current density decreases. Therefore, GMA heat transported to the weld pool
decreases. All of these mechanisms contribute to the lower maximum weld pool
temperature in the hybrid KPAW-P-GMAW in comparison with P-GMAW, and the first
mechanism is especially important, because the arc interference is strong only in the peak

current stage.

(A) KPAW GMAW
torch torch
: . Welding direction
i i M Ll 125 -——————
Pull _Ilow Push” flow <. GMA

Weld pool

Base metal

(B) The main mechanism responsible for the low weld pool distribution in the hybrid
KPAW-P-GMAW

Strong fluid flow and Low weld pool u »
energy propagation near temperature near Pu"_Fa,?tZTn Azt
the PA the PA P

Heat together with the molten metals are

Relatively low :
weld pool transported from the region near the

distribution near GMA (high temperature region) to the

the GMA

region near the PA (low temperature region)

Fig. 5.14 (A) The diagram of the convective patterns and energy propagation on the top surface between
two arcs; (B) The main mechanism responsible for the low weld pool distribution in the hybrid KPAW-P-
GMAW
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5.5 Conclusions

In this study, the complex interactive phenomena of arc, droplet, keyhole and weld
pool in the hybrid KPAW-P-GMAW are analyzed with the help of a high speed video
camera, Zirconia particles and a thermal camera. The conclusions can be summarized as
follows:

(1) Owing to the formation of a direct current path between the KPAW cathode
(tungsten electrode) and GMAW anode (welding wire) in the peak current stage, the
ionized PA is extended to the GMA side. The wire extension length is shorter, and the arc
length is larger in hybrid KPAW-P-GMAW in comparison with P-GMAW.

(2) The metal vapor from the keyhole has a minor influence on the droplet transfer,
while the Lorenz force promotes the droplet transfer. The stable OPOD mode can be
obtained in the hybrid KPAW-P-GMAW.

(3) The “Pull-Push” flow pattern caused by the Marangoni force and arc shear stress
exists on the top weld pool surface between two arcs, which suppresses the strong
backward flow from the keyhole.

(4) The interaction of the arc, droplet, keyhole and weld pool in the hybrid KPAW-
P-GMAW promotes the fluid flow and heat transfer in the weld pool, which is benefit for

decreasing the maximum weld pool temperature.
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Chapter 6 Analysis of heat transfer and material flow in the
hybrid KPAW-GMAW process based on a novel three

dimensional CFD simulation

6.1 Introduction

Numerical simulation provides a scientific and effective way to analyze the heat
transfer and material flow in the hybrid KPAW-GMAW process. Lots of studies had been
carried out to investigate the weld pool convection in the KPAW process [35,127] and
GMAW process [95,129,130], in which the heat source and arc pressure were introduced
as the boundary conditions. It should be noted that in the hybrid KPAW-GMAW process,
the interaction of the arc, keyhole and weld pool is very complex, and many interesting
phenomena are observed. Nguyen et.al [11] measured the temperature distribution of the
weld pool by the thermal camera, and found that the maximum temperature of the weld
pool in the hybrid KPAW-GMAW process was higher than that in the conventional
GMAW process. Han et.al [57] studied the arc coupling mechanism in the hybrid
VPPAW-GMAW process, and suggested that the GMAW arc was compressed by the
electromagnetic coupling characteristics. In order to accurately predict the heat transfer
and material flow in the hybrid KPAW-GMAW process, the complicated interactive
phenomena should be considered in the numerical model.

In this study, the hybrid KPAW-GMAW process is carried out: the KPAW arc is ignited
firstly, then the GMAW arc is ignited. A high speed video camera (HSVC) is used to
observe the arc, droplet, keyhole and weld pool. A thermal camera is used to measure the
temperature of the droplet and weld pool. For the first time, a novel three dimensional
numerical model considering the complicated interactive phenomena is developed for the
hybrid KPAW-GMAW process. The heat transfer and material flow in the weld pool is

analyzed in detail.

6.2 Experimental method

As shown in Fig. 6.1, a transfer-type plasma arc welding torch (100WH, Nippon
Steel Welding & Engineering Co., Ltd.), and a welding power source (NW-300ASR,
Nippon Steel Welding & Engineering Co., Ltd.) are used as the welding equipment. The
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low carbon steel plates (SS400) with a thickness of 12 mm are used as the base metal.
The diameter of the KPAW torch orifice is 4.0 mm. The diameter of the KPAW electrode
is 4.8 mm, and the tip radius is 1.0 mm. The KPAW electrode setback is 3 mm. The
distance between the KPAW nozzle and the base metal is 5 mm. The distance between the

KPAW torch and GMAW torch is 22 mm. The GMAW torch angle is 70° . The diameter
of the welding wire is 1.2 mm, and the contact—tip-to-work (CTWD) of the GMAW is 15

mm. The welding speed is 3 mm/s. The pure Ar is used as the main plasma gas and
shielding gas. The main plasma gas flow rate is 2.5 I/min. The shielding gas flow rates of
the KPAW and GMAW are 10 1/min and 15 1/min, respectively. The welding currents of
the KPAW and GMAW are DC265 A and DC230 A, respectively. The welding voltages
of the KPAW and GMAW are 25.2 V and 26.4V, respectively. The same welding
parameters are used in the numerical simulation. During the welding, the KPAW arc is
ignited firstly, then the GMAW arc is ignited.

The arc behaviors are observed by a HSVC, and the frame rate is 2000 fps. In order
to clearly observe the droplet transfer, keyhole and weld pool behaviors, a band pass filter
with the wavelength of 500 nm and bandwidth of 10 nm is attached in front of the HSVC,
and the welding zone is illuminated by a diode laser.

The temperature of the droplet and weld pool are measured by a thermal camera
(Miro Ex4 Phantom, Vision research Inc.) immediately after switching off the arc. The
thermal camera includes three color sensors composed of Red (R), Green (G) and Blue
(B), and the temperature is calculated from the ratio of the R sensor signal to the G sensor
signal in the image based on the two color pyrometry method. The arc completely
disappears within 1.0 ms after cutting the arc, so the decrease of the surface temperature
can be ignored [20]. When the KPAW arc is ignited, the arc will be cut off, and the
temperature of the weld pool will be measured. After several trials, the heat transfer of
the weld pool at different time in the KPAW process can be obtained. During the hybrid
KPAW-GMAW process, two arcs will be cut off, and the temperature of the weld pool
will be measured. This “Sudden Stop Test” method [54] can provide in-depth knowledge
of the heat transfer in the KPAW-GMAW process.
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Fig. 6.1 The welding experiment setup

6.3 Mathematical model and numerical simulation

Fig. 6.2 shows the modelling process of the hybrid KPAW-GMAW process. The arc
modelling is firstly carried out to obtain the important simulation parameters related to
the heat source, arc pressure, arc shear stress and electromagnetic force. Then, based on
the high speed photographs of the arcs, the heat source model, arc pressure model, arc
shear stress model and electromagnetic force model considering the interaction of the arc,
keyhole and weld pool are developed, which are adopted as boundary conditions and body

force source term in the weld pool modelling.

I N -.\=. .-/- K ™
"« Current density _ » Heat transfer

+ Arc pressure - Material flow

* Modified heat source model
* Arc shear stress * Modified arc pressure model

- Modified arc shear stress model

- || = Modified electromagnetic force model | |
. S A vy \ |/

Fig. 6.2 The modelling process of the hybrid KPAW-GMAW process

In this one way coupled electrode-arc-droplet-weld pool model, the important
simulation parameters related to the heat and forces are obtained from two dimensional
steady-state arcs. Fig. 6.3 shows the two dimensional axisymmetric computation domains
of the KPAW arc and GMAW arc. The widths of the computation domains are 0.015 m.
Outside the computational domains, the heat and forces are very small, and can be ignored.

The droplet transfer is ignored, and the wire with radius 0.6 mm is used in the GMAW
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arc model. The detail information of the KPAW and GMAW arc models can be seen in

our previous works [25, 26].

(B)
Nozzle 1 Nozzle 2

|-
]
(1]
—-
=
=]
o
(]

> Welding wire

Gas region Gas region

Base metal Base metal

Fig. 6.3 The computation domains: (A) KPAW arc; (B) GMAW arc

As for the weld pool simulation, some assumptions are made in the numerical model:
(1) The plasma gas and shielding gas are ignored, and the “void region” with uniform
pressure and temperature is introduced to represent the region occupied by the gas. (2)
The spherical shape droplets with constant radius, height, temperature, frequency and
velocity are introduced to consider the droplet impingement. (3) The flow of the weld
pool is laminar, and the molten metal is considered as an in-compressible Newtonian fluid.
(4) The metal evaporation of the weld pool is omitted. In our previous study, the measured
maximum temperature of the weld pool in the hybrid KPAW-GMAW process was about
2260 K [11], which was much lower than the boiling temperature of the carbon steel
(2900 K).

The governing equations (mass, momentum, energy conservation equations, and
VOF (Volume of Fluid) equation), boundary conditions and driven forces of the weld
pool are discussed in the “Mathematic model”. The detail information of the computation

domain is discussed in the “Numerical simulation”.

6.3.1 Mathematic model

6.3.1.1 Governing equations

Mass conservation equation:
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V="M
vv=" (6.1)

where V is the velocity vector, my is the mass source term of the droplet, and » is
the density.

Momentum conservation equation:
617 — - _ vp v 2—) - mS — -
TV W=—"14oV V—KV+7(VS—V)+fb (6.2)
where ¢ is the time, P is the pressure, v is the dynamic viscosity, K is the drag coefficient

for a porosity media model [130], T/Z is the velocity vector for the mass source, and fj,

is the body force.
Energy conservation equation:
Z—’t‘+17-Vh=%v-(kVT)+fis (6.3)
psCsT T<T,
where h = h(Ts) + hg ;TTSS L=T<T,

aT)+ pC(T—-T) T>T

where 7 is the enthalpy, k is the thermal conductivity, T is the temperature, hg is the
enthalpy source term owing to the mass source, £ is the solid density, ©;is the liquid
density, Cs is the specific heat of solid, C;is the specific heat of liquid, 7% is the solidus
temperature, 7; is the liquidus temperature, and /. is the latent heat of fusion.

VOF equation:
L+v-(VF)=F (6.4)
where F is the volume fraction of fluid, and F; is the volume fraction source term due
to the mass source.
6.3.1.2 Boundary conditions

For the top free surface, the KPAW arc heat flux, GMAW arc heat flux, heat loss by
convection and radiation are considered in the energy boundary condition, as shown in
Eq. (6.5). The KPAW arc pressure, GMAW arc pressure and surface tension induced
pressure are applied on the momentum boundary condition at the normal direction, as
shown in Eq. (6.6). The KPAW arc shear stress, GMAW arc shear stress and Marangoni
shear stress are applied on the momentum boundary condition at the tangential direction,

as shown in Eq. (6.7).
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aT
k—== qgpaw + Gomaw — heon (T — To) — gra(T* = Ty") (6.5)
WV
—P +2u—= = —Pxpaw — Pomaw + RLC (6.6)
vy
—H 5= = Tkpaw t Tomaw t T (6.7)

where 71 is the normal vector of the top free surface, gkpaw is the KPAW arc heat flux,
gaomaw 1s the GMAW arc heat flux, 4.0, is the convective heat transfer coefficient (20 W
m2 K1), Ty is the ambient temperature, ¢, is the surface radiation emissivity, @ is the
Stefan-Boltzmann constant, #is the fluid viscosity, Vn) is the normal fluid velocity,
Pxpaw 1s the KPAW arc pressure, Pomaw is the GMAW arc pressure, is the surface
tension, R. is the surface curvature radius, 7{ is the tangential fluid velocity, 7 xkpaw is
the KPAW arc shear stress, 7 gmaw 1S the GMAW arc shear stress, and 7, is the
Marangoni shear stress.

As for other external surfaces, the wall boundary conditions are used, and no heat
flux and forces from the arc are implemented.
6.3.1.3 Droplet model

The spherical shape droplets are introduced in the simulation. Fig. 6.4 shows the high
speed photographs of droplet and weld pool. The average droplet radius 0.65 mm, average
droplet height 3.0 mm, average droplet velocity 0.3 m/s are used in the simulation. As
shown in Fig. 6.5, the average droplet temperature 2314 K is used. The average droplet

frequency fu, energy transfer by the droplet g and droplet energy efficiency 74 can be

calculated [117]:

__ 3rZWFR
fa = a3 (6.8)
qa = %”T;P[Cs(Ts —To) + C(Ty — T)) + hglfa (6.9)
Na =75 (6.10)

where 7, is the wire radius, WFR is the wire feed rate, 74 is the droplet radius, 7 is the

droplet temperature, Ug is the voltage of the GMAW, and I is the current of the GMAW.

Pagel05



(A) t=toms (B)
N KPAW torch Droplet «

. ’,,"/ Weld pool
GMAW arc .

> MM KPAW arc

GMAW arc

Fig. 6.5 (A) The high speed photograph of the hybrid KPAW-GMAW process; (B) The temperature
distribution of the hybrid KPAW-GMAW process

6.3.1.4 Arc heat source model

Before the arcing of the GMAW, it can be seen from Fig. 6.6 (A) that the KPAW arc
is almost symmetry along the torch axis, so the arc heat source of the KPAW is
considered as Gaussian distributed. As shown in Eq. (6.11), a parameter Lk calculated
by Eq. (6.12) is introduced to consider the decrease of the heat flux with the increase of
the arc length. A global controlling parameter Kk calculated by Eq. (6.13) is introduced
to conserve the total KPAW arc energy absorbed by the weld pool. The detail information

of the KPAW arc heat source can be seen from our previous study [35].

3ngUkI 3(x—xg—vywt)2+3y?
R A a (6.11)
K K
— (1 __ %2k N2
Ly =(1 HK+HKB) (6.12)
NkUxlx = ﬂ qxpaw (6.13)

where 77 is the arc efficiency of the KPAW, Uk is the voltage of the KPAW, Ik is the
current of the KPAW, 0k is the effective radius of the Gaussian distributed heat source,
xx 1s the original location of the KPAW torch, v, is the welding speed along the negative
x direction, Zx is the distance between the cell center and the top of the base metal. Hk is
the thickness of the base metal. Hkg is the distance between the nozzle and the top of the
base metal.

After the arcing of the GMAW, as shown in Fig. 6 (B), (C) and (D), the KPAW arc
and GMAW arc deflect to each other. The KPAW arc is not symmetry, and the rear part
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of the arc is much wider. Here, the double-ellipse heat source models are adopted to

consider the deflection of the KPAW arc and GMAW arc.

6nKUklk {_ 3(x—xg—vwt)?® 3y2}
(o f+0Kkr) oKy X OKx? OKy?
Ogxf X =<Xxg+ th}

Okxr X > Xg +v,t

qxpaw = KiLg
(6.14)
Ogx = {
where 0Ok, Ok, and Ok, are the distribution parameters of the double-ellipse heat

source of the KPAW.

=K, —mM——
doMaw G G +96r) 06y

G = {cr(;xf x < xg + th}
6 T \Oger X >xg+ vyt

6ngUclg % {_ 3(x—xg—vyt)? _ 3y2}
0Gx? O'Gyz

(6.15)

16Ucle = [f domaw (6.16)
where 7 ¢ is the arc efficiency of the GMAW, x¢ is the original location of the GMAW

torch, 9 Gy, O Gw, and O g, are the distribution parameters of the double-ellipse heat

source of the GMAW. The global controlling parameter K¢ calculated by Eq. (6.16) is
adopted to conserve the total GMAW arc energy absorbed by the weld pool.

Fig. 6.6 The high speed photographs of arc and weld pool in the hybrid KPAW-GMAW process

With the help of a liquid nitrogen calorimetry, the total energy efficiency of the
pulsed GMAW process was measured by Joseph et.al, and the value was 68%~72% [42].
Pépe et.al also measured the total energy efficiency of the bead on plate GMAW process
by a liquid nitrogen calorimetry, and suggested the total energy efficiency was about 78%
[42]. Haelsig et.al developed a novel calorimetric system to measure the spray model
GMAW process, and suggested the total energy efficiency was about 70% [131]. In this
study, the total energy efficiency 75% is adopted for the GMAW process.

Ng +Ng = 0.75 (6.17)
6.3.1.5 Driven forces

(1) Arc pressure
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Fig. 7(A) shows the distribution of the KPAW arc pressure calculated by the KPAW
arc model. It should be noted that based on Xu’s study, the additional constraint of the
keyhole has great influences on the arc pressure [93]. From the top to the bottom of the
base metal, the plasma arc pressure was decreased firstly, then increased.

Before the arcing of the GMAW, the Gaussian distributed KPAW arc pressure is

adopted, and a parameter K, is introduced to control the variation of the arc pressure.

3(x—xK—th)2+3y2}
2
9p

Pioaw = (1 + Ko - Zi) Pimaxexp |- (6.18)

where Pgmax 1S the maximum KPAW arc pressure, ¢, is the effective radius of the
Gaussian distributed KPAW arc pressure.

After the arcing of the GMAW, the double-ellipse KPAW arc pressure model is
adopted to consider the interaction of arcs, in which the maximum KPAW arc pressure

(3710.84 Pa), as shown in Fig. 6.7(A), is assumed to be unchanged.

3(x—xg—vyt)? 3y? }
OKa? oKp?

Pieaw = (1+ Kp - Zie) Pimaxexp {—

Ogaf X =Xk + th} (6.19)

O' =
Ka {Uxar x> xg +v,t

where 0 k4, O kar,and O gp are the distribution parameters of the double-ellipse KPAW
arc pressure.

In previous studies, the double-ellipse arc pressure model was adopted for the tandem
submerged arc welding process [ 132] and three wire submerged arc welding process [133]
to consider the arc interaction and torch inclination, in which the maximum arc pressure
was calculated by empirical equation. In this study, the double-ellipse GMAW arc
pressure model is used, and the influence of arc interaction and torch inclination on the

maximum arc pressure (455.28 Pa, as shown in Fig. 6.7(B)) is ignored.

_ 3(x—xg-vyt)®>  3y?
Pemaw = Pemax€Xp {— oo’ T oe?

o = {acaf x < xg+ th}
Ga = \ogar x> x5+t

(6.20)

where Pgmay 1S the maximum GMAW arc pressure, 0o, 0 Gar, and 0 gy are the

distribution parameters of the double-ellipse GMAW arc pressure.
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Fig. 6.7 (A) The KPAW arc pressure distribution; (B) The GMAW arc pressure distribution
(2) Arc shear stress
The arc shear stress was calculated by the Phares’s model in previous simulations of
GTAW process [134] and GMAW process [134]. The empirical arc shear stress was
employed in the simulation of the KPAW additive manufacturing [135].
In this study, before the arcing of the GMAW, the KPAW arc shear stress 7 xkpaw(7)

is calculated by the KPAW arc model, as shown in Fig. 6.8(A).

* woaw (Pa) (A) KPAW arc shear stress T awaw (P) (B) GMAW arc shear stress
750 200
600 160
450 120
300 80
150 40

0 0

0 0.002 0.004 0.006 0.008 0.01 0 0002 0004 0006  0.008 0.01
r(m) r(m)

Fig. 6.8 (A) The KPAW arc shear stress distribution; (B) The GMAW arc shear stress distribution
After the arcing of the GMAW, due to the interaction of the arc, keyhole and weld

pool, the KPAW arc shear stress is not axisymmetric. Here, a new KPAW arc shear stress

model is proposed, as shown in Fig. 6.9. A stretching factor Ay is introduced.

A= (5—2)r+1 (6.21)

_ ’ 1+tan?6 (x—xg—vyt)2+y? _(ar ,x <xgt+ oyt
d = ab b2+aZtan?6 ab\/bz(x—xx—th)2+a2yz a4 = {ar L x> xg + vyt (6.22)

where R is the defined distribution radius of the arc shear stress, d is the distance between

the KPAW torch center and the double-ellipse periphery, ay, a,, b are the distribution
parameters of the double-ellipse KPAW arc shear stress.

Then the new KPAW arc shear stress Tgpaw (X, ¥) can be defined.
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Tkpaw (X, ¥) = Tgpaw (A7) (6.23)

The GMAW arc shear stress 7 gmaw(7) is also calculated by the GMAW arc model,
as shown in Fig. 6.8(B). The new GMAW arc shear stress Tgumaw (%, y) considering the
influence of arc interaction and torch inclination is also obtained by introducing another

stretching factor.

Double ellipse distributed
arc shear stress

Axisymmetric distributed
arc shear stress

KPAW-GMAW
weld pool

KPAW

weld pool

KPAW process

KPAW-GMAW process

Fig. 6.9 The diagram of the arc shear stress model: (A) Axisymmetric distribution; (B) Double ellipse

distribution
It should be noted that the arc shear stress is obtained from arc models with flat base-
metal surface, and its direction is horizontal. However, the weld pool is largely deformed
in the hybrid KPAW-GMAW process, and the arc shear stress is parallel to the weld pool
surface. In this study, it is assumed that the horizontal vector 0, arc shear stress vector 7,
and free surface normal vector 7 are coplanar, so the arc shear stress vector can be

determined [104]:

7-7=0
17| = 7(x, y) (6.24)
7= A0+ Bn

where 4 and B are real numbers.
(3) Marangoni shear stress

In this study, the temperature dependent surface tension is adopted.
]
y=Yo+5-(T=T) (6.25)

where y ¢ is the surface tension of pure metal at the melting point.
The Marangoni shear stress is calculated as follows:

T, = %% (6.26)
where S is the tangential vector.
(4) Buoyance force

The density variation of molten metals is considered for the buoyance force, and the

Boussinesq’s approximation is used to calculated the buoyance force.
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Fy = gB(T —To) (6.27)
where g is the gravitational acceleration, and £ is the coefficient of thermal
expansion.
(5) Electromagnetic force

Before the arcing of the GMAW, the KPAW electromagnetic force is calculated by
Eq. (6.28) to Eq. (6.30) [134].

X—Xg—Vyt

Fy = ~J; X By~ (6.28)
E, = —], X Bgry—e (6.29)
F, = =]y X By (6.30)

where F\, F), F: are the components of the electromagnetic force in the x, y, z directions,
J: is the axial component of the current density, J, is the radial component of the current

density, B, is the angular component of the magnetic field, and r. is the effective radius.

o = (x — xg — 1, )% + y? (6.31)

J2 == Iy Mo )exp (—

2262\ sinh[A(Hg—Zg)]
2) sinh(AHg) dA (6'32)

I o 1202 h[A(Hxk—Zg)

Jr == J3 Ay (re)exp (- 1K) C°Ssi£1h(l’; - Laa (6.33)
ml 2262\ sinh[A(Hg-Zk)]

By =2 [ J,(Ar)exp (— Z"K) S”‘Smhu’; 2 dA (6.34)

where Jy and J; are the zero order and one order Bessel functions, respectively.
After the arcing of the GMAW, the effective radius 7. is modified and the double-
ellipse KPAW electromagnetic force is adopted [136].

2 < xg + vt
_ _ _ 2 % 2 — O-Kxf X —_— xK w
T, = \/(x Xg — Vwt)? + (GK) Y%, 0kx {aer x> x + th} (6.35)

As for the GMAW, the double-ellipse electromagnetic force is also applied.

6.3.2 Numerical simulation

Owing to the symmetry, only half of the computation domain is used in the weld pool
simulation. As shown in Fig. 6.10, the x-axis is along the left direction, and the y-axis is
along the front direction, and the z-axis is along the top direction. The size of the
computation domain is 80 mm x 16 mm x 20 mm. The KPAW torch locates at x = -25

mm when the welding is started. At t =4 s, the GMAW arc is ignited, and the GMAW
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torch locates at x =-15 mm. The top part of the computation domain is “void region”, and
the bottom part is fluid with a thickness of 12 mm. A non-uniform grid system is used:
0.25 mm near the symmetrical plane and 0.3 mm far from the symmetrical plane. The
governing equations and VOF equation with the required boundary conditions are solved
using the commercial CFD (Computational Fluid Dynamics) software FLOW3D. The
details of the iteration scheme are as follows:

(1) The new-time level velocities are computed using the explicit approximations
based on variables of the previous time level.

(2) To satisfy the mass conservation, the pressure correction formula is solved by
the successive over-relaxation (SOR) method, then the energy conservation equation is
solved by the implicit method.

(3) The free surface is updated by the VOF equation.

The thermo-physical material properties of low carbon steel can be seen in Table 1,
which are obtained from the fluid database of FLOW3D and our previous work [77]. In
previous studies of weld pool simulation [95, 134, 136], only the temperature dependent
surface tension was used, and the numerical results agreed well with the experimental

results. In this study, only the influence of the temperature on the surface tension is

considered.
Table 6.1. Thermo-physical material properties of low carbon steel

Nomenclature Value Nomenclature Value

Density (kg m™) 7800 Liquidus temperature (K) 1798

Viscosity (kg m™ ) 0.006 Solidus temperature (K) 1768

Specific heat (1) (J kg! K-') 866 Boiling temperature (K) 2900

Specific heat (s) (J kg K1) 686 Emissivity 0.4

Latent heat of fusion (J kg™!) 2.77%x10%  Coefficient of thermal 1.44x107°
expansion (K

Thermal conductivity (I) (W m' K')  26.9 Surface tension (N m) 1.2

Thermal conductivity (s) (W m! K')  32.3 Surface tension gradient -0.0003
(Nm' K"
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symmetry plane

Fig. 6.10 The diagram of the mesh used in the simulation

6.4 Results and discussion

In this study, the heat transfer and material flow in the KPAW process and KPAW-

GMAW process are discussed. The driven forces for the material flow are analyzed.

6.4.1 The heat transfer and material flow in the KPAW process

As shown in Fig. 6.11(A), at the beginning of the welding, a small concave is formed.
The molten metals are pushed out from the arc center to the rear part of the weld pool,
and the maximum temperature is 2153K. At t = 0.5 s, more solid metals are melted. The
weld pool size becomes large, and the maximum temperature is 2478 K. Att=3.0s, a
large keyhole is formed. The molten metals flow backward to the weld pool rear, and two
convective eddies exist inside the weld pool: an anti-clockwise eddy at the bottom part of
the weld pool, and a clockwise eddy at the top part of the weld pool. The maximum
temperature is 2114 K. Att=4.0 s, the weld pool is very large, and the convective eddies
inside the weld pool are unchanged. The maximum temperature is 2093 K.

In our previous studies [35], the small currents were used, so the maximum
temperature of the weld pool was less than 2000 K. Here, the large current (265 A) is used,

and the maximum temperature of the weld pool is increased.
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Fig. 6.11 Temperature (K) and fluid flow fields of y=0 cross sectional view in the KPAW process at:
(A)t=0.2s;(B)t=0.55;(C)t=3.0s;(D)t=4.0s
The driven forces for the heat transfer and material flow in the KPAW process had

already been discussed in our previous study [35]. Here an interesting thermo-physical

phenomenon is found. As shown in Fig. 6.12, the maximum temperature of the weld pool

is firstly increased (Increase stage), then is decreased (Decrease stage), and finally

becomes stable (stable stage). This is because at the beginning of the welding, the molten

metals accumulate at the rear part of the weld pool. Even though the action region of the

arc shear stress is large, the weld pool is very small, so the convection in the weld pool is

insufficient, resulting in an increase of the temperature. When the weld pool becomes

large, under the influence of the arc shear stress and arc pressure, the energy can be easily

transported in the horizontal and vertical directions, so the temperature gradient in the

weld pool is decreased.
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Fig. 6.12 The maximum weld pool temperature vs time

6.4.2 The heat transfer and material flow in the hybrid KPAW-GMAW process
The GMAW arc is ignited at t = 4.0 s. As shown in Fig. 6.13, at t=4.3 s, a small weld

pool is formed below the GMAW arc, and the maximum temperature of the weld pool

(2770 K) locates at the region near the GMAW arc center. It can be seen that the

convective patterns
even though the he
GMAW process (45

near the KPAW arc are almost unchanged. It should be noted that
at input in the KPAW process (4006.8 W) is similar to that in the
54 W), the weld pool temperature is much lower in the KPAW process,

which is caused by the stronger fluid flow and energy propagation due to much higher arc

pressure and arc shear stress in the KPAW process [35].

Temperature (K) and fluid flow (max=0.737 m/s) fields

300 712 1124 1535 1947 2358 2770
N | |
e KPAW torch KPAW GMAW
%'f weld pool  weld pool
G . i Vi

Z (m) 9 2% e
-0.0025+ g <
-0.012 1

-0’.050 ’ -0.(;418 ‘ -0.'0336 | -0.b254 | -0.'0172 ‘ -0(.009

X (m)
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Fig. 6.13 Temperature (K) and fluid flow fields of y=0 cross sectional view in the hybrid KPAW-

GMAW process att=4.3 s
As shown in Fig. 6.14, at t = 4.6 s, the KPAW weld pool and GMAW weld pool are

connected, and a large weld pool is formed. The maximum temperature of the weld pool
(2754 K) locates at the region near the GMAW arc. It can be obviously seen that at the
top weld pool surface between two arcs, the molten metals flow backward in the front
part, and flow forward in the rear part.

At t= 7.0 s, the molten metals are fully mixed. The “Pull-Push” flow pattern at the
top weld pool surface between two arcs becomes more obvious. Due to the “Pull-Push”
flow pattern, the molten metals under the KPAW arc can’t easily flow to the weld pool
rear, but accumulate at the region between two arcs. The molten metals flow inward near
the GMAW arc, and flow outward after the GMAW arc. The maximum temperature of
the weld pool (2623 K) locates at the region near the GMAW arc.

Temperature (K) and fluid flow (max=0.531 m/s) fields

300 710 1118 1527 1936 2345 2754
“» HR | W | [
0.007 7 KPAW torch The weld p00|
are connected
Z(m)
-0.0025-
-0.012 -
-0.050 -0.0418 -0.0336 -0.0254 -0.0172 -0.009 Inward flow

Forward flow -
X (m) ﬂ( —————— _ P "..‘.‘ Outward flow

Temperature (K) and fluid flow (max=0.674 m/s) fields
300 687 1074 1461 1848 2235 2623

(B)

0.007 T I PAW torch I
Z(m)
-0.0025
-0.012 -
-0.050 -0.0418 -0.0336 -0.0254 -0.0172 -0.009
X (m)

Fig. 6.14 Temperature (K) and fluid flow fields of y=0 cross sectional view in the hybrid KPAW-
GMAW process at: (A)t=4.6s; (B)t=7.0s
As shown in Fig. 6.15, at t = 4.6 s, a high temperature region can be seen under the
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KPAW arc, and the maximum temperature is 2161 K. At t = 7.0 s, a high temperature
region can be seen after the KPAW arc (at the top surface of the rear keyhole), and the
maximum temperature is 2211 K. Owing to the “Pull-Push” flow pattern, the molten
metals and energy can be transported from the region near the GMAW arc to the region

near the KPAW arc, causing the temperature increase of molten metals at the top surface

of the rear keyhole.
Temperature (K) Temperature (K)
300 775 1250 1725 2200 300 775 1250 1725 2200
T A ©® E | \ i
0.007 | | 0.007 |
KPAW torch I KPAW torch I
v v
Z(m) Z (m)
-0.0025 | -0.00251
-0.012 - -0.012 !
ot i - B B - - - - i | ' i | t
-0.050 -0.0418 -0.0336 -0.0254 -0.0172 -0.009 -0.050 -0.0418 -0.0336 -0.0254 -0.0172 -0.009
X (m) X (m)

Fig. 6.15 Temperature field of y=0 cross sectional view in the hybrid KPAW-GMAW process at:
(A)t=46s;(B)t=7.0s

6.4.3 The driven forces for the material flow in the hybrid KPAW-GMAW process

The convective patterns in the hybrid KPAW-GMAW process are rather complex.
Here, the driven forces for the material flow in the hybrid weld pool are discussed.

Based on the numerical simulation and our previous study [35], the driven forces
and convective patterns in the KPAW process can be concluded. As shown in Fig. 6.16,
the molten metals at the bottom part of the weld pool flow downward under the influence
of arc pressure and Lorentz force, so an anti-clockwise eddy is formed. The molten
metals at the top part of the weld pool flow backward under the influence of Marangoni

force and arc shear stress, so a clockwise eddy is formed.
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(A) Driven forces in the KPAW weld pool (B) Convective patterns in the KPAW weld pool
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Fig. 6.16 (A) The driven forces in the KPAW weld pool; (B) The convective patterns in the KPAW
weld pool
Based on the previous study [124], the convective patterns in the GMAW process can
be concluded. As shown in Fig. 6.17, the molten metals near the arc center flow inward
under the influence of the arc pressure, Lorentz force and droplet impingement force. The

molten metals far from the arc center flow outward under the influence of the Marangoni

force and arc shear stress.

Convective patterns in the GMAW weld pool
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Fig. 6.17 The convective patterns in the GMAW weld pool
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The simulation without the droplet impingement is restarted at t = 4. 0 s. It can be
seen from Fig. 6.18 that the convective patterns are similar to these in Fig. 6.14, and the
“Pull-Push” is still very strong, which means that the droplet impingement has minor
influence on the “Pull-Push” flow pattern on the top weld pool surface. However, without
the droplet impingement, few molten metals are transported from the region near the

GMAW arc to the region near the KPAW arc, so the molten metals at the rear keyhole are

few.
F Inward flow
Temperature (K) and fluid flow (max=0.396 m/s) fields orward flow /\ Outward
----- r
300 706 1112 1518 1924 12330 2736 . 4 3 = - ﬂ(;w
0.007
KPAW torch Few molten metals at
"’ * the rear keyhole
Z (m) .
-0.0025+ y
00121 i

0.050  -0.0418  -0.0336  -0.0254  -0.0172  -0.009
X (m)

Fig. 6.18 The simulation of the hybrid KPAW-GMAW process without the droplet impingement at t
=55s

The simulation without the Marangoni force is restarted at t = 4. 0 s. It should be
noted that the arc pressure and plasma shear stress have major influences, while the
Marangoni force has a minor influence on the fluid flow near the KPAW arc [35]. Without
Marangoni force, the convective patterns and intensity are unchanged near the KPAW arc.
As shown in Fig. 6.19, even though the convective patterns are similar to these in Fig.
6.14, the forward flow on the top weld pool surface becomes weak. The molten metals
under the KPAW arc can easily flow to the weld pool rear, so the molten metals at the rear

keyhole are few.
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Fig. 6.19 The simulation of the hybrid KPAW-GMAW process without the Marangoni force at t =
5.5s

The simulation without the GMAW arc shear stress is restarted at t = 4.0 s. As shown
in Fig. 6.20, the convective patterns are also similar to these in Fig. 6.14, but the forward
flow on the top weld pool surface is also very weak, which can’t suppress the backward
flow of molten metals under the KPAW arc, so the molten metals at the rear keyhole are
also few.
g Bow
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Fig. 6.20 The simulation of the hybrid KPAW-GMAW process without the GMAW arc shear stress
att=55s

Based on the above analysis and the numerical simulation, the weld pool convective
patterns and their driven forces in the hybrid KPAW-GMAW process can be obtained. As
shown in Fig. 6.21, the convective pattern 1 on the top surface near the KPAW arc is

caused by Marangoni force and arc shear stress. The convective pattern 2 on the top
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surface in the transition region is caused by the Marangoni force and arc shear stress. The
convective pattern 3 on the top surface near the GMAW arc is caused by the arc pressure,
Lorentz force and droplet impingement force. The convective pattern 4 on the top surface
after the GMAW arc is caused by the Marangoni force and arc shear stress. The
convective pattern 5 near the KPAW arc at the bottom part of the weld pool is caused by
the arc pressure and Lorentz force. The convective pattern 6 near the KPAW arc at the top
part of the weld pool is caused by the Marangoni force and arc shear stress. The
convective pattern 7 in the weld pool of the transition region is caused by the Marangoni
force and arc shear stress. The convective pattern 8 in the weld pool near the GMAW arc
is caused by the arc pressure, Lorentz force and droplet impingement force. The
convective pattern 9 in the weld pool after the GMAW arc is caused by the Marangoni
force and arc shear stress.

It can be concluded that the Marangoni force and arc shear stress are the dominant
driven forces for the “Pull-Push” flow pattern on the top weld pool surface between two
arcs. In previous studies, the irregular backward flow of the molten metals was proposed
to be dominant reason for the weld defects formation in the arc welding [37,137]. Owing
to the “Push” flow pattern in the hybrid KPAW-GMAW process, the strong backward

flow from the keyhole is suppressed, which is benefit for sound weld bead formation.
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Fig. 6.21 The convective patterns in the hybrid KPAW-GMAW weld pool

6.4.4 Validation of the numerical simulation

The weld bead formation, high speed photographs of the weld pool and weld pool
temperature in the KPAW process are showed in Fig. 6.22 based on the “Sudden Stop
Test” method. It can be seen from Case 1 and Case 2 that at the beginning of the welding,
the molten metals accumulate at the rear part of the weld pool, and a small bulge is formed.
From Case 1 to Case 2, the weld length is increased, and the maximum temperature of
the weld pool is also increased (2216 K in Case 1, and 2375 K in Case 2). As the welding
continues, the maximum temperature of the weld pool is decreased (2096 K in Case 3,
and 2074 K in Case 4). The calculated maximum temperature and its variation tendency

in the KPAW process are similar to the experimental results.
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Fig. 6.22 The weld bead formation, high speed photographs of the weld pool and weld pool temperature
in the KPAW process

The high speed photograph of the weld pool and weld pool temperature in the hybrid
KPAW-GMAW process are showed in Fig. 6.5. It can be seen that a large high
temperature region is formed below the GMAW arc, and the maximum temperature of
the weld pool is 2656 K. In the numerical simulation, the maximum temperature of the
weld pool is within [2600 K, 2800 K]. The calculated temperature distribution in the
hybrid KPAW-GMAW process agrees well with the experimental result.

As shown in Fig. 6.23, the experimental and calculated weld widths on the top
surface are 12.95 mm and 11.94 mm, respectively. The experimental and calculated weld
depths are 5.43 mm and 5.43 mm, respectively. The experimental and calculated weld
reinforcements are 1.47 mm and 2.55 mm, respectively. In summary, the calculated weld
geometry agrees well with the experimental result. However, it should be noted that the
porosity is formed in the weld. The porosity formation has been widely investigated in
the keyhole laser welding, which is caused by the keyhole instability [37]. In the future,
we will investigate the porosity formation mechanism in the KPAW process and hybrid

KPAW- GMAW process, and adopt reasonable methods to suppress it.
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Fig. 6.23 (A) Top surface of the weld bead; (B) Experimental weld profile at the transverse cross

section; (C) Comparison of weld profiles at the transverse cross section

6.5 Conclusions

In this study, a novel one way coupled electrode-arc-droplet-weld pool model
considering the complicated interaction of the arc, keyhole and weld pool is developed to
investigate the heat transfer and material flow in the hybrid KPAW-GMAW process. The
conclusions can be summarized as follows:

(1) In the KPAW process, two convective eddies exist inside the weld pool: an anti-
clockwise eddy is formed at the bottom part of the weld pool under the influence of the
arc pressure and Lorentz force, and a clockwise eddy is formed at the top part of the weld
pool under the influence of the Marangoni force and arc shear stress. The maximum
temperature of the weld pool is firstly increased, then is decreased, and finally becomes
stable.

(2) In the hybrid KPAW-GMAW process, owing to the “Pull-Push” flow pattern, the

molten metals and energy can be transported from the region near the GMAW arc to the
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region near the KPAW arc, causing the temperature increase of molten metals at the top
surface of the rear keyhole.

(3) The detailed convective patterns and their driven forces in the hybrid KPAW-
GMAW process are studied. The Marangoni force and arc shear stress contribute to the
appearance of “Pull-Push” flow pattern on the top surface of the weld pool between two
arcs.

(4) The droplet impingement has a minor influence on the “Pull-Push” flow pattern.
However, without the droplet impingement, few molten metals are transported from the

region near the GMAW arc to the region near the KPAW arc.
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Chapter 7 Conclusions

In this study, the hybrid KPAW-GMAW process is proposed to improve the weld
bead formation. Some fundamental phenomena related to the weld pool convection,
keyhole behaviors and energy propagation in the KPAW process are firstly investigated,
then the interactive phenomena of the arc, droplet, keyhole and weld pool in the hybrid
KPAW-GMAW process are analyzed. The following conclusions can be obtained:

(1) The interesting phenomenon that the weld pool temperature is relatively low in
the KPAW process is explained. The much high arc pressure and plasma shear stress
promote the fluid flow and energy transportation, thus a large weld pool is formed, leading
to a low weld pool temperature distribution in the KPAW process.

(2) The keyhole formation mechanisms in the KPAW process are revealed. The arc
pressure is more dominant for the keyhole formation, and the plasma shear stress
facilitates the fluid flow along the rear keyhole wall and decreases the curvature of the
keyhole. Both the pressure balance and mass conservation mechanisms contribute to the
blasting penetration. The material properties have great influences on the blasting
penetration. Low melting temperature, low surface tension and bottom surface
deformation facilitate the blasting penetration, while high thermal conductivity inhibits it.

(3) The interesting phenomenon that the energy efficiency is relatively low in the
KPAW process is explained. In the KPAW process, the arc size is large, and the arc
temperature is high, so the conduction energy loss and radiation loss of the plasma arc are
high. The keyhole formation can’t increase the energy absorption, and 11.5% of the arc
energy are lost by the efflux arc. As a result, the energy efficiency for heating the anode
is decreased.

(4) The interactive phenomena of the arc and droplet in the hybrid KPAW-GMAW
process are analyzed. Owing to the formation of a direct current path between the KPAW
cathode (tungsten electrode) and GMAW anode (welding wire) in the peak current stage,

the ionized PA is extended to the GMA side. The wire extension length is shorter, and the
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arc length is larger in hybrid KPAW-P-GMAW in comparison with P-GMAW. The metal
vapor from the keyhole has a minor influence on the droplet transfer, while the Lorenz
force promotes the droplet transfer. The stable OPOD mode can be obtained in the hybrid
KPAW-P-GMAW.

(5) The interactive phenomena of the droplet, keyhole and weld pool in the hybrid
KPAW-GMAW process are analyzed. In the hybrid KPAW-GMAW process, the
Marangoni force and arc shear stress contribute to the appearance of “Pull-Push” flow
pattern on the top surface of the weld pool between the two arcs. The droplet impingement
has minor influence on the “Pull-Push” flow pattern. However, without the droplet
impingement, few molten metals are transported from the region near the GMAW arc to

the region near the KPAW arc.
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