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Abstract Three different shielding gas nozzles were designed
for the narrow-gap laser-MIG hybrid welding of thick-section
steel. Different gas flow behaviors produced by the three noz-
zles exerted great effects on the welding characteristics. While
using the straight-trapezium shielding gas nozzle, unstable
droplet transfer behavior with spatters and welding current
wave were observed due to the unstable and high velocity of
shielding gas. The weld with a mass of pores in a honeycomb
distribution at the surface was produced by using the straight-
trapezium nozzle, since the aft part of the molten pool could
not be protected effectively during the welding process. Stable
droplet transfer behavior and current wave were realized;
qualified welds almost with no pores at the surface were ob-
tained by using the square-outlet nozzle with boss or circle-
outlet nozzle with boss.

Keywords Narrow-gap laser-MIG hybrid welding - Shielding
gas nozzle - Gas flow behavior - Welding characteristics

1 Introduction

Thick-section high-strength steels are prevailing as structural
materials in shipbuilding, pipe and pressure vessel industries
due to the excellent combination of strength and toughness
[1-3]. The narrow-gap welding (NGW) exerts the great ad-
vantage to weld the thick section which is ascribed to series of
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excellent properties, such as high productivity resulting from
the small cross section of the weld, low residual stress and
distortion distribute uniformly in the thickness direction, eco-
nomically viable due to a small volume of deposited metal.

Nowadays, the common welding methods utilized for
narrow-gap welding of thick section are gas metal arc
welding (GMAW), gas tungsten arc welding (GTAW), sub-
merged arc welding (SAW) and laser beam welding (LBW).
How to ensure the enough penetration into the sidewall of
the groove is one of the main factors for the application of
narrow-gap welding [4]. Shinji et al. [5] developed the
narrow-gap welding procedure with a high-speed rotating
arc, in which the rotating weaving of arc was realized by
rotating the offset contact tip. This method could be applied
to the butt welding of heavy thick plates with the complete
and uniform penetration to the side fusion zone. To make the
rotating arc smaller and lighter, Wang et al. [6] developed a
rotating arc system realized by the hollow axis motor for
narrow-gap welding. The authors suggested that the penetra-
tion into the sidewall of the groove was increased and the
fingerlike penetration could be eliminated by the rotation of
the arc. Narrow-gap welding of 30-mm-thick steel in vertical
down position was conducted by Cai et al. [7] utilizing a
tandem gas metal arc welding system. Qualified weld with
multilayer could be obtained while the welding speed was
high and the distance between two wires was small. Sun
et al. [8] developed the arc weaving system realized by
magnetic field for tungsten inert gas (TIG) narrow-gap
welding of 22-mm-thick steel. The insufficient sidewall fu-
sion and efficiency were improved, since the magnetic flux
density was enhanced significantly compared to traditional
single magnetic pole. In addition, the authors found that
with the increasing magnetic flux density, the distribution
of arc pressure acting on the bottom and sidewall of the
groove was more uniform [9].
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Compared to traditional arc welding, laser beam
welding transfer a minimum amount of heat input to the
workpiece which contributed to the distortion suppression
of the joint. Jokinen et al. [10] found the laser welding
with filler wire was feasible for narrow-gap welding of
thick-section steel for vacuum vessel of fusion reactor
with good weld quality and a small deformation. Zhang
et al. [11] suggested that the lack of fusion could be im-
proved by adjusting the laser power density and metal
deposited volume in the multipass narrow-gap welding
of 50-mm-thick steel. The incomplete penetration into
the groove sidewalls occurred due to the high laser power
density. Recently, laser-arc hybrid welding is commonly
used for thick-section plate welding because of the good
misalignment and gap adaptability for joints and high
welding efficiency [12, 13]. However, the main factor in
laser-arc hybrid welding of the heavy thick-section plate
(over 100 mm) with narrow-gap configuration is how to
place the arc inside the narrow gap. Therefore, the design
of the arc torch, especially the shielding gas nozzle, is of
vital interest for the narrow-gap laser-arc hybrid welding
of the heavy thick-section plate.

In the present work, three different shielding gas noz-
zles, i.e., straight-trapezium nozzle, circle-outlet nozzle
with boss and square-outlet nozzle with boss, were de-
signed for the narrow-gap laser-MIG hybrid welding.
The droplet transfer behaviors and current waves during
the welding processes with three nozzles were compara-
tively investigated. The weld appearances of back
welded joints produced by utilizing the three nozzles
were comparatively examined. The differences of
welding characteristics were clarified by investigating
the shielding gas flow behaviors of the three nozzles.
And then, the optimized shielding gas nozzle was obtain-
ed for the narrow-gap laser-MIG hybrid welding.

2 Experimental procedure
Table 1 shows the chemical compositions of the high-

strength steel used in this study with the dimension of

Table 1
(Wt.%)

Chemical composition of high-strength steel and filler wire

C Si  Mn P S Ni Cr Mo V Fe

Steel 0.078 0.28 0.60 0.009 0.003 4.66 0.55 038 0.06 Bal.
Wire 0.068 0.40 1.76 0.006 0.006 2.60 0.64 0.63 — Bal.

0.5

Fig. 1 The groove configuration of the butt joint for narrow-gap laser-
MIG hybrid welding

600 mm x 170 mm x 30 mm. The diameter of the filler
wire is 1.2 mm. Figure 1 presents the groove configura-
tion of the butt joints for narrow-gap laser-MIG hybrid
welding. Prior to the welding experiments, the samples
were cleaned in the acetone to eliminate surface contam-
ination. The laser-MIG hybrid welding experiments were
performed by utilizing a 10-kW fiber laser (IPG YLS-
10000) and a Fronius welding machine (Transpuls syner-
gic TPS-4000). The maximum current of arc welding ma-
chine is 400 A. Table 2 presents the welding parameters
of laser-MIG hybrid welding utilized in this study. The
welding current wave acquisition system mainly consists
of a current sensor (LT300-T) based on Hall sensor which
contains a signal amplifier. Pure argon was used as
shielding gas during the welding process with a flow rate
of 25 L/min.

To realize narrow-gap hybrid welding of the thick-
section steel with a deep groove (Fig. 1), the nozzles
with the thickness of 11 mm were specially designed.
Figure 2 shows the cross sections and images of three
different nozzles for laser-MIG hybrid welding, straight-
trapezium nozzle (Fig. 2a), square-outlet nozzle with
boss (Fig. 2b) and circle-outlet nozzle with boss
(Fig. 2c). The side lengths of the square outlet of the
straight-trapezium nozzle and square-outlet nozzle with
boss are 8 mm, respectively. The diameter of the circle
outlet of circle-outlet nozzle with boss is 8 mm, too.

Table 2 Specifications of laser-MIG hybrid welding

Parameters Value
Laser power (kW) 4
Welding velocity (m/min)

Arc voltage (V) 20
Arc current (A) 200
Laser-wire distance (mm) 3
Angle of arc torch and workpiece (°) 50
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Fig. 2 The cross sections and (a)
images of three different nozzles

for narrow-gap laser-MIG hybrid

welding. a Straight-trapezium

nozzle, b square-outlet nozzle

with boss and ¢ circle-outlet

nozzle with boss

3 Simulation setup

Figure 3 shows the CFD model for shielding gas behav-
ior of laser-MIG hybrid welding. The arc torch was spe-
cially designed for the narrow-gap welding, as illustrated
in Fig. 3a. The welding environment was modeled as the
simulation domain shown in Fig. 3b. Hexahedral mesh
model was constructed by adopting software of
Hypermesh v11.0, as shown in Fig. 3c. The inlets of
the model were configured as two circle regions in red
color which were the gas inlets of the nozzle. The sur-
faces in blue color were set as outlets of the model and
the others surfaces, i.e., the surfaces of groove, were
regarded as the wall. The simulation domain was filled
with air at a temperature of 25 °C and at the pressure of
1.01 x 10° Pa, which was set as the initial condition of
the model.

Fig. 3 Experimental setup of
narrow-gap laser-MIG hybrid
welding for thick section. a
Three-dimension diagram of
laser-MIG hybrid welding, b, ¢
geometry and mesh models of
calculated domain for shielding
gas flow

Nozzle

(b)

The shielding gas behavior during the laser-MIG hybrid
welding was investigated utilizing CFD software Fluent 6.3.
Standard k-¢ turbulence model first developed by Spalding
and Launder was adopted [14], which was described by the
semi-empirical transport equations (Egs. (1) and (2)) to eval-
uate the turbulent kinetic energy of the flow and the dissipa-
tion rate.
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Table 3 The transport equation

parameters [15] Model variables Model constants Model

parameters
x;  Space coordinates in the ith direction T  Temperature C,. 144
t Time Gas density C,. 192
k  Turbulent kinetic energy 1 Gas viscosity C;.  0.09
Turbulent dissipation S Modulus of mean rate-of-strain tensor Cp 0.09

u;  Component of the velocity vectorinthe g;  Component of the gravitational vector in O 1.0

ith direction the ith direction

o, 1.3

P, 085

Where, Egs. (3) and (4) describe the P; and P, as follows:

Py = 11,8? (3)
4, 0T
p, = &itu OT op. @)
pPr; ox; \oT »

Equation (5) shows the turbulent viscosity 1, described by
combining the turbulent kinetic energy and the dissipation
rate.

k2
My = pCu? (5)

Where, Table 3 describes all the parameters in the equa-
tions [15], among which the constant parameters, i.e., C;.,
Cse, Cse, Cy, Py, 0 and o, were set as the default values in
the CFD software Fluent 6.3.

4 Results and discussion
4.1 Droplet transfer stability

Figure 4 shows the droplet transfer behaviors with three dif-
ferent shielding gas nozzles for arc torch during the laser-MIG
hybrid welding process. Spatters were observed while the
straight-trapezium nozzle was utilized, as shown in Fig. 4a.
As to the square-outlet nozzle with boss (Fig. 4b) and circle-
outlet nozzle with boss (Fig. 4c), the droplets transferred into
the molten pool smoothly with no spatter. Figure 5 illustrates
the welding current waves during the narrow-gap welding
process while using the three different nozzles. The welding
current wave of the straight-trapezium nozzle was unstable,
which was characterized by many pronounced peaks, as
depicted in Fig. 5a. In contrast, no and fewer pronounced
peaks were observed while using the square-outlet nozzle with
boss (Fig. 5b) and circle-outlet nozzle with boss (Fig. 5c),
respectively. Therefore, the stable welding current could be
obtained while using the square-outlet nozzle with boss and

@ Springer

circle-outlet nozzle with boss, which agreed well with the
previous statement.

The droplet transfer stability was related to the shielding
gas flow behavior of the nozzle. Steady gas flow could be
realized by the square-outlet and circle-outlet nozzles due to
the boss. Figure 6 shows the calculated streamline of the
shielding gas inside the three different nozzles. The color of
the streamline reflected the velocity of the shielding gas. It
could be clearly seen that the shielding gas flowed into the
nozzle from the two inlets and adhered to the inwall of the
straight-trapezium nozzle. The two gas streams with high ve-
locity collided with each other outside the outlet of the nozzle,
resulting in the generation of gas flow divergence, as depicted
in Fig. 6a. As to the square-outlet nozzle with boss and circle-
outlet nozzle with boss, the two gas streams collided with each
other inside the nozzles due to the constraining effect of the
boss. And then, the concentrated gas streams formed and
flowed out of the outlets smoothly, as shown in Fig. 6b and

Spatters Wire

Molten pool

Molten pool

Fig. 4 The droplet transfer behavior during the laser-MIG hybrid
welding process. a Straight-trapezium nozzle, b square-outlet nozzle
with boss and ¢ circle-outlet nozzle with boss
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nozzle, b square-outlet nozzle
with boss and ¢ circle-outlet
nozzle with boss

Fig. 5 The welding current Instabili\ty

waves during the narrow-gap . -
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c¢. Compared to that of the circle-outlet nozzle, gas flow vor-  detected clearly. Figure 7 shows the calculated velocity vec-
texes which could weaken the gas rate generated inside the  tors on the cross sections of the three nozzles. In the straight-
square-outlet nozzle with boss, as demonstrated in Fig. 6b.  trapezium nozzle, the velocity vectors were almost parallel to
According to the calculated velocity vectors of the shielding  the wall of the nozzle near the outlet (Fig. 7a), which indicated
gas inside the nozzles, the gas flow behaviors could be  that the gas flow adhered to the wall. In the square-outlet

. Velocity

Fig. 6 The calculated streamline (a)
of shielding gas inside nozzles. a
Straight-trapezium nozzle, b

square-outlet nozzle with boss Streamline
and c circle-outlet nozzle with
boss
0.00
[m sh1]

(b) * (c) E*.‘_,

Streamline Streamline
6.00

6.00 H

Vortex
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Fig. 7 The calculated velocity
vectors on the cross-sections of
nozzles. a Straight-trapezium
nozzle, b square-outlet nozzle
with boss and ¢ circle-outlet
nozzle with boss

(b)

Vortex

nozzle with boss and circle-outlet nozzle with boss, the veloc-
ity vectors of gas were all vertical to the outlets of the nozzle,
as shown in Fig. 7b and c. Gas flow vortexes were observed in
the square-outlet nozzle with boss.

The higher gas flow rate and velocity vector angle led to the
instability of the arc column and then the instability of droplet
transfer. Figure 8 shows the gas flow rate of feature points (P1)
along the central axis (the same as the welding wire) of nozzle

¥ (c)

-

6.00 H

Velocity

6.00 H

Velocity

6.00 H

0.00 I | \ 0.00

[m s*-1]

as a function of distance from the outlet (L). With the increase
of the distance from the outlet of the nozzle, the gas flow rate
of shielding gas decreased. Compared to the square-outlet
nozzle with boss and the circle-outlet nozzle with boss, the
gas flow rates of feature points under the straight-trapezium
nozzle were obviously higher. The gas flow rates of the feature
points under the circle-outlet nozzle with boss were higher
than that of square-outlet nozzle with boss while the distance

Fig. 8 The gas flow rate of 5
feature points (P/) as a function
of distance from the outlet of
nozzles (L) 4
w
E 3
)
-t
e
3 2
k)
(=
[7)
3 1
0 Molten pool

High temperature zone

—A— Straight-trapezium nozzle
—=— Square-outlet nozzle with boss

—®— Circle-outlet nozzle with boss
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Fig. 9 The angle () between the
velocity vectors of P/ and central
axis as a function of distance from
the outlet of the nozzle (L)

Angle a (°)

40

L

| Molten pool

—— Straight-trapezium nozzle
—#®— Square-outlet nozzle with boss

——*— Circle-outlet nozzle with boss

High temperature zone

1 s 1 s 1 s Il

6

L was less than about 12 mm. Besides, Fig. 9 shows the angle
() between the velocity vectors of P1 and the central axis as a
function of distance from the outlet of the nozzle (L). It could
be clearly seen that the angle « of the straight-trapezium noz-
zle was larger than that of the square-outlet nozzle with boss
and the circle-outlet nozzle with boss while the distance L was
less than about 15 mm.

4.2 Weld appearances

The back welding, i.e., first-pass welding, was the key to
multipass laser-arc hybrid welding of the thick-section steel
with narrow gap and deep groove. Figure 10 shows the back
welding appearances of joints obtained by three different
nozzles for arc torch. The pores in a honeycomb distribution
were observed at the surface of the weld produced by hybrid

Fig. 10 Weld appearances of joints obtained by back welding with three
different nozzles. a Straight-trapezium nozzle, b square-outlet nozzle
with boss and ¢ circle-outlet nozzle with boss

8 10 12 14 16 18
Distance L (mm)

welding while using the straight-trapezium nozzle. The max-
imum diameter of the pore was almost half the width of the
weld seam, as shown in Fig. 10a. Besides, the surface of the
weld appeared in light blue, which indicated that the weld
oxidation occurred during the welding process. In contrast,
almost no pore was detected on the surfaces of welds fabri-
cated by hybrid welding while using the square-outlet nozzle
with boss and circle-outlet nozzle with boss, as shown in
Fig. 10b and c, respectively. Besides, the surfaces of the
welds appeared in metallic luster.

The weld appearances, including porosity defects and
surface color, were related to the protective effect of
shielding gas. Figure 11 depicts the calculated argon con-
centration distribution at the longitudinal sections of the
domain in the welding direction. The regions in red color
had the high argon concentration, which could protect the
molten metal from oxidation effectively. Figure 11a shows
the calculated argon concentration distribution on the
weld during the hybrid welding while using the straight-
trapezium nozzle. The effective protective area was main-
ly in the fore part of the molten pool. However, parts of
the areas could not be protected effectively due to the low
argon concentration induced by the unstable gas flow.
During the hybrid welding process, the aft part of the
molten pool was almost exposed to the atmosphere. A
large amount of air invaded into the molten pool and
formed the pores, as shown in Fig. 10a. While using the
square-outlet nozzle with boss and circle-outlet nozzle
with boss, all the fore and aft parts of the molten pool
could be protected effectively by the shielding gas, as
shown in Fig. 11b and c, respectively. Therefore, the qual-
ified welds with no surface pores and oxidation were
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Fig. 11 The calculated argon (a)
concentration distribution at the

longitudinal sections of the

domain in the welding direction. a

Straight-trapezium nozzle, b

square-outlet nozzle with boss

and c circle-outlet nozzle with

boss

Distance from the surface of specimen (mm)

Welding

i direction

(b)

Distance from the surface of specimen (mm)

=20 -10 0 10

Distance from the center of molten pool (mm)

produced by utilizing square-outlet nozzle with boss and
circle-outlet nozzle with boss, as demonstrated in Fig. 10b
and c.

5 Conclusions

In this study, three different shielding gas nozzles were de-
signed for the narrow-gap laser-MIG hybrid welding of thick-
section steel. The droplet transfer behavior and weld appear-
ance were comparatively investigated. The shielding gas flow
behaviors of the three nozzles were studied. The main conclu-
sions are as follows:

(1) While using the straight-trapezium shielding gas nozzle,
unstable droplet transfer behavior with spatter was ob-
served due to unstable and high velocity of the shielding
gas.

(2) A mass of pores in honeycomb distribution formed at the
weld surface while using the straight-trapezium nozzle,
since the aft part of the molten pool could not be
protected effectively.

(3) While using the square-outlet nozzle with boss or circle-
outlet nozzle with boss, stable droplet transfer behavior
and qualified welds almost with no pores at the surface
were obtained.
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