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Physical Phenomena and Porosity Prevention Mechanism

in Laser-Arc Hybrid Welding'

KATAYAMA Seiji*, NAITO Yasuaki**, UCHIUMI Satoru** and MIZUTANI Masami™***

Abstract

Hybrid welding of stainless steels or aluminium alloys was performed with the heat sources of YAG laser and

TIG, or YAG laser and MIG, respectively.

The effects of welding conditions and melt flows on penetration

depth, geometry and porosity formation were investigated with the X-ray transmission real-time observation
method. Melt flows on penetration depth and geometry were consequently confirmed. Concerning porosity
suppression, in TIG-YAG hybrid welding of stainless steel, no formation of bubbles was attributed to the absence

of pores.

On the other hand, disappearance of bubbles from the concave molten pool surface due to the arc

pressure played an important role in reducing porosity in YAG-MIG hybrid welding of aluminium alloys at high

arc currents.
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(Stainless steel), (Aluminium alloy)

1. Introduction

Hybrid welding with YAG laser and TIG or MIG
is receiving considerable attention all over the world
since it possesses many advantages such as increased
penetration, improved gap and misalignment tolerance,
increased welding speed, enhanced process stability, and
reduced porosity.'?

However, it seems that the physical phenomena
and the mechanisms concerning penetration and porosity
suppression are not fully understood. The melt flows
and porosity generation/suppression mechanisms have
not been observed during hybrid welding.

In this study, therefore, YAG laser-TIG arc and YAG
laser-MIG arc hybrid welding were performed on Type
304 stainless steel plate with low S content and A5052
aluminium alloy plate, respectively. The effects of
welding conditions on the weld bead penetration and
geometry, surface roughness and quality, and porosity
formation were investigated concerning welding
directions, the distances between the laser-focused point
and the TIG electrode or MIG wire target, and the TIG or
MIG currents.  To interpret their effects, droplet
transfers from a filler wire to the molten pool and the
flows of ZrO, particles on the puddle surface were
observed during hybrid welding with a high-speed video.

The keyhole behaviour, bubble formation and
disappearance situation leading to porosity formation, the
movement of W particles and the stirred situation of Pt
wires were also observed through X-ray transmission
real-time imaging system.

2. Materials Used and Experimental Procedures

2.1 Materials used

The materials used in hybrid welding with YAG
laser and TIG arc heat sources are mainly Type 304
austenitic stainless steel of 10 mm in plate thickness,
possessing the chemical compositions of 18.2%Cr-
8.1%Ni-0.05%C-0.47%S1-0.99%Mn-0.028%P-0.003%S.
The utilization of the steel with low S content ensures
that the chief melt flows from high to low temperatures in
the pool should occur due to the force driven by surface
tension.

In hybrid welding with YAG laser and MIG arc
heat sources, A5052 aluminium alloy plates of 2 to 4 mm
in thickness and A5356 MIG wire of 1.2 mm in diameter
were used to understand normal hybrid welding results
and phenomena.
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2.2 Welding procedures

Hybrid welding with YAG laser and TIG arc or
YAG laser and MIG arc was performed on the plates of
Type 304 steel or A5052 alloy, as shown in Figs. 1 and 2,
respectively. The welding heat sources used are a YAG
laser machine (the maximum power Py, = 4 kW), TIG
welder (the maximum current: 300 A) with a W-2%
Ce,0; electrode of 3.2 mm in diameter and MIG welder
(the maximum current: 350A) in the DCEP pulsed arc
mode. An Ar-O, mixed gas was supplied from the
coaxial nozzle (50 I/min) in YAG laser and TIG arc
hybrid welding. After the chamber was filled with the
mixed gas, the bead-on-plate welding experiments were
performed in pure Ar shielding gas supplied from the
TIG torch nozzle (30 1/min).

In this paper, backward welding with a YAG laser
beam following and forward welding with a YAG laser
beam leading are called TIG-YAG or MIG-YAG and
YAG-TIG or YAG-MIG welding, respectively. The
effect of distances (d) between the laser beam central axis
and the TIG electrode tip and between the beam center
axis and MIG wire target was investigated in YAG-TIG
and YAG-MIG welding.

2.3 X-ray transmission real-time observation method
of inside molten pool during welding

The penetration and porosity formation tendency
of weld beads were investigated by optical microscope
and X-ray inspection method.  Moreover, keyhole
behavior, bubble/porosity formation or disappearance,
melt flows and molten pool geometry were observed
through X-ray real-time transmission system. The
system is schematically shown as an example of
YAG-TIG welding in Fig. 3. For clearer visualization
of molten pool geometry, a platinum (Pt) or tin (Sn) wire
was placed in a hole on the surface of Type 304 or A5052
aluminum alloy plate, respectively. Tungsten (W)
particles were also set to elucidate melt flows in the pool.
The video framing speed was 500 or 1000 frames/s.

YAG Laser ( f=200 mm )

TIG

<Ar+0,

Outlet SR Speci
«— | pecimen

<——1 Welding direction

Fig. 1 Chamber producing pure Ar and Ar-O, mixture
atmospheres and schematic experimental setup
in YAG laser and TIG arc hybrid welding.

Laser power

Fig. 2 Schematic experimental setup for YAG laser
and MIG arc hybrid welding.

Sl fiber

YAG laser head — W
TIG torch
Specimen
Microfocused
X-ray tube  \Work table  Image intensifier

CCD camera

— == Shielding
Y.AG IIaselr gas 00
High speed
camera TIG arc
welder
- D
Recorder
< Monitor >

Fig. 3 Schematic arrangement of X-ray transmission imaging system for observation
of phenomena inside molten pool during hybrid welding.



3. Experimental Results and Discussion

3.1 Hybrid welding results with TIG and YAG laser
The effect of the ambient atmosphere on
penetration was investigated during welding with a YAG
laser only or TIG-YAG hybrid in the atmosphere of
Ar-oxygen mixed gas. The cross sections of weld beads
are shown in Fig. 4, together with those produced in air
without the chamber, for comparison. The numbers are
the oxygen contents measured in the weld beads. The
oxygen contents were larger with an increase in the
oxygen gas ratio and in the air. In pure Ar atmosphere
the weld beads showed a “nail head” type of geometry,
but in the YAG laser welding and in the hybrid welding
at 100A, the surface widths decreased and the penetration
depths increased with an increase in the oxygen ratio or
content. Especially it was confirmed that the oxygen
affected the weld geometry and the "nail head"
disappeared in the atmosphere of higher oxygen ratio or
at higher O content. On the other hand, in the hybrid
welding at the arc current of 200A, the penetration didn’t
become deep but the "nail head" part was wider and
deeper with an increase in the oxygen gas ratio in the
atmosphere. At any arc current, the weld beads
produced in the air were similar to those in the
atmosphere of higher oxygen ratio. This indicates that
the oxygen gas in the atmosphere or

Transactions of JWRI, Vol.35 (2006), No.1

SUS304(10 mm), P,= 3.3 kW, v = 10 mm/s, £y = Omm,
h=2mm, d=5mm, o=55deg,

Oxygen content 0 5 10 in Air

[%

Arc
current| 100

I, [A]

200

O content in base plate: 41 ppm

Fig. 4 Effects of arc current and environmental

atmosphere on penetration geometry of laser
and hybrid weld beads.

high oxygen content should affect the

Type 304(10 mm‘), P;=33kW,v =10 mm/s, f; =0mm, h =2 mm, d =5 mm, a = 55 deg,

laser and hybrid weld bead geometry. Atmosphere

The X-ray inspection results of
the respective weld beads are shown in
Fig. 5. The amount of porosity
increased in the weld metals at 100A
but decreased at 200A. It was Arc
revealed in hybrid welding that porosity CZ"[Z']“
tendency was dependent upon the
welding conditions, especially the TIG
arc current.

High speed video and X-ray
transmission in-situ observation were
carried out in laser and hybrid welding
of Type 304 plate to gather actual
information of keyhole behaviour,
bubble and porosity formation or disappearance,
and melt flows on the surface and inside the molten
pool using specimens with ZrO, particles and Pt or
W makers.

Figure 6 shows the effect of the arc current
on weld penetration, porosity formation tendency,
keyhole behaviour, and bubble generation in Type
304 steel with low S content. The phenomena of
hybrid welding in the air at 100 and 200 A are
schematically summarized in Fig. 7. In the YAG
laser welding, bubbles were generated from the
bottom part of the keyhole probably due to intense
evaporation of metal or keyhole collapse. The

Fig. 5 X-ray inspection results of laser and hybrid weld beads,
showing porosity formation tendency.

Type 304(10 mm'), P,=3.3kW, v =10 mm/s, f; = 0mm, a = 55°,

d =5 mm, h =2 mm, Shielding gas : Ar (5.0 x 10* m%s)

Arc current /, [A]

0 100 200

bubbles were trapped by the solidifying front, Fig. 6 Cross sections, X-ray inspection results and X-ray

resulting in the formation of porosity. At 100 A, a
keyhole was slightly larger and deeper than that in

transmission in-situ observation results of Type 304 steel
with low S content subjected to YAG laser only and
hybrid welding at TIG arc currents of 100 and 200 A.
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[Arc current: 100 A J

Laser
bheam Welding direction
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TIG
electrode

Melt flow
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[Arc current: 200 A }

TIG
electrode

Laser

Welding direction
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pool

Fig. 7 Schematic representation of TIG-YAG hybrid welding phenomena, showing keyhole,

plume, concave surface, melt flows inside molten pool leading to weld geometry.

YAG laser welding, and the downward flows of the melt
near the keyhole wall were clearly seen, and thereafter
the melt flowed from the keyhole tip to the rear along the
bottom of the molten pool. This suggests that the latter
flow along the bottom of the molten pool to the rear
mainly deepens the molten pool. On the other hand, at
200A, the molten pool was depressed, the keyhole
diameter near the top of the surface was larger, and other
fast melt flows were observed around the keyhole near
the surface, resulting in the formation of wider bead
widths. It was also confirmed that the keyhole inlet
became wider with an increase in the arc current. At
100 A, the diameter of the keyhole became slightly larger,
but the formation of bigger bubbles increased in the
formation of the porosity. At 200 A, the diameter at the
top part of the keyhole was larger than that at 100 A, and
the surface of the molten pool was heavily concave.
Moreover, only a few bubbles were generated in the
molten pool. It was revealed that bubble formation
tendency depended upon the arc current. Porosity
reduction at 200 A is attributed to the reduced bubble
generation, but not to the disappearance of bubbles from
the molten pool surface in YAG and TIG hybrid welding
of Type 304 steel.

3.2 Hybrid welding results with YAG laser and MIG

YAG-MIG and MIG-YAG hybrid welding were
carried out on A5052 alloy. Slightly easier melting or
higher speed for full penetration welding was achieved in
MIG-YAG welding. Good and bad surface appearances
of weld beads were observed in YAG-MIG and
MIG-YAG hybrid welding, respectively. Therefore,
YAG-MIG and MIG-YAG hybrid welding may be
recommended from the weld bead surface appearances
and from the penetration, respectively.

YAG-MIG hybrid welding was performed at
various MIG currents. The surface appearances, cross
sections and X-ray inspection results of weld beads are
shown in Fig. 8. The weld beads were wider and deeper
with an increase in the MIG current. Porosity was
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reduced with increasing the MIG current, and it was
almost absent at 240 A.

Formation and flow of bubbles resulting in pore
formation were observed with the X-ray transmission
observation method. Examples of X-ray transmission
images during hybrid welding at 120 A and 240 A are
exhibited in Fig. 9. Many bubbles were formed from
the bottom of the keyhole during laser welding and
hybrid welding at 120A. At 120A, the majority of them
were trapped at the solidifying front of the weld fusion
zone resulting in the formation of porosity. Such
tendency was the same with the single YAG laser
welding. At 240 A, on the other hand, the molten pool
produced with a laser beam was strongly pushed down by

Arc -
current  Surface Cross X-ray
[A] section | inspection

Undercut

AG singlg|;
welding

Fig. 8 Surface appearances, cross sections and
X-ray inspection results of YAG laser and
YAG-MIG hybrid weld beads.



MIG

Fig. 9 X-ray transmission images during hybrid
welding at 120 and 240 A, showing bubble
generation leading to porosity and concave
surface, respectively.

the MIG arc pressure to produce a concave surface.
Consequently, the majority of bubbles generated from the
keyhole disappeared into the atmosphere through the
molten pool surface depressed by arc pressure. Such
disappearance of bubbles from the pool surface was

Transactions of JWRI, Vol.35 (2006), No.1

(a) Oms

(b) 0.1 ms

Fig. 10 High-speed video images of molten
surface  during hybrid welding,
showing disappearance of bubble
from rear central surface.

confirmed by the high-speed video observation result of a
molten puddle during hybrid welding, as exhibited in Fig.
10.

The keyhole and molten pool geometry during
YAG single welding (0 A) and hybrid welding at 120 and
240 A are schematically illustrated in Fig. 11. It was
confirmed that the molten pool became large and long
backward and could be easily suppressed with increasing
the MIG current. The suppressed concave surface of the
molten pool may be the reason for porosity reduction due
to the disappearance of bubbles at high MIG currents.

YAG laser welding 120A

Laser beam Laser beam

Porosity

Welding
direction

Keyhol

MIG wire

Droplet from
MIG wire

MIG wire
Laser beam Droplet from
. MIG wire
Welding ./ Surface

di&ction

Molten pool Molten pool

Fig. 11 Schematic representation of YAG laser and YAG-MIG hybrid welding phenomena, showing keyhole
and bubble generation resulting in porosity during laser and hybrid welding at 120 A, and concave
surface of molten pool leading to no porosity at 240 A.
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4. Conclusions

The following conclusions are derived from the
experimental results and discussion of YAG-TIG and
YAG-MIG hybrid welding.

i) Concerning YAG-TIG welding of stainless steel;

(1) It was confirmed in both laser and hybrid welding
of a steel with low S content that the penetration
and geometry of weld beads depended upon the
volume of the oxygen in the ambient atmosphere,
and that a pronounced "nail head" disappeared in
the atmosphere of higher oxygen ratio as well as in
the normal air atmosphere.

(2) It was revealed that bubble and porosity formation
tendency depended upon the arc current. In the
hybrid welding at 100 A, the porosity increased in
comparison with that in the laser welding and in
the hybrid welding at 200 A.

(3) Especially at 200 A, the top diameter of the
keyhole inlet was slightly wider and the surface of
the molten pool was concave due to the strong gas
stream stress or arc pressure, and moreover only a
few bubbles were generated in the molten pool,
resulting in reduced porosity or no porosity.

ii) Concerning YAG-MIG welding of aluminium alloy;

(1) The surface appearances were better in YAG-MIG
welding; but on the other hand, the penetration
was deeper in MIG-YAG welding.

(2) The penetration increased with an increase in the

MIG current.

(3) In YAG-MIG hybrid welding, porosity could be
reduced in number with increasing the MIG
current and were absent at 240 A.

(4) The reason for the reduced porosity at higher MIG
currents was attributed to the disappearance of
bubbles from the suppressed molten pool surface
according to the X-ray real-time transmission
observation and high speed video observation.
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