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Abstract: The porosity is an important kind of weld defects in deep-penetration laser-arc welds. This work gives an experimental

study on relationship between molten pool behavior and keyhole-induced porosity in pulsed laser-arc hybrid welding. In this

research, the impact effect of laser pulse on the weld pool, and live behavior of the laser keyhole and the porosities in the weld were

investigated. Results show that the impact effects from the laser pulse depend on the laser pulse parameters and stronger impact

effect helps restrain the porosity formation. The laser keyhole state dominants the welding pool behavior. The keyhole dimension

and open-close state directly influences the porosity formation. Extremely high laser pulse power always brings about porosities

after welding. Lengthening the laser keyhole opening time and giving the gas enough time to escape will be an effective way to

restrain the porosity.
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Recently, the laser-arc hybrid welding technology was
rapidly developed to overcome those shortcomings coming
from single laser welding and single arc welding'"*. Although
laser-arc welding has been proven to be a robust process for
producing satisfactory welds in steels, it can be less
straightforward to achieve acceptable weld quality due to the
porosity, especially in welding of light metals, such as
magnesium, aluminum and titanium alloys™*.

Porosity is an important kind of weld defects in deep-
penetration laser-arc welds, which can have great bad effects
on the mechanical properties of welded joints™. Due to the
large welding speed of hybrid laser-arc welding, the
solidification process of liquid metal is much shortened. The
pores in the liquid metal have no enough time to escape,
especially in welding of metals with small density, resulting in
the generation of residual porosities in the weld seam. The
porosity is closely related to the behavior of laser keyhole
structure during liquid metal solidification. So, these
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porosities in laser or laser-based welds are quite different from
other fusion welds'®, especially in the shapes and locations.
Researcher dedicated their energy on the relationship
between liquid metal flow and porosity formation during laser
or laser-based welding!”*. Much research work has been done
based on computer simulation, and many valuable and
1! developed a
three-dimensional sharp interface model for self-consistent
keyhole in laser deep penetration welding. Both keyhole
collapsing and bubble formation processes were simulated.
They found that the humps in the keyhole strongly influence the

encouraging results were obtained. Pang et a

keyhole behaviors. In their other reports, the bubble formation
in laser keyhole welding was also analyzed through computer
simulation method. In those researches, it can be found that the
quick decrease of gas pressure in keyhole will result in the
involvement of ambient gas into the keyhole. At the same time,
the high speed metallic vapor ejection generates a low pressure
area near the keyhole opening, which can also increase the
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chance for the shield gas to enter the keyhole!"™'. In the
research from M. Courtois et all'”, a three-dimension simulation
of a laser welding process was performed to discover the
keyhole oscillations and porosity formation. Zhou et al'’
proposed a study toward the porosity formation and prevention
in pulsed laser welding by computer simulation. They claimed
that the formation of porosity in pulsed laser welding is caused
by two competing factors: one is the solidification rate of the
molten metal and the other is the backfilling speed of the molten
metal during the keyhole collapse process. The above-
mentioned researches are extremely valuable. They contributed
much to the laser keyhole search area. In fact, the actual
situations in laser-arc hybrid welding process are much more
complicated with respect to the single laser welding situation,
which restrains the flexibility in direct use of these simulation
results, and decreases the accuracy of final results. Cho et al'"¥
carried out a three-dimensional analysis of molten pool in gas
metal arc (GMA)-laser hybrid welding. They found that the
molten flow at the bottom of the keyhole rises up slowly, and
therefore a vortex can be observed throughout the molten pool.
This research helps to understand the liquid metal behaviors in
the laser-arc hybrid welding. But, the interactions between the

1" proposed a 3D

laser and arc plasma were neglected. Lu et a
model, in which liquid metal flow, bubble movement and
solidification were coupled. In their computer simulations, they
found that the bubble number was determined by the frequency
of keyhole collapse.

From the above results, it can be seen that as the most
important unstable structure in the molten pool of laser-
referred welding process, the keyhole plays an dominant role
in weld formation and porosity generation. The keyhole
behavior during welding needs to be researched. Meanwhile, it
is noted that most of the present researches refer to the welding
process using a continuous laser. Seldom literature can be seen
to aim at the pulsed laser-arc welding. The keyhole behaviors in
the continuous laser and pulsed laser are totally different,
resulting in the difference in porosity formation mechanism.
Therefore, the exact relations between the porosity formation
and keyhole behaviors are still unclear, and need to be disposed.

In this study, experiments were conducted to specially
investigate the influence of pulsed keyhole on porosity
formation during pulsed laser-arc welding. Based on direct
observation of keyhole outlet state on the weld pool surface,
the weld state after solidification, and the keyhole behaviors
and porosity formations were analyzed. During analysis, the
impact effect from the laser pulse was fully considered. It is
thought that the experimental phenomenon provided and the
analysis in this study will be helpful in further understanding
of keyhole behavior-porosity formation and
interactions.

laser-arc

1 Experiment

The welding heat source is a laser-arc hybrid heat source, a

combination of a pulsed Nd:YAG laser and a gas tungsten arc
(GTA), as is sketched in Fig.1. During welding, the laser beam
vertically radiates the surface of the welding material. A
convex lens was used to focus the laser beam into a spot with
minimum 0.6 mm in diameter. The electric arc acted ahead of
the laser beam in welding direction with the angle of 45°.
Bead-on-plate welding was performed on two kinds of plates.
5 mm thick magnesium alloy plates were used in laser-arc
hybrid welding process to observe the keyhole outlet; 3 mm
thick TA15 titanium alloy plates were used to record
solidification of the liquid metal after laser pulse action in
single laser welding experiments.

In order to synchronously observe the detailed behavior of
the laser keyhole and the welding arc behavior during laser-
arc welding, a high-speed camera with the acquisition speed
of 2000 frame/s was sideway placed towards the welding arc.
Due to the existence of the burning arc plasma with extremely
high radiation intensity, a low power laser with the central
waveform of about 808 nm was specially used as the illumi-
nating light source. The detailed device and method referred
can be found in the reports from Chen et al.!"®. After welding,
the welding seems were cross-sectioned and polished. The
cross sections were observed by an optical microscopy after
being etched by the acid solution (5% HCI + 95% alcohol).

2 Results and Discussion

2.1 Impact effect of laser pulse on molten pool

In pulsed laser-arc welding, the arc heats the metal continu-
ously while the laser beam radiates the liquid metal discon-
tinuously. Due to the extremely short acting time, the laser
beam has an impact effect on the molten pool, which will
influence the hybrid welding process and weld formation. In
this part, special experiments were conducted to investigate
the laser pulse impact effect in single laser welding. TA15

Welding laser beam |
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Fig.1 Sketch of the experimental devices
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titanium alloy plates were selected as the target, and three
main laser pulse parameters were tested. The top appearances
of the laser pulse radiated area are given in Fig.2. From Fig.2,
it can be seen that with the 0.6 mm diameter laser pulse action,
a subcircular melting area on the base material appears. Many
concentric ripples can be found in the area. The ripples
become larger and deeper near the margin of the area, while
near the area center, there are few ripples. These ripples
expose that when the laser pulse acts, a strong shock to the
liquid metal exists. The shock generates waves on the molten
pool surface. However, the impact effect can not last for a
long time, and will disappear before all the liquid metal
finishing the solidification, because the ripples can not be seen
in the center of the pulse acted area.

With the help of optical microscopy, the crystallization state
of liquid metal of this area can be roughly obtained. As the
typical welding microstructure of Ti alloy, martensite needles
within the parent $-Ti grains can be observed in the regions 1,
2 and 3 indicated in Fig.2. It can be found that the crystal
grains in region 3 are the finest, while the grains in region 1
are much coarser. The difference of the grain size in different
areas may come from the breaking effect of the laser pulse to
the grains during solidification.

In the experiments, it is observed that the ripples on the
laser pulse acted area are different when different laser pulse
parameters were used. As shown in Fig.3a, the ripples are
smaller with the laser pulse energy of 8 J. When the laser
pulse energy is improved to 14 J, the ripples are larger and
deeper as presented in Fig.3b, indicating a stronger impact
effect of laser pulse to the liquid metal.

In order to examine the influence of laser pulse parameters
on the impact effect, some experiments were conducted. In the
experiments, the laser pulse energy and duration were changed,

0.06 mm

Fig.2 Morphology of laser pulse acted area (parameters: laser pulse
energy 12 J, laser spot diameter 0.6 mm, laser pulse duration
1.5 ms, Ar gas shielded)

Fig.3 Effect of laser pulse energy on ripples: (a) laser pulse energy
8 J and (b) laser pulse energy 14 J (other parameters: laser
spot diameter 0.6 mm, laser pulse duration 1.5 ms, Ar gas
shielded)

and the wave roughness was recorded. The waves of the area
radiated by laser pulses with different parameters were scored
in levels 1~5, in which the level 5 represents the wave with
the largest roughness on the surface. The results are given in
Table 1. From these results it can be found that both the laser
pulse energy and duration have influences on the wave
characteristics of the laser radiated area. Bigger laser pulse
energy always generates stronger waves, while larger laser
pulse duration will depress the waves. The results indicate that
if the larger energy transfers to the materials within a shorter
time, the impact effect will be strong.
2.2 Keyhole behaviors in laser-arc welding of magnesium
alloy

A keyhole observation was conducted to obtain the keyhole
outlet state during the laser-arc welding process, as presented
in our previous reports!'®'. The behaviors of the keyhole
outlet at different welding conditions were observed directly.
In the experiments, it is found that a single laser pulse action
will bring about an open-close process of the keyhole outlet,
which means every laser pulse can generate an isolated
keyhole, as presented in Fig.4. From Fig.4, it can be clearly
seen that during laser pulse action (in the first two
milliseconds), a hole is generated on the surface of the molten
pool created by the electric arc. After laser pulse action, the
keyhole exists for a period of time. The opening state of the
keyhole outlet lasts for nearly 13 ms in this welding condition,
and then the keyhole outlet finally closes.

Obviously, the keyhole outlet size and the keyhole outlet

Table 1 Effect of laser pulse parameters on ripple features

Laser pulse energy/]  Laser pulse duration/ms ~ Ripple levels
8 1.0 2
8 2.0 1
12 1.0 4
12 2.0 3
16 1.0 5
16 2.0 4
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Fig.4 Keyhole behavior during a laser pulse action cycle (parameters: laser pulse energy 16 J, laser pulse duration 2.0 ms, laser pulse frequency

30 Hz, electric arc current 80 A, welding speed 600 mm/min. The laser pulse action period was marked with darker background)

opening time are the two main characteristics of the keyhole
behavior, which have great influences on the liquid metal
solidification and welding quality. So, in this part of
experiments, the effects of welding parameters on those two
characteristics were investigated.

Fig.5 presents the influence of laser pulse frequency on
keyhole outlet diameter and the keyhole opening time. From
Fig.5, it is found that when the laser pulse frequency increases
from 10 Hz to 35 Hz, the keyhole average diameter is around
1.2 mm, and the keyhole opening time varies around 3.0 ms.
This indicates that during laser-arc welding process, the laser
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Fig.5 Effect of laser pulse frequency on keyhole characteristics
(parameters: laser pulse energy 16 J, laser pulse duration 2.0
ms, electric arc current 120 A, and welding speed 600

mm/min)

pulse frequency hardly influences the keyhole state. The
reason may be that every single laser pulse generates a
keyhole, and the evolution of the laser keyhole finishes before
the next laser pulse comes. So, the adjacent laser keyhole
seems to bring no influence to each other.

The influence of laser pulse duration on laser keyhole state
is given in Fig.6. From Fig.6, it can be seen that the laser pulse
duration has effects on the keyhole opening time, but hardly
influences the keyhole outlet diameter. With the laser pulse
duration increasing from 1.5 ms to 4.0 ms, the laser keyhole
opening time increases firstly and then decreases gradually.
The keyhole opening time reaches its peak of almost 4 ms at
2.5 ms laser pulse duration. The laser pulse duration
represents the time for the laser energy to input to the material.
When the laser pulse energy is constrained to a value, a small
pulse duration means to deliver the constrained energy to the
material in a short time. This represents an extremely high
laser pulse power. In this situation, the heat penetration of the
laser to the material may be large; however, the stability of the
keyhole will be poor. So, the keyhole outlet will close within a
short period after laser pulse action. When the pulse duration
is improved from 1.5 ms to 2.5 ms in this welding condition,
the laser pulse power is depressed. However, the value is still
large enough for achieving a relatively stable keyhole and an
acceptable heat penetration depth on the workpiece. But, when
the pulse duration is improved up to 4.0 ms, the heat
penetration ability of the laser beam becomes weak, resulting
in an unstable keyhole with a small penetration depth.
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Fig.6  Effect of laser pulse duration on keyhole characteristics
(parameters: laser pulse energy 16 J, laser pulse frequency 25
Hz, electric arc current 120 A, and welding speed 600

mm/min)

The influence of laser pulse energy on the laser keyhole
property was experimentally investigated, and the results are
presented in Fig.7. Results exhibit that the laser pulse energy
has influences on both laser keyhole outlet diameter and
keyhole opening time. With the increase of laser pulse energy
from 8 J to 18 J, the laser keyhole outlet diameter increases
gradually. When other laser pulse parameters are confirmed,
the increased laser pulse energy directly leads to the enhanced
laser pulse power and the improved heat input to the material.
So, the laser keyhole dimension will be enlarged, with larger
keyhole outlet diameter and deeper keyhole depth. As to the
keyhole opening time, with the increase of laser pulse energy,
it increases first and then decreases. The keyhole opening time
reaches its peak value at about 14 J laser pulse energy,
indicating that in this situation the laser keyhole is more stable,
and the keyhole outlet can last for a longer time.

As shown in Fig.8, the welding arc current has little influ-
ence on the laser keyhole outlet diameter. However, with the
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Fig.7 Effect of laser pulse energy on keyhole characteristics
(parameters: laser pulse frequency 25 Hz, laser pulse duration
2.0 ms, electric arc current 120 A, and welding speed 600

mm/min)
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Fig.8 Effect of electric arc current on keyhole characteristics
(parameters: laser pulse energy 16 J, laser pulse duration 2.0
ms, laser pulse frequency 25 Hz, and welding speed 600

mm/min)

increase of arc current, the keyhole opening time decreases.
When the electric arc current is improved, the temperature of
the liquid metal in the welding pool will be higher, resulting in
the decrease of the surface tension of the liquid metal. Small
surface tension of the liquid metal will directly lead to the
unstable state of the keyhole outlet, and collapse will happen
easily. So, in the experiments, it is noticed that the keyhole
outlet can not stay long when the arc current is improved.
2.3 Keyhole-induced porosity

Porosity are always generated in laser-referred welding
processes. The porosity generation is closely related to the
keyhole behavior. During pulsed laser-arc welding, every
single laser pulse forms a keyhole. Therefore, the laser pulse
directly influences the porosity generation. In this part, the
relationship among the laser pulse parameter, keyhole
behavior and porosity generation were experimentally studied.

Fig.9 exhibits the typical porosities in the weld seam. From
Fig.9, it can be found that the porosities trend to form at the
keyhole bottom, and depending on the laser pulse parameters,

Fig.9 Porosities observed in the longitude section of the weld seam:
(a) laser pulse energy 16 J, laser pulse duration 1.5 ms; (b) laser
pulse energy 14 J, laser pulse duration 2.0 ms (parameters:

laser pulse frequency 5 Hz, welding speed 600 mm/min)
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the porosities are in different profiles. With the parameters
given in Fig.9, almost every laser pulse forms a porosity.

In our previous research, it has been proved clearly that a
large depth to wide ratio of the laser keyhole always leads to
the increase of porosity generation chance. Keeping the
keyhole outlet open for a longer time benefits the porosity
restriction'"®. As shown in Fig.10, when 4.0 ms laser pulse
duration is used, the laser pulse penetration ability is
weakened, and the porosity is almost eliminated after welding.

Therefore, in order to restrict the porosity formation, the
keyhole state must be controlled. Within all the laser
parameters, the laser pulse energy and laser pulse duration
together dominate the keyhole profile. In the experiments, it is
found that a proper laser pulse energy-duration match can
effectively depress the porosity. Results are given in Fig.11. If
higher laser pulse energy is used, the laser pulse duration must
be increased to achieve a lower porosity percentage. This
reflects a fact that the porosity of the weld has a strong
relationship with the laser pulse power. In pulsed laser

welding, the laser pulse power P can be expressed as:

P= E @)

td

in which E is the laser pulse energy, and #; is the laser pulse
duration. A small laser pulse power represents a gentle energy
input to the material, and the welding pool tend to stay in a
stable mode. Therefore, there is more time left for the gas
escaping from the keyhole bottom, resulting in a small chance
to form a porosity after the keyhole outlet is closed.

4 mm

Fig.10 Longitude section of the weld seam (parameters: laser pulse
frequency 5 Hz, welding speed 600 mm/min, laser pulse

energy 14 J, laser pulse duration 4.0 ms)
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Fig.11 Effect of laser pulse energy on porosity formation (parameters:

laser pulse frequency 25 Hz, welding speed 600 mm/min)

2.4 Analysis

In pulsed laser-arc hybrid welding, the welding pool is
always in the relatively unstable state. Different to the
continuous welding process, every laser pulse generates a
laser keyhole, and the welding pool has a periodical evolution.
Meanwhile, the impact of laser pulses to the liquid welding
pool brings extra influence to the metal solidification. To
investigate the liquid metal flow state in the melting pool,
pulsed laser welding experiments were carried out on
Tigy3Zr;;MosCu;oBeys alloy. As one of typical Ti-based
amorphous, the TigiZry;;MosCuyoBe;s alloy possesses special
solidification characteristics. During the fast solidification, the
whole alloy tends to freeze the interaction state of atoms and
phases in the liquid state. So, the liquid metal flow during
laser pulse action can be directly reflected by the patterns on
the weld top surface after solidification, as shown in Fig.12.
From Fig.12, it can be found that, there are several vertexes
existing in each molten pool generated by laser pulse during
welding process. In the welding direction, the liquid metal
flows from front to rear of the molten pool, and two large
vertexes occur. At the same time, small vertexes can be found
near the rear of the welding pool. The vertex pattern tells us
the intensive liquid metal fluent during laser pulse action.
Furthermore, the ripples on the molten pool margin indicate a
strong shock effect of the laser pulse on liquid metal in the
molten pool.

Weldingrdirection. a

0.4 mm

Fig.12 Top surface patterns of the pulsed laser welded seams:
(a) welding speed 600 mm/min; (b) welding speed 800
mm/min (parameters: laser pulse energy 12 J, pulse duration

2.0 ms, pulse frequency 25 Hz)
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