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Abstract The aim of the present research is to discuss the
effect of gap on plasma plume, keyhole, and molten pool
dynamics during laser lap welding for T-joints. The authors
observe plasma plume, keyhole opening, and molten pool
images by high-speed camera in different gaps during CO,
laser overlap welding of T-joints. The results show that gap
causes beam energy fluctuations in the keyhole and leads to
the instability of welding process. In laser spot welding,
zero-gap and small gap greatly affect the stability of plasma
and keyhole, which causes the formation of cavities in the
weld metal, while a proper gap can help prevent porosity
formation. In laser continuous welding, the disruption and
closure of front keyhole wall at the gap periodically changes
with the gap, which causes the formation of plenty of poros-
ities at the gap. The instability of keyhole is closely related to
dynamics of plume and molten pool, which gives an insight
into the mechanism of porosity formation during laser over-
lap welding.

Research highlights: ¢ Plasma and molten pool dynamics in different
gap sizes were observed.
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1 Introduction

Laser lap welding can be divided into two kinds of types:
laminated lap welding and stake lap welding. Stake welded
T-joint is the simplest structural unit of all metal sandwich
structures as shown in Fig. 1, in which the core and cover
plates are bonded by laser welding. In order to reduce the gap
between the core and cover sections, the core plates must be
fabricated to maintain linearity along the length and proper
height, while the gap induced by the fixing force and welding
distortion is unavoidable during laser welding [1]. Up to
now, the influence of gap on welding process is still not
clear, particularly the dynamics of keyhole and molten pool
in different gaps.

The dynamics study of plasma plume, keyhole, and mol-
ten pool in laser welding is essential to understand the
welding process and the appearance of weld defects.
Dynamics of plasma and keyhole in deep penetration
welding has been studied by some experiments and numer-
ical simulations [2—5]. Poueyo-Verwaerde et al. [6] and
Szymanski and Kurzyna [7] applied spectroscopic measure-
ments and diagnostics to observe the plasma induced in laser
welding process. The results indicated that the plasma greatly
affected the energy transmission during laser welding.
Matsunawa et al. [8] observed keyhole behavior in
continuous-wave and pulsed laser welding by using a similar
x-ray transmission imaging system and found porosity is
formed from bubbles generated from the tip of the keyhole.
Seto et al. [9] observed the keyhole and the plasma plume
behavior by high-speed camera and X-ray transmission imag-
ing system, and found that the keyhole depth was closely
related with the change of plume. Guohua Li et al. [10]
acquired the stability information from plasma images taken
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by high-speed photography and analyzed the influences of
surface impurity and the flow rate of side-assist gas on the
stability. Hiroshi et al. [11] observed dynamics of keyhole
during laser penetration welding by using an X-ray transmis-
sion imaging system and found that the upper part of the
keyhole fluctuated largely. Many bubbles in the molten pool
were trapped by the solidifying wall, resulting in the porosity.

However, few studies have been conducted to reveal the
relationship between the dynamics of plasma and keyhole
during laser overlap welding, particularly the effect of gap in
lap welding. In this study, we observed plume images, key-
hole, and molten pool images simultaneously by using two
high-speed cameras in CO, laser overlap welding for T-
joints. The effect of gap on plasma plume, keyhole, and
molten pool dynamics and porosity during laser lap welding
for T-joints was revealed and discussed.

2 Experimental procedures

High-strength low alloy (HSLA) steel with 4 mm in thick-
ness was used as a specimen in this experiment. The exper-
imental setup is shown in Fig. 2. Overlap welding was
carried out with the 15 kW CO, laser system. The laser beam
was focused on the upper plate surface with a parabolic
mirror of 357 mm focal length. The M2 value of the laser

Laser beam High-speed video camera for

melt pool and keyhole opening

Shielding gas nozzle

Auxiliary illuminant for

Specimen melt pool images

High-speed video camera
for plasma imaging

Welding direction

Fig. 2 Schematic illustration of the experimental setup
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beam was about 3.6 and the spot diameter was 0.86 mm.
Helium shielding gas was blown forward through a nozzle of
a 6 mm internal diameter at a flow rate of 30 L/min. The
welding speed was 1.5 m/min.

Dynamic behavior of the keyhole, molten pool, and plas-
ma plume was simultaneously observed by the methods
described in Fig. 2 in both laser spot welding and laser
continuous welding. A high-speed camera system (HSCS)
including high-speed camera, macro lens, dimmer glass,
interference filter, and UV lens was used. The camera pro-
duced in Switzerland was MV-D1024-TrackCam of
Photonfocus Company. Laser-induced plume and molten
pool were observed by using high-speed camera placed in
the horizontal plane and in the 650 dip angle, respectively.
The flaming rate of the video was set as 1,000 frames per
second for the plume and 750 frames per second for molten
pool. The molten pool was illuminated with a diode laser
(2 W at a wave length 808 nm) from horizontal plane with a
30° dip angle.

3 Results

3.1 Dynamics of plasma and molten pool in laser spot
welding in different gap sizes

Dynamics of plume were observed by high-speed video
cameras in laser spot welding of T-joints in different gap
sizes. Figure 3 shows the flaming images of the laser-
induced plume during laser spot welding in different gap
sizes. As shown in Fig. 3, the plume began to emerge after
1.5 ms when a conduction welding was progressing. Plasma
plume generated violently from the upper surface after about
3 ms. At this time, the recoil force of metal vapor became
larger, leading to a large amount of plasma spurted [12]. The
laser beam penetrated upper plate after 21.7 ms, when a
small round plume could be seen at the gap. With increasing
gap, plasma plume at the gap became larger. Laser beam
penetrated the upper plate and irradiated the lower plate, and
then a second molten pool on the lower plate was formed.
More molten metal flowed towards the gap zone, and lower
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and upper plates were joined together. For the T-joints with a
gap size of 0.2 mm, 0.6 mm, 1.0 mm, the time from pene-
tration to the uniting of the two separate molten pools was
8 ms, 22 ms, and 32 ms, respectively. After that, a keyhole
was maintained in the state that occurred when the recoil
force of the plasma evaporation balanced with the surface
tension and the hydrostatic pressure. It was clear that the
keyhole could maintain a quasi-stationary state when there
was enough molten metal around the laser beam at the gap.
As the gap increases, the formation of quasi-steady keyhole
required more molten metal and longer time.

Figure 4 shows the dynamics of the molten pool and
keyhole opening during CO, laser spot welding in different
gap sizes. As shown in Fig. 4, after about 3 ms the pool
surface was depressed by the intense evaporation of metal
and the keyhole opening was clearly seen. The keyhole
opening fluctuated less at zero gap, and its size became larger
with increasing time. However, the largest size of keyhole
opening with the gap appeared at 21.7 ms when the laser
beam just penetrated the upper plate. At about 44.3 ms, the
keyhole opening became dark as shown in Fig. 4 with a 0.6-
mm or 1.0-mm gap. At this time, the laser beam completely
penetrated the upper plate, and a part of plume in the keyhole
escaped from the gap. The escaped plasma would increase
with increasing gap, while the upper plasma decreased, lead-
ing to a darker keyhole opening.

The molten pool became larger and larger with increasing
laser irradiation time. When the gap was zero, the size of

1me/ms

1.5 3.0 21.7 53.6 654

Gap/mm

0.2 ) pl
8
X

1.0

Fig. 3 Flaming images of laser-induced plume during laser spot
welding in different gap sizes (P=8 kW, nf=1,000 {/s, He shield)
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Fig. 4 Images of molten pool and keyhole opening in laser spot
welding in different gap sizes (P=8 kW, nf=750 f/s, He shield)

molten pool from 1.8 ms to 44.3 ms increased gradually and
then became steady. The time became longer with increasing
gap. The formation time of steady molten pool required
50.5 ms when the gap was 0.6 mm. The recoil pressure
was smaller due to the plasma in the keyhole that decreased
before the separate molten pool united, while after the sep-
arate molten pool united, a single keyhole formed again, and
the penetration further increased. As stated above, the key-
hole was no longer quasi-stationary sustained but fluctuates
when a gap existed. Periodic decay and increase of energy in
the keyhole completely coincided with the change of plume
in different gap sizes as shown previously in Fig. 3.

Figure 5 is the macro morphology of overlap T-joint in
laser spot welding in different gap sizes. As shown in Fig. 5,
the porosities in T-joint reduced upon increasing the gap.
When the gap was 0-0.4 mm, a large cavity was usually
formed near the gap. In laser spot welding T-joints, shielding
gas and metallic vapor were easily trapped in the keyhole
because of the instability of the keyhole, when the gap was
small, resulting in large cavities [13]. But when the gap was
above 0.4 mm, only few pores appeared at the root of weld
seam. The reason was that it was easier for metallic vapor to
escape from the gap when gap was large. Therefore, in laser
lap spot welding, appropriate gap helped to prevent porosity
formation, but overlarge gap would cause depression of weld
seam. As shown in Fig. 5, when gap was about 0.6 mm, weld
defects were least.

3.2 Dynamics of molten pool and plume in laser continuous
welding in different gap sizes

The dynamics of the plume were observed by high-speed
cameras in the horizontal plane in laser continuous welding.
Figure 6 shows the flaming images of the laser-induced
plume in different gap sizes. As shown in Fig. 6, the size
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Fig. 5 Macro morphology of

S Gap/mm
overlap T-joint in laser spot
welding in different gap sizes
Macro
morphology of
weld

and shape of plume fluctuated periodically when the gap was
zero; fluctuation period was about 5.15 ms. Tilt angle of
plume was almost perpendicular to the surface of the upper
plate. As the gap increased gradually, plasma plume included
three main dynamical characteristics. First, with increasing
gap, the upper plume made the transition from cylinder to
sphere, and its size became smaller. When front keyhole wall
was disrupted at the gap, part of the plasma plume escaped,
which led to variation of plasma plume distribution. Second,
it was confirmed that the upper plume changed its evolution
direction synchronized when the keyhole front wall was
disrupted, which could not be kept straight and upright.
Furthermore, the disruption time of keyhole front wall at
the gap gradually increased with increasing gap. When the
gap was | mm, front keyhole wall could not maintain well,
and the plume escaped out at the gap frequently. As shown in
Fig. 6, the existed time of plume at the gap was longer with
increasing gap.

Figure 7 represents the change of keyhole opening and the
motion of molten pool in CO, laser welding in different gap
sizes. As shown in Fig. 7, a white round shape close to
molten pool front was keyhole opening, and the verge of
keyhole opening could be clearly seen. When the gap size

ime/ms

1547 1557 157.8 1599 160.9

Gap/mm

0.2

0.6

1.0

Fig. 6 Images of laser-induced plume in laser continuous welding in
different gap sizes (P=8 kW, v=1.5 m/min, nf=1,000 {/s, He shield)

@ Springer

was zero, the size and shape of keyhole opening periodically
fluctuated with the liquid surface of molten metal; the fluc-
tuation cycle was about 6.2 ms. As the gap increased, key-
hole opening fluctuated more violently, and the cycle of
fluctuation got shorter. The molten pool and keyhole became
more unstable with increasing gap, and may result in the
powerful convection of molten pool. Because of the strong
convection, a quick circulation of liquid was observed on the
molten pool surface. The circulation period was about 5.2 ms
and 3.9 ms when the gap was 0.2 mm and 0.6 mm, respec-
tively. A lot of molten metal flowed to the gap after the laser
penetrated the upper plate, which caused molten pool de-
pression. Keyhole opening was not horizontally parallel to
the liquid surface of molten pool, and the rear border of
keyhole opening was the lowest point in the whole molten
pool. As stated above, dynamics of molten pool and keyhole
opening coincided well with the change of laser plume as
shown previously in Fig. 6.

As shown in Fig. 7, the periodical fluctuation of molten
pool was very obvious when the gap was zero, which was
closely related to the instability of keyhole and plasma. A
swelling near the keyhole opening also appeared, and molten
metal flowed along the sides of the pool. With increasing
gap, the wave was not eminent when molten pool appeared
to depress. Molten metal near keyhole wall directly flowed
backward from the middle of the pool and not along the
sides; the upper keyhole could maintain stability [7]. The
front wall of the keyhole at the gap became thinner and then
disrupted under laser beam irradiation. The keyhole front
wall closed again when the molten metal flowed to the gap.
However, the front keyhole wall at the gap disrupted period-
ically, which destroyed the stationary state of the keyhole,
and factors that resulted in the instability of the keyhole
could cause the formation of porosities [14].

Figure 8 shows the dynamic images of laser-induced
plume when the gap is 1.2 mm. As shown in Fig. 8, the laser
beam penetrated the upper plate to lower plate, and the lower
plume formed. With increasing radiation time, more plasma
was ejected upward from the lower plate; thus, the upper and
lower plume was held together. When more plasma was
formed, reflection and absorption of plume maintained a
major role, and lower plume disappeared. Because of a large
gap, molten metal at the gap had solidified before joining
together, so the upper and lower plate could not get united by
the melt. According to previous works, keyhole was tilted in
laser deep penetration welding [15, 16], and upper and lower
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Fig. 7 Dynamics of keyhole
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plume was not in a vertical line. As stated above, we could
also infer that the union of the separate melt pool at the gap
was the combined effects of the upper and lower plume and
molten pool.

With increasing gap, the dynamics of the plume coincided
well with keyhole and molten pool. Beam energy was not
uniformly absorbed on the keyhole wall, while the evapora-
tion intensity also changed cyclically, and, hence, keyhole as
well as the molten pool was disturbed by the strong vapor jet.
Keyhole was no longer quasi-stationary sustained but fluc-
tuates with increasing gap. Periodic closure and disruption of
front keyhole wall enhanced welding process instability in
different gap sizes, which was closely related to the porosity
formation.

3.3 Porosity formation process analysis and suppression
methods in laser continuous welding

Figure 9 shows the macro morphology of the overlap T-joint
in different gap sizes. As shown in Fig. 9, distribution of

Upper plume
Under plume

\‘ Gap

125ms 127.5ms 129.5ms 131.5ms.

Fig. 8 Dynamic images of laser-induced plume when the gap is
1.2 mm (P=8 kW, v=1.5 m/min, nf=850 f/s)

porosity was different from laser spot welding with increas-
ing gap. When the gap was less than 0.4 mm, porosities were
less in laser continuous welding. When the gap was 0.4—
0.8 mm, plenty of porosities appeared at the gap and root of
weld seam. When the gap was 1.0 mm, porosities were less,
while the morphology of the weld occurred to change and
depression was very obvious.

The above-stated optical observations revealed that gap
caused keyhole instability periodically, which was closely
related to the porosity formation. Therefore, the instability of
keyhole was the main reason of porosity formation, which
was closely related to the dynamics of plume and molten
pool. When the gap was less than 0.8 mm, macrograph of
cross-sections of the weld seams showed well-known “wine
cup shape” characteristics [17]. When the gap was above
0.8 mm, the weld seam presents reverse “wine cup shape”.
The plume could easily escape from the gap when the gap
was large, which led to a change of weld seam.

As previously mentioned, in laser overlap welded T-
joints, there were two kinds of porosities that distributed at
the root and the gap, respectively. The formation mecha-
nisms of both porosities were different. The formation cause
of root porosity was instability (fluctuations) of keyhole,
especially when the gap was small. Because of the instability
of the keyhole, metal vapor enters into the keyhole, resulting
in root porosity, which also coincided with previous works
[18]. The main formation cause of porosity in center was the
periodical disruption and closure of front keyhole wall at the
gap. The motion of molten pool occurred to vary. The bub-
bles were easily trapped in the gap. The distribution charac-
teristics of porosity in different gaps had an excellent agree-
ment with plume and molten pool dynamics.

In laser continuous welding, the formation and suppres-
sion of root porosity were extensively discussed by Seto [9].
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Fig. 9 Macro morphology of Gap/mm
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The controlled pulse modulation could effectively reduce the
porosity formation by forced oscillations of the keyhole.
Suppression methods of porosity were different in laser lap
welding. Firstly, the essential point was to keep the gap under
0.4 mm and maintain the condition at a quasi-stationary
state, which required the plates above and below to fit well
together. Secondly, low welding velocity was very effective
to reduce or suppress the porosity formation. Under this
condition, more molten pool flowed to the gap, and the
quasi-stationary keyhole could easily be formed, which
helped bubbles to escape from the molten pool.

Fig. 10 Schematic of molten
pool and keyhole in laser
continuous welding in different
gap sizes. a 0-0.4 mm, b 0.4—
0.8 mm, ¢ 0.8-1.0 mm

jon Molten pool
Weld Two phase region p

Cc
Wel
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4 Discussion

Some studies have been conducted on keyhole and molten
pool dynamic behavior, while the influence of gap on dy-
namics of keyhole and molten pool is still vague in laser
overlap welding. In this paper, in order to better understand
and illustrate the effect of gap on keyhole and molten pool
behavior in laser continuous welding, the authors built three
simple models for keyhole behavior and molten pool mo-
tions. Figure 9 presents different regimes of the keyhole and
molten pool in CO, laser welding in different gap sizes.

b

Molten pool  Swellings Vapor jet

Weld Two phase region

Local evaporation

Two phase region  Eddy ~ Molten pool vy, 0 oy
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According to the analysis above, the dynamic behavior of
molten pool and keyhole can be divided into three different
regimes that are quasi-stationary regime, non-stationary re-
gime, and false-stationary regime, and the corresponding gap
is 0-0.4 mm, 0.4—0.8 mm, and 0.8—1.0 mm, respectively.

The first regime (Fig. 10a), which is observed when the
gap is less than 0.4 mm, is characterized by quasi-stable
keyhole and molten pool motion. Under this state, molten
pool surface shows chaotic fluctuations and large swellings
of liquids fluctuating around the keyhole aperture, and a
laminar flow cannot be observed around the keyhole [19].
There is no obvious return flow in the rear of molten pool,
and internal pressure inside the keyhole, generated by the
ejected metallic vapor from the keyhole wall, is not large
enough for counterbalancing the closing pressure of the
keyhole due to surface tension effects [20]. Because of a
single molten pool induced by a small gap, the bubbles
formed by instable keyhole could easily escape from the
molten pool. When the gap is larger than 0.8 mm, turbulence
and eddies remarkably appear during laser welding. The
plume in the keyhole continuously jets out at the gap. The
keyhole is “quasi-stationary” sustained. In this regime, the
keyhole becomes shallower when a large amount of plume
continuously escapes at the gap. The bubbles induced by
instability of keyhole are less, and porosities were difficult to
form (Fig. 9).

When the gap is 0.4-0.8 mm, molten metal of upper and
lower plate accumulates at the gap, and a single keyhole
forms. Because of surface tension, the keyhole front wall
becomes thinner until it is disrupted at the gap. Plume and
metal vapor in keyhole spurt from the gap. Then the front
keyhole wall tends to unite again. In this regime, the keyhole
cannot maintain stability and exhibited a non-stationary re-
gime. The local disruption of the front keyhole wall at the
gap changes balance between surface tension and hydrostatic
pressure, and the motion of molten pool also changes. In
penetration laser welding, keyhole instability has been con-
sidered to be the main reason of bubble initiation. Porosities
resulted from bubbles trapped when the weld pool solidifies
[21]. As shown in Fig. 10c, at first, periodical disruption and
closure of front keyhole wall aggravated the instability of the
keyhole. Second, the gap changes the molten pool motion
when the gap is 0.4—0.8 mm. Plenty of bubbles produced at
the bottom of keyhole cannot get through molten pool at the
gap, which is trapped in molten pool in the gap, forming
porosities at the gap [22].

Beam energy is not uniformly absorbed on the keyhole
wall with increasing gap; keyhole as well as molten pool is
easily disturbed by strong vapor jet. Hence, the keyhole is no
longer quasi-stationary sustained but fluctuates with increas-
ing gap, which causes the periodic closure and disruption of
front keyhole wall, and it is closely related to the porosity
formation. The change coincided well with the analysis

above for dynamics, and we can better understand the for-
mation mechanism of porosity.

5 Conclusion

The major conclusions obtained in this work are as follows:

1. The dynamics of plume and molten pool in laser spot
welding and laser continuous welding of T-joint were
observed by high-speed videos in different gap sizes. In
laser spot welding, the time from penetrating the upper
plate to formation of stable keyhole increased with in-
creasing gap. In laser continuous welding, the plume had
three main dynamical variations: size, inclination angle,
and the existed time of gap plume, respectively. The
dynamics of plume coincided well with molten pool
and keyhole.

2. In laser continuous welding, the distribution of beam
energy occurred to change on the keyhole wall with
increasing gap. Keyhole was no longer quasi-stationary
sustained but fluctuated with increasing gap, which
caused the periodic closure and disruption of the front
keyhole wall. Dynamics of plume and molten pool co-
incided well with the distribution characteristics of po-
rosity in different gaps.

3. The formation mechanism of porosity in continuous
welding was different from laser spot welding. In laser
continuous welding, molten pool motion and stability of
keyhole occurred to vary for the gap. Bubbles were
easily trapped in the molten pool in the gap, and poros-
ities formed at the gap and root of weld seam. In laser
spot welding, a large gap was conducive to escape of gas
in the keyhole, thus the porosities were less.

4. In laser continuous welding, a method to reduce or
suppress porosity in laser lap welding was to control
gap less than 0.4 mm. In laser lap spot welding, a large
gap could help prevent the formation of porosity.
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