
Introduction

To reduce vehicle weight and improve
fuel efficiency, high-strength steels are in-
creasingly used in the automotive industry.
These steels are usually coated with zinc,
which provides an excellent corrosion re-
sistance for a typical guarantee of up to
ten years’ corrosion protection for auto-
motive body panels. However, the pres-
ence of zinc coating in the metal sheets
poses several severe issues for welding.
When welding the zinc-coated steels in a
gap-free lap joint configuration, a highly-
pressurized zinc vapor is readily produced
at the interface of two coated metal sheets
because of the lower boiling point of zinc
(906°C) compared to the melting point of
steel (above 1300°C). If the generation of
zinc vapor at the interface of the metal

sheets is not suppressed, various weld dis-
crepancies such as spatter and porosity will
be produced during welding. Conse-
quently, the resultant mechanical proper-
ties are degraded, and repair is usually
required after the welding process. 

With respect to high welding speeds
and low heat input, various laser welding
techniques have attracted tremendous at-
tention from industry. In the past several
decades, many efforts were made around
the world in order to achieve a sound weld
in zinc-coated steels. The American Weld-
ing Society set a standard of removing the

zinc coating layer at the interface of metal
sheets completely, prior to welding zinc-
coated steels (Refs. 1, 2). A common way
for industries to weld zinc-coated steels is
to include a spacer with the thickness of
about 0.1–0.2 mm at the interface of metal
sheets. The gap created by the spacer fa-
cilitates the zinc vapor escape from the in-
terface of metal sheets resulting in
high-quality welds (Ref. 3). Alloying the
zinc with copper is another way to weld
zinc-coated steels (Ref. 4). Before the
steel is melted, a zinc-copper compound is
formed, which has a higher melting point
(1083°C) than the boiling point of zinc.
Hence, the formation of highly pressur-
ized zinc vapor is avoided. Similarly, a thin
aluminum alloy foil was set along the weld
line at the interface of metal sheets in
order to alloy the zinc. Under the heat
from the laser, an Al-Zn compound was
formed, resulting in a reduced pressure
level of zinc vapor (Refs. 5, 6). One po-
tential issue for using this method was that
the mechanical properties of welds could
be degraded by excessive dissolution of
aluminum into the welds (Refs. 5, 6). In
addition, methods of depositing a nickel
coating having a high melting point along
the weld line at the interface of metal
sheets (Refs. 7, 8), using dual beam or two
lasers (Refs. 9–13), pulsed laser (Ref. 14),
and hybrid laser welding (Refs. 14–19),
have been proposed to weld zinc-coated
steels. Wang et al. (Ref. 20) proposed a
method of using a laser to cut a slot for the
zinc vapor to escape from the interface of
the metal sheets and using the second
laser to weld the metal sheets. Speranza et
al. (Ref. 21) suggested a method of intro-
ducing a metal powder, which can alloy
with the zinc, into the molten pool pro-
duced by the laser beam, thereby reducing
the weld porosity and spatter.

Recently, Yang et al. (Ref. 22) devel-
oped a hybrid laser arc welding process
that employed a gas tungsten arc welding
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ABSTRACT

Zinc-coated steels are increasingly used in the automotive industry due to their ex-
cellent corrosion resistance and long-term mechanical performance. However, it is still
a great challenge to weld zinc-coated steels in a gap-free lap joint configuration. When
zinc vaporizes at 906°C, which is much lower than the melting temperature of steel
(1300°C), a high-pressure vapor will be generated at the faying interface of the steel
sheets. If the zinc vapor is not appropriately vented out, a weld discontinuity such as
porosity is usually produced in the weld and spatter is expelled from the weld.

In this paper, a new laser welding process is proposed to join zinc-coated steels in
a gap-free lap joint configuration. The new process uses a suction device to create a
negative pressure zone (relative to ambient) directly above the molten pool. The pur-
pose of this negative pressure zone is two-fold. First, a drag force is generated due to
the external suction device, which can counterbalance the shear force induced by the
erupting zinc vapor. Secondly, the negative pressure zone facilitates the zinc vapor to
escape along the suction direction. As a result, the molten pool becomes more stable
and the keyhole will remain open to allow the escape of zinc vapor. With vacuum as-
sist, welds free of spatter and porosity can be obtained. In addition, mechanical prop-
erties of the welds are evaluated by tensile shear test and microhardness measurements.
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(GTAW) preheating technique to weld
zinc-coated, high-strength, dual-phase
steels in a gap-free lap joint configuration
where GTAW preheating leads the laser
beam and simultaneously moves with the
laser beam. With the GTAW preheating, a
portion of the zinc along the weld line at
the interface of metal sheets is vaporized
and part of the zinc is transformed into
zinc oxide, which has a melting point
(above 1900°C) greater than that of steel.
Under these welding conditions, a com-
pletely defect-free weld in the zinc-coated
steels was achieved. Furthermore, Yang et
al. (Ref. 23) optimized the shielding con-
ditions to stabilize the molten pool, thus
achieving a constantly open stable key-
hole. The stable keyhole provides a chan-
nel that allows the zinc vapor to escape
from the interface of the metal sheets.
Consequently, the molten pool is not dis-
turbed by the zinc vapor and the formation
of spatter and porosity in the welds is elim-
inated. Gu et al. (Ref. 25) utilized a re-
mote laser welding technique with a high
scanning speed called laser dimpling to
create a dimple prior to welding, which
provides a gap for the subsequent laser
welding of the zinc-coated steels. Sound
welds were obtained with this laser dim-
pling technology. In addition, Kim et al.
(Ref. 24) developed a CO2 laser mi-
croplasma arc hybrid welding to weld zinc-
coated steels. 

Although the aforementioned methods
can address the issues arising from the
welding of the zinc-coated steels in a lap
joint configuration, there exist some limi-
tations, such as high cost for implementa-
tion in the automotive industry. In order

to reduce the cost and cycle
time, the automotive indus-
try looks for simple and flex-
ible laser welding
techniques, using a single
laser beam to weld the zinc-
coated steels in a gap-free
lap joint configuration.
Therefore, it becomes nec-
essary to develop a new laser
welding technique which can

flexibly weld zinc-coated steels in a gap-
free lap joint.

In this study, a 4-kW fiber laser was
used to weld the zinc-coated steels. A suc-
tion device was developed to create a neg-
ative pressure zone directly above the
molten pool. The presence of the negative
pressure zone had two effects: The first
was to help the generated zinc vapor to es-
cape along the suction direction, and the
second was to maintain the molten pool
stability. In addition, tensile shear and mi-
crohardness tests were carried out to as-
sess the weld mechanical properties.

Experimental Setup

The materials used in this study were
zinc-coated dual-phase (DP590) steels.
The zinc coating was hot dipped at a level
of 60 g/m2 per side. The tested coupons
had the following dimensions: 120 × 85 × 1
mm. The two metal sheets were then
tightly clamped together during the laser
welding process so that there was no joint
clearance. The overlap length between the
two metal sheets was 25 mm, and the laser
beam was located at the center of overlap.
The lap-shear samples did not contain the
start and stop of the welds. The laser weld-
ing process was performed with a 4-kW
fiber laser. A multimode laser beam was
brought into the laser welding head by an
optical fiber and focused on the top sur-
face of the workpiece. The laser spot di-
ameter at focus was 0.3 mm. A high-speed
camera with a frame rate of 4000 fps was
used to record images of the laser-induced
plasma in order to study its dynamic be-

havior. During the laser welding process,
the laser beam was focused on the top sur-
face of the two-sheet stack up. The exper-
imental setup is shown in Fig. 1. The
suction device used in this study was an
AirStar vacuum cleaner with bag made by
Philips (Model: HomeCare-FC8224),
which has an input power of 1400 W and a
maximum vacuum level of 29 kPa. A cop-
per tube of 8 mm in diameter was con-
nected to the cleaner to provide a negative
pressure zone above the welding pool. It
was positioned 3 mm in front of the laser
beam and 6 mm from the top surface of
the workpiece. In addition, the lap joint
coupons were sectioned, ground, polished,
and etched for hardness measurements
and examination using an optical micro-
scope. Vickers microhardness tests were
conducted using a load of 100 g and a
dwell time of 10 s.

Results and Discussion

Issues from laser welding of zinc-
coated steels in a gap-free lap joint con-
figuration are below.

Figure 2 shows the characteristics of
typical laser welds in zinc-coated steels. As
shown, a large amount of spatter and
porosity are produced in the welds. It is
well known that the highly pressurized zinc
vapor is the root cause of these weld de-
fects. When spatter is produced and ex-
pelled along the laser beam propagation
direction, coupling of the laser beam en-
ergy to the workpiece is impeded resulting
in only partial penetration (Fig. 2B) being
achieved, even at high power levels. In ad-
dition, a turbulent molten pool is always
observed due to the large difference in the
velocity and pressure between the zinc
vapor and the liquid melt. The instability
of the molten pool manifests itself in the
form of waves, which are generated on the
molten pool with the associated swelling
and troughs. Under these welding condi-
tions, the laser beam is projected onto the
uneven surface of the molten pool. This
phenomenon is equivalent to changing the
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Fig. 1 — Experimental setup of vacuum-assisted laser welding
(welding direction: right to left).

Fig. 2 — Typical laser welds in zinc-coated steels. A — Top view; B — bottom view. (Laser
power 3.4 kW; welding speed 1.8 m/min).
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position of focus, the spot size, and the
focus location of the laser beam, i.e., the
laser beam intensity will be distributed un-
evenly at the spatial and temporal dimen-
sions. 

Figure 3A and B schematically demon-
strates the different mechanisms of the ab-
sorption of the laser beam when the
keyhole is unstable and stable, respec-
tively. The absorption of the laser beam
for the case of a stable keyhole is dramat-
ically improved through multireflection
within the keyhole. In contrast, the uneven
surface of the turbulent molten pool
causes a majority of the laser beam energy
to be reflected. When the laser beam is
projected onto the surface of the zinc-
coated steel, the zinc is immediately va-
porized as a result of the low boiling point
of zinc. Furthermore, a large amount of
time varying laser-induced plasma and
plume is always produced during the laser
welding process (Ref. 25). 

Previous studies have found that the
laser-induced plasma and plume fluctuates
in a high frequency and changes its shape
and size over time during the welding
process (Refs. 11, 25). The uneven surface
of the molten pool along with the fluctu-
ating laser-induced plasma and plume de-
teriorates the coupling efficiency of the
laser beam energy into the welded materi-
als. Consequently, the keyhole size and
depth changes during the laser welding
process and is forced to collapse due to an
insufficient power density of the incident
laser beam into the workpiece. When the
keyhole collapses or the keyhole depth
can’t reach the faying interface, the zinc
vapor is entrapped and expands inside the
molten pool. Once the zinc vapor pressure
is beyond the threshold, the vapor bubble
and associated liquid metal are ejected out
of the molten pool, scattering drops of
molten metal in different directions, which
deposit onto the surrounding top surface
of the workpiece. As a consequence, spat-
ter and porosity are formed. As mentioned

previously, the spatter scattered along the
laser beam propagation direction blocks a
portion of the incident laser beam energy
into the workpiece to be welded. 

In order to study the real-time dynamic
liquid metal behavior, high-speed cameras
were used to monitor the welding process.
Using a 5-W green laser as an illumination
light to suppress the strong laser light en-
abled the dynamic behavior of the molten
pool and the keyhole to be clearly ob-
served. Figure 4 shows ten successive pho-
tos taken in the middle of the welding
process, which indicate the transformation
of a relatively stable molten pool into a
turbulent molten pool due to the eruption
of zinc vapor. A relatively stable molten
pool and a stable keyhole are shown in
Fig. 4A where a white spot represents the
keyhole and the area inside the blue line
represents the molten pool. As shown in
Fig. 3B, a stable molten pool has a rela-
tively flat surface with a circular shape of
the keyhole as seen from a top view. Evo-
lution of the zinc vapor through the key-
hole causes the molten metal behind the
keyhole to be pushed back opposite to the
welding direction, as shown in Fig. 4B. A
trough and a swelling featured as indicated
by the yellow line in Fig. 4B are also ob-
served in the molten pool. This phenome-
non suggests that the molten pool has
become unstable and is fluctuating at
some frequency. Additionally, the keyhole
begins to disappear in Fig. 4B. 

By the analysis of the recorded images
and direct observation of the laser welding
process, it was found that the formation of
spatter is associated with some sort of
molten pool fluctuation frequency and
amplitude of the swelling. Further studies
are needed to clarify this relationship.
From Fig. 4B to J, the shape of the
swelling and troughs vary over time as do
the size and shape of the keyhole and the
inclined angle of the keyhole with respect
to the workpiece. Note that after the
molten pool experiences a significant fluc-

tuation and a given volume of liquid melt
is ejected out of the molten pool, the
molten pool begins to stabilize, as shown
in Fig. 4J. It is theorized that the reason
for the molten pool to resume a relatively
stable condition following a period of tur-
bulence is that the zinc vapor pressure at
the faying interface becomes lower than
the threshold value after the zinc vapor is
released during the turbulent period.
Then as the pressure builds up over time
to a point where the vapor is emitted from
the molten pool, the cyclic nature of the
molten pool turbulence is explained. This
area of study requires further research.

Vacuum-Assisted Laser Welding of 
Zinc-Coated Steels

In the current body of work, a new
method, vacuum-assisted laser welding, is
proposed and developed for the welding
of zinc-coated steels in a gap-free lap joint
configuration where a vacuum system is
integrated with the laser system. As shown
in Fig. 1, a copper tube connected to the
vacuum system is positioned directly in
front of the laser focal point. During the
laser welding process, the drag force pro-
duced by the vacuum system can be ad-
justed with a change in the pressure level
within the vacuum system. 

Figure 5 shows the initial experimental
results, which exhibit neither spatter nor
porosity in addition to full penetration.
The main reason for achieving sound
welds by the vacuum-assisted laser weld-
ing process is that a stable and open key-
hole can be consistently created, which in
turn, provides a stable channel for the zinc
vapor to escape. For the conventional sin-
gle laser beam welding of zinc-coated
steels, a large shear force is always present
and acts upon the molten pool resulting
from the competing forces induced by the
upward and lateral moving, unstable zinc
vapor and the downward acting laser-in-
duced plasma. Under this large fluctuat-
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Fig. 3 — Effect of keyhole shape on coupling efficiency of laser beam energy. A — Unstable keyhole reflecting a majority of the laser beam; B — stable keyhole
coupling where most of the laser beam energy is transferred into the workpiece through multireflection within the keyhole.
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ing shear force as the zinc vapor pressure
builds, and subsequently releases, the
molten pool becomes dramatically unsta-
ble and the keyhole tends to collapse. With
the vacuum-assisted laser welding of zinc-

coated steels, the leading vacuum system
guides the laser-induced plasma and
plume toward the welding direction,
which provides an external force, i.e., a
drag force, to counter-balance the shear

force acting on the molten pool surface re-
sulting from the zinc vapor.

Figures 6 and  7 illustrate this mecha-
nism. The removal of the laser-induced
plasma and plume enhances the coupling
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Fig. 4 — Sequenced images of molten pool turbulence during laser welding (power 3.4 kW; welding speed 1.8 m/min) taken at different times. A — t = 1.00000
s; B — t = 1.00025 s; C — t = 1.00050 s; D — t = 1.00075 s; E — t= 1.00100 s; F — t = 1.00125 s; G — t = 1.00150 s; H — t=1.00175 s; I — t = 1.00200
s; J — t = 1.00225 s.

A
B

C

E F

G

I

H

J

D

Yang 7-13_Layout 1  6/12/13  2:59 PM  Page 200



efficiency of the laser power into the weld.
Furthermore, a negative pressure zone is
created directly on the top of the molten
pool when a vacuum system is used during
the laser welding process. This suggests that
the pressure level in front of the laser beam
is always the lowest. The difference in the
pressure level of the highly pressurized zinc
vapor and that around the copper tube fa-
cilitates the zinc vapor to escape toward the
lower pressure zone, i.e., the suction direc-
tion. Thus, the applied force on the surface
of the molten pool from the zinc vapor and
laser-induced plasma is reduced. Under
these welding conditions, the molten pool
remains stable and the coupling of laser
power into the workpiece is consistent. As
a consequence, the keyhole is stable and re-
mains open during welding for the zinc
vapor to escape.

Real-Time Monitoring of Laser-Induced
Plasma and Plume

A high-speed camera was used to study
the dynamic behavior of the laser-induced
plasma. In this case, the illuminating green
laser light was not used. Figure 8 presents
successive top view images of the laser-in-
duced plasma and plume taken by the
high-speed camera. Figure 8A–F indicate
the typical characteristics of the laser-in-
duced plasma plume including weld spat-
ter for conventional laser welding and Fig.
8G–M demonstrate the typical character-
istics of laser-induced plasma plume with
no weld spatter for vacuum-assisted laser
welding. As shown in Fig. 8A–F, the laser-
induced plasma and plume are highly dy-
namic and demonstrate rapid change in
their shape and size over a short time. Be-
cause of the strong force the plasma and
plume induce on the molten pool, the
molten pool is severely disturbed and be-
comes very unstable when the laser-
induced plasma and plume fluctuates in a
large angle with respect to the top surface
of the workpiece. Furthermore, changes in
the shape and size of the laser-induced
plasma and plume influences the coupling
efficiency of the laser beam energy into

the workpiece. As a consequence, the key-
hole is unstable, and its depth and shape
are changed. When the keyhole depth
does not reach the faying interface of the
two metal sheets or is collapsed, the
highly-pressurized zinc vapor can’t find a
channel to escape, and it expands inside
the molten pool. Consequently, a large
amount of liquid metal is expelled from
the molten pool and spatter is observed, as
shown in Fig. 8A. In contrast, the size and
shape of the laser-induced plasma and
plume are very stable when the vacuum
system is applied. As can be seen in Fig. 8
G–M, the laser-induced plasma and plume
are guided by the vacuum system toward
the direction of suction, and their shape
and size exhibit little change over time. 

The stability of the laser-induced
plasma and plume facilitates coupling of
the laser beam energy uniformly into the
welded materials. Thus, the keyhole depth
and shape do not vary dramatically, which
helps the zinc vapor to escape from the in-
terface. It is observed that when the vac-
uum system is applied, the weld
penetration is nearly the same at different
locations of the weld. Figure 9 presents a
set of six sequenced images of the keyhole
and molten pool recorded by a high-speed
camera using an illumination light during
the vacuum-assisted laser welding. These
images clearly show that the shape and
size of the keyhole vary within a small
range, and the keyhole is maintained open
during the entire sequence.

The improved stability achieved by vac-
uum-assisted laser welding can be ex-
plained from an energy point of view, by
the fact that the suction device improves
the molten pool/keyhole stability thereby
reducing the effects of defocusing and ab-
sorption of laser-induced plasma and
plume on the laser beam energy. Figure 10
schematically shows the improved laser
beam transmission to the workpiece. Ac-
cording to the Beer-Lambert Law,

I(Z)=I0e–αZ (1)

where I is the laser beam energy absorbed
by the workpiece, I0 is the incident laser
beam energy, α is the absorption coeffi-
cient of laser-induced plasma and plume,
and Z is the height of the laser-induced
plasma and plume. From Equation 1, it is
found that changes in the height of the
laser-induced plasma and plume are asso-
ciated with changes in the shape and size
of the laser-induced plasma and plume,
which alters the amount of laser beam en-
ergy transferred to the workpiece. As
shown in Fig. 10, the vacuum-assisted laser
welding process has a lower height of
laser-induced plasma and plume of Z2
than that of Z1 produced in the conven-
tional laser welding process. 

Previous studies have found that the
absorption coefficient of laser-induced
plasma and plume is relative to the tem-
perature and electron density. The higher
the temperature and electron density, the
higher the absorption coefficient and re-
fraction index of the laser-induced plasma
and plume (Refs. 27, 28). When using the
suction device, the plume is quickly diluted
and removed, i.e., the electron density is
reduced and the value of laser-induced
plasma and plume absorption is reduced.
As a consequence, the vacuum-assisted
laser welding process has a lower value of
Z than that in conventional laser welding. 

Based on Equation 1 and considering
the constant incident laser beam energy,
the laser beam energy absorbed by the
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Fig. 5 — Welds obtained by vacuum-assisted laser welding. A — Top view; B — bottom view (laser
power 3.2 kW; welding speed 3 m/min).

Fig. 6 — Schematic of the stabilizing mechanism
in vacuum-assisted laser welding of zinc-coated
steels in a gap-free lap joint.

Fig. 7 — Schematic of the negative pressure zone
above the molten pool.
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laser-induced plasma and plume during
vacuum-assisted laser welding process is
lower than that produced in conventional

laser welding process. In addition, the
laser beam could be defocused by the
laser-induced plasma and plume during

the laser welding process. As shown in Fig.
10A, the incident laser beam spot is en-
larged due to the refractive effect of the
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Fig. 8 — Sequenced images of the molten pool during laser welding.(laser power 3.4 kW; welding speed 1.8 m/min) exhibiting dynamic behavior of laser-induced
plasma plume when suction is turned off. A — t = 0.500 s; B — t = 0.501 s; C — t = 0.502 s; D — t = 0.503 s; E — t = 0.504 s; F — t = 505 s (arrows point to
spatter); suction turned on; G — t = 1.000 s; H — t = 1.002 s; I — t = 1.003 s; J — t = 1.004 s; K — t = 1.005 s; L —  t = 1.006 s. Welding direction is from right
to left for each image.
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laser-induced plasma during the conven-
tional laser welding process. However, the
defocusing effect of the laser-induced
plasma and plume is reduced during the
vacuum-assisted laser welding process, as
shown in Fig. 10B. Based on the above
analysis, the coupling efficiency of the
laser beam energy is improved by vacuum
assisted laser welding in comparison to
conventional laser welding.

Tensile Tests

Tensile shear testing was carried out to
determine the peak load, which is used as
a measure of strength for base and weld
metals. Three tensile test specimens were
machined from the same weld for both the
vacuum-assisted and without applied vac-
uum conditions, both of which were
welded under the same conditions. The
average value was used to compare the
vacuum-assisted laser weld strength to that
of the single laser weld strength. The load-
bearing area of the weld was assumed to
be the weld length at the faying interface
as measured on polished cross sections.
For the base metal, its tensile strength is
0.78 kN/mm, as calculated from the peak
load divided by sample width. All of the
vacuum-assisted laser welds fractured in
the heat-affected zone (HAZ) adjacent to
the base metal. Figure 11B shows the char-
acteristics of a typical fracture in a sample
produced by vacuum-assisted laser weld-
ing. The average maximum tensile
strength of the vacuum-assisted laser weld
was 0.77 kN/mm. Similar to the previous
studies (Refs. 22, 23), the weld strength
achieved by the vacuum-assisted laser
welding process approaches that of the
base metal. However, the laser welds ob-
tained by regular laser welding fractured
in the weld zone under tensile loading re-
sulting in an average strength of 0.51
kN/mm. The formation of weld defects
such as the porosity degraded the weld
strength. Figure 11C shows that when
deep porosity was present in the weld,
cracking first initiated along its edge and
then propagated into the base material. 

Microhardness Tests

Microhardness tests were also con-
ducted across the weld using a 100-g load
and 10 s holding time. Figure 12 shows 1)
the relative position of the hardness meas-
urements, and 2) the microhardness dis-
tribution profile for a typical
vacuum-assisted weld. As is typical for
steel, the highest hardness value is within
the weld zone due to a quenching effect
following the laser welding process. The
hardness value in the weld zone was rela-
tively uniform. Furthermore, the hardness
values decreased from the weld zone,

through the HAZ and to the base metal.
The lowest hardness value was located in
the region close to the base metal. No in-
ternal porosity was found in the welds,
which is similar to the results obtained by
the previous studies (Refs. 22, 23).

Conclusions

Experiments for zinc-coated steels
were conducted by vacuum-assisted laser
welding. The conclusions of this study can
be summarized as follows:

High-quality, gap-free lap joints in
zinc-coated steels can be obtained by using
a vacuum-assisted laser welding process.
This is achieved because a stable and open
keyhole can always be produced when the

suction is turned on. Therefore, the highly
pressurized zinc vapor can be vented out
through the open keyhole.

Aside from the zinc vapor itself, the
laser-induced plasma and plume are key
factors that influence the stability of the
laser welding process. When using a sin-
gle laser beam, the shape and size of the
laser-induced plasma and plume fluctu-
ate at a high frequency. This imposes a
large force on the molten pool and results
in a turbulent molten pool. A large
amount of liquid metal is squeezed out of
the molten pool and spatter is observed
when laser-induced plasma and plume vi-
brate at a large angle. 

The laser-induced plasma and plume are
guided by the vacuum system and move
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Fig. 9 — Top view images of the stable keyhole achieved by vacuum-assisted laser welding (laser power
3.4 kW; welding speed 1.8 m/min). A — t = 1.000 s; B — t = 1.002 s; C — t = 1.003 s; D — t = 1.004
s; E — t = 1.005 s; F — t = 1.006 s. The welding direction for all images is from right to left.

Fig. 10 — Schematic of the laser-induced plasma and plume above the molten pool during welding. A —
Baseline without suction; B — improved laser beam energy transmission resulting in larger keyhole di-
ameter with application of a suction device. Welding direction is from right to left. Z1 and Z2 are laser-in-
duced plume heights without/with suction device turning off/on respectively. r1 and r3 are the laser focus
spot sizes. r2 and r4 are the real laser spot sizes without/with suction device turned off/on, respectively.
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along the suction direction, which also helps
to stabilize the molten pool. Vacuum-as-
sisted laser welding can also have a higher
coupling efficiency of the laser beam than
that of the conventional laser welding.
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Fig. 11 — Fracture under tensile shear loading. A —
Schematic representation of lap-shear sample; B —
fracture at HAZ for the vacuum-assisted weld; C —
fracture in the weld zone for a conventional laser
weld.
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Fig. 12 — Microhardness profile of welds obtained by vacuum-assisted laser welding. A — Position of
hardness measurements; B — microhardness distribution profile.
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