
WELDING RESEARCH

-S147WELDING JOURNAL

ABSTRACT. A series of hybrid welding
(gas metal arc welding-CO2 laser beam
welding) experiments was conducted in
which the two energy sources were cou-
pled in one process zone on the surface of
a 316L austenitic stainless steel work-
piece. Arc and laser power were varied in
order to study their influence on various
bead dimensions. Arc power and, conse-
quently, the mode of metal transfer have a
great influence on bead width W, arc and
laser penetration M and L, and bead rein-
forcement R. Increasing arc power in-
creases W and L, whereas it reduces M
and R. Laser power and hence the laser-
induced metal vapor significantly influ-
ences the features of the metal transfer
mode in the arc process. Higher laser pow-
ers prolong the arc burning time Ta at the
expense of the short circuit frequency Nsc,
which assists in increasing M and L. At
constant laser power, the contribution of
the M solely into the total penetration
M+L is always bigger than that of the L.

Introduction

The combination of laser beam weld-
ing (LBW) and conventional gas metal arc
welding (GMAW) processes, called hy-
brid (e.g., Refs. 1–3) or arc-augmented
laser welding (e.g., Refs. 5–7), has been in-
vestigated and in progress during the last
two decades. The potential for this combi-
nation is to increase the weld bead pene-
tration, width, and welding speed, which is
difficult to realize with either laser or arc
process by their own. Combining the two
processes results in a new one with its in-
herent features and characteristics, hence
widening the areas of its application and
increasing its capabilities, once the mutual

interaction between the two energy
sources is optimized. The arc welding
process, characterized by relatively lower
power density and wider process zone,
gives a wide bead, thus enhancing the
joint’s root bridging ability and enlarging
the manufacturing tolerances for joint
preparation. Simultaneously, the laser
beam process, characterized by higher lo-
calized power density, leads to a deeper
penetration. Thus in hybrid GMA-laser
beam welding, a wide and deep bead is
achieved at higher welding speeds when
compared with the GMAW process by its
own (Ref. 8). This accordingly leads to less
heat input per unit length, less thermal
distortion, and therefore, less residual
stresses, narrower heat-affected zone
(HAZ), and more important, increased
productivity.

Hybrid Welding Principles

Figure 1 shows a sketch of the hybrid
welding process (Ref. 10). In hybrid weld-
ing, a gas or solid-state laser (e.g., CO2 or
Nd:YAG) is combined with an arc welding
process (e.g., GMAW, GTAW, or PAW)
(Refs. 2, 3, 9). Both processes supply en-
ergy to the work surface. The focused laser
beam impinges the workpiece surface con-
verting its energy into heat. This causes va-
porization of the workpiece material and
formation of a deep vapor-filled capillary,
i.e. keyhole, which is stabilized by the pres-

sure of the metal vapor being generated.
This metal vapor is capable of becoming
hotter and forms a laser-induced plasma
(Refs. 2, 9) that emerges from the keyhole
causing attenuation of the laser beam
above the work surface. This is called
plasma-shielding effect, and its extent de-
pends upon the gas type, electron density,
and laser wavelength (Ref. 9). In order to
reduce the plasma effect, a process gas
with high ionization potential, normally
helium, is used. In addition, the power of
the arc welding process introduces more
energy to the zone of laser beam impinge-
ment causing the process gas to be ionized,
thus enhancing arc stability.

Principally, LBW can be combined or
coupled with the arc welding process as
shown in Fig. 2 (Ref. 3). When combined,
they act separately with respect to time
and zone and no mutual interaction takes
place. This technique is used in single-side
welding of thick-walled components such
as pipeline fabrication and in shipbuilding,
in which the laser beam bridges the root
followed by the arc process (GMAW)
(Ref. 3). When the two processes are cou-
pled as one process, the laser beam and
the arc process interact simultaneously in
one zone and mutually influence one an-
other. Such process coupling is referred to
by the term “Hybrid Welding Process.”

The gas type used in such process has a
significant influence upon the plasma for-
mation and arc stability in the hybrid
process. Helium has a higher ionization
potential than argon and therefore pro-
duces less dense plasma, hence, its use is
beneficial in laser welding at low speeds
and higher powers as there will be less at-
tenuation of the beam. Conversely, argon
produces denser plasma, which hinders
deeper beam penetration but is advanta-
geous for arc stability (Refs. 2, 6). It can be
concluded that the effects of gas compo-
nents in hybrid welding are contradictory
in their function (Ref. 8), which requires
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an appropriate gas composition that opti-
mally reduces the plasma shielding effect
and also enhances arc stability. In hybrid
welding, there are numerous parameters
that should be adjusted. They are classi-
fied (Refs. 2, 4) according to the parame-
ters involved in laser (e.g., type, focal
length, etc.) and base metal (e.g., type,
joint design, etc.).

Influence of Hybrid Welding Process
Parameters on Bead Shape

The distance between the arc and the
laser beam (arc is leading) was found to in-
fluence the bead penetration. The smaller
this distance gets, the deeper the penetra-
tion. This is because the laser beam im-
pinges and penetrates the hot weld pool
more readily than a solid surface, which oc-
curs with longer distances. Varying this dis-
tance from 0 to 50 mm for deepest pene-
tration yielded to an optimum value of 0

mm (Ref. 5) and 7 mm (Ref. 8), although
the same laser type (CO2), arc process
(GMAW), and welding direction (arc is
leading) were used. This range is seen to be
relatively wide and needs to be studied fur-
ther. The location of the laser beam focal
point with respect to the workpiece surface
in conjunction to welding current was also
found to affect the bead penetration. At
constant laser power and welding speed,
the higher the current, the deeper the focal
point should be under the work surface in
order to realize deepest penetration (Ref.
5). The reason is basically due to the cur-
rent increase, which causes an increase in
the size and depth of the weld pool. If the
focal point of the laser beam is set initially
at the work surface, it will be above the sur-
face of the resultant weld pool and not give
maximum penetration.

In addition, the arrangement of the
two welding processes, laser-arc or arc-
laser, in the welding direction (Fig. 3) has

Fig. 1 — Hybrid welding process principles (Ref. 10) Fig. 2 — Process combination (they are separated by distance a) and process coupling in
hybrid welding (Ref. 3).

Fig. 3 — Arc-laser or laser-arc arrangement with respect to welding direction
(Ref. 8).

Fig. 4 — Schematic drawing of experimental setup.

Fig. 5 — Nomenclature of weld bead dimensions
(5×).
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a significant importance in the hybrid
process (Ref. 8). The former arrangement
(the laser beam precedes the arc) was
found to be superior regarding the bead
appearance, because the assist gas flow
does not affect the molten pool created by
the arc. Whereas, in the later arrange-
ment, the shape of the bead surface is dis-
rupted by the assist gas blowing into the
molten pool. Nevertheless, it was reported
that arc-laser arrangement gives a more
stable arc (Ref. 2). 

The mutual influence between laser
and arc energy sources differs in intensity
and form depending upon the utilized pa-
rameters of each process (Ref. 11). There-
fore, an important characteristic of hybrid
welding is the ratio of power between the
two energy sources, which determines if
the laser or arc process is more dominant
as to penetration depth and width. This
depends upon the selected power for each
process that in turn influences the bead
shape (Ref. 12). It has been noted from
the available literature that the depen-
dence of the mutual interaction, between
the laser and arc processes, upon the
power ratio was not sufficiently clarified.
This is probably due to the displacement
created between the laser beam and arc
column in the earlier work, thus demand-
ing further investigations with zero dis-
placement.

In spite of the increased number of
variable parameters due to the process
coupling, the large number of mutual in-
teractions of individual factors and the
lack of reference data, the present work is
devoted to three main objectives. 1) Es-
tablish and ascertain basic relationships
between the hybrid process main parame-
ters (arc and laser power) and various
bead dimensions. 2) Correlate these rela-
tionships with the possible interactions be-
tween the two processes. 3) Widen the

scope of the hybrid process with respect to
base material type and thickness; through
exploiting the process advantages (e.g.,
high welding speeds, deep penetration,
gap bridging ability, less distortion, etc.)
on thick base metals. The base material
type chosen is austenitic stainless steel,
which is often used in pipeline, tank, and
offshore structure fabrication.

Experimental Work

Energy Sources and Materials

In this work, a 10-kW, CO2 laser was
used. The laser beam was focused with a
parabolic reflective 90-deg optics via an
O2-free copper mirror of a 300-mm focal
length. The spot diameter of the focused
beam was 0.8 mm. In conjunction, a multi-
functional GMAW power source was
used, which supplies 400 A/34 V at 100%
duty cycle. The base material used was
commercial austenitic stainless steel
plates (DIN: 1.4404, AISI: 316L), which
were sawed into 220 × 100 × 10 mm strips.
An austenitic stainless steel filler metal

(DIN: 1.4302, AWS: ER308) was used
having 1.2-mm diameter and direct-
current, electrode-positive (DCEP) polar-
ity. A standard mixture of shielding gas
(75%He-23%Ar-2%O2) flowing at 30
L/min was used.

Experimental Setup

Figure 4 shows the experimental setup
of the present work. The GMAW gun po-
sition was fixed during the experiments,
having an inclination of 30 deg from the
vertical laser beam, and an electrode ex-
tension of 15 mm. The specimen mounted
on a carriage was moved at a speed of 30
mm/s, which was kept constant during the
experiments. Welding current and arc volt-
age traces were recorded via a transient
recorder. After welding, macrosections of
the weld beads were ground, polished, and
etched according to the standard proce-
dures. All these sections were cut midway
from the welded specimen. The bead di-
mensions corresponding to each welding
parameter were measured using a stereo
microscope with 0.1 mm sensitivity.

Table 1 — Hybrid Welding Parameters Varied during Experiments

Arc Power = Mean Welding Current × Mean Arc Voltage
wfs(a) = 9 m/min wfs = 11 m/min wfs = 13 m/min

Im
(b) ∼ 230 A Im ∼ 260 A Im ∼ 290 A

Laser Set Arc Voltage Set Arc Voltage Set Arc Voltage
Power, 

kW

4 19 21 24 26 28 19 21 24 26 28 19 21 24 26 28
6 19 21 24 26 28 19 21 24 26 28 19 21 24 26 28
8 19 21 24 26 28 19 21 24 26 28 19 21 24 26 28
9 19 21 24 26 28 19 21 24 26 28 19 21 24 26 28

(a) wfs = wire feed speed.
(b) Im = mean welding current.

Fig. 6 — Relationship between arc power and bead width, W. Fig. 7 — Relationship between arc power and arc penetration, M.
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Experimental Parameters

Table 1 presents the welding parame-
ters that were varied during experiments. 
For each combination of laser power, wire
feed speed, and arc voltage, a power ratio

was calculated by
dividing arc power
by laser power.

Bead Dimensions
Nomenclature

In this study
the bead geometry
was divided into
five dimensions, as
shown in Fig. 5. W
is bead width, mea-
sured between the
two weld interfaces
intersecting with
the workpiece sur-
face. R is bead rein-
forcement, mea-
sured from the

workpiece surface to the top of the bead.
M is arc penetration measured from the
work surface to the extent of the weld cast
structure. L is laser beam penetration cal-
culated as the protruding penetration be-

yond M, measured from the end of M,
until the end of penetration. M+L is total
penetration as the sum of M and L. Wl is
laser beam penetration width.

Results and Discussion

Effect of Arc Power on Bead Geometry

At constant wire feed speed (called wfs
hereafter) and laser power, increasing arc
power increases the bead width W until a
maximum is reached. Beyond this maxi-
mum value, W decreases with wfs of 9 and
11 m/min, or stays unchanged with 13
m/min — Fig. 6. As presented in Table 1,
the arc power was mainly increased by in-
creasing arc voltage at a constant wfs, thus
creating longer arc lengths, which is fol-
lowed by increasing the arc diameter and
consequently widening the wetting zone
on the workpiece surface. This causes a
wider bead until a maximum width is
reached. With still higher arc power, the
wetting zone is further widened, but the

Fig. 8 — Relationship between short-circuit frequency, Nsc and mean arc volt-
age.

Fig. 10 — The dependence of arc penetration M upon the short-circuiting fre-
quency Ns.

Fig.  9 — Current (upper)–voltage (lower) signals recorded with time (ms) dur-
ing hybrid welding at laser power of: A — 4 kW; B — 9 kW.

Fig. 11 — Relationship between arc power and laser penetration L.

A

B
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metal deposited has become insufficient
with wfs of 9 and 11 m/min or just enough,
with 13 m/min to fill that zone. Figure 6
also shows that at a constant laser and arc
power, increasing the wfs reduces the W.
Figure 7 correlates this result with arc pen-
etration M. At constant laser and arc
power, increasing the wfs deepens the M.
In the same figure, increasing the arc
power reduces the M penetration. The
mode of metal transfer is an explanation
for the reduction of M. At low arc power,
i.e., low current and voltage, a short-cir-
cuiting transfer mode with its accompany-
ing strong weld pool dynamics occurs
causing a relatively deeper M. On the
other hand, with increased arc power, a
spray transfer mode is reached with
calmer weld pool resulting in a shallower
M. In order to clarify the above-men-
tioned explanation, the relationship be-
tween arc voltage and the short-circuit fre-
quency Nsc is presented in Fig. 8.
Increasing arc voltage is accompanied by

a gradual change from short-circuiting
transfer toward a spray transfer mode. In
addition, the Nsc occurring with the 4-kW
laser power is relatively higher than that
with 9 kW. The reason is perhaps due to
the greater amount of metal vapor pro-
duced by 9 kW than that by 4 kW. This
metal vapor enhances current conduction
and also reduces the arc voltage, based on
the fact that metal vapor possesses rela-
tively lower ionization potential than a
shielding gas does (Ref. 13). As a conse-
quence, the arc burning time, defined as
the time elapsed during which the arc
burns between two consecutive short cir-
cuits, is prolonged at the expense of the
Nsc, for a constant recording time. Figure
9 shows two current-voltage traces occur-
ring at 4- and 9-kW laser power, respec-
tively, using the same welding parameters.
Longer arcing times are noticed with the
9-kW signal than with 4 kW.

Furthermore, Fig. 10 shows the depen-
dence of arc penetration M upon the Nsc.

Generally, as the Nsc increases, M also in-
creases. This result is clearer when higher
laser powers (8 kW) are used, where the
variation of M is more pronounced than
that with 4 kW. This is probably due to the
higher heat input per unit length and con-
sequently higher heat content of the weld
pool. This causes the weld pool to be more
dynamic leading to a deeper M especially
within the short-circuiting mode. 

The laser beam penetration L gener-
ally increases with higher arc power, as
seen in Fig. 11. The reason can also be at-
tributed to the mode of metal transfer oc-
curring with the arc process. As already
known, the end of a short-circuiting pe-
riod, i.e. the moment of arc reignition, is
characterized by an explosion of the
molten bridge that had connected the
molten electrode wire tip with the weld
pool and also by a sudden and intensive
current flow through the arc. These two
incidents have a double effect. First, they
disturb the shielding gas flow, which the

Fig. 12 — The dependence of laser penetration L upon the short-circuit fre-
quency Ns.

Fig. 14 — Relationship between arc power and total penetration M+L. Fig. 15 — Relationship between power ratio and arc partial penetration
M/M+L.

Fig. 13 — Relationship between arc power and bead reinforcement R.
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laser beam requires to realize its deep
penetration. Second, they depress the
weld pool surface leading to a wavy mo-
tion, thus changing the interaction with
the laser beam at a frequency similar to
that of the short circuits. Figure 12 shows
the dependence of L upon the Nsc. At low
Nsc, i.e., almost spray transfer mode, L
penetration is maximum, where the
molten pool is less dynamic, beyond which
it gradually declines with higher Nsc.

It is obvious that with 8-kW laser
power, M and L were subjected to abrupt
change when plotted against arc power —
Figs. 7 and 11. For both dimensions, these
changes occurred at the same arc powers
of 5.3, 5.5, and 7.0 kW corresponding to
wfs of 9, 11, and 13 m/min, respectively.
These values of arc power are specific and

are only valid for 8-kW laser power, be-
cause at 4 kW, no abrupt changes took
place as seen in the same figures. By omit-
ting the abrupt fall or rise of M or L, and
extrapolating the rest of the curves, dotted
lines in Figs. 7 and 11, they take smooth
trends without further abrupt changes. 

Figures 10 and 12 show, at their ex-
treme left in a narrow range between 5~
20 Hz, similar changes in M and L when
plotted against the Nsc. In this range, the
transfer is described as spray with occa-
sional short circuits. This possibly indi-
cates that the shielding medium occurring
with 8-kW laser power has the highest ion-
ization potential compared to media oc-
curring with 4-, 6-, and 9-kW laser powers.
High-ionization potential gas mixture pos-
sesses relatively low current conduction,

thus limiting M, and also low-density
plasma, thus enhancing L. In this respect,
further investigations covering a wider
range of parameters with closer process
monitoring is presently conducted.

The relationship between arc power
and the bead reinforcement R is pre-
sented in Fig. 13. The higher the arc power
is, i.e., going toward the spray transfer
mode, the more the reduction in R occurs,
where the bead becomes flatter and also
wider as shown in Fig. 6.

Figure 14 shows that with increasing arc
power the total penetration M+L is slightly
reduced, whereas increasing laser power
markedly increases it. Worth noting that in
spite of the sudden changes of M and L
when varying arc power (Figs. 7 and 11), the
M+L showed a continuous trend, i.e. with-

Fig. 16 — Relationship between power ratio and laser partial penetration,
L/M+L.

Fig. 18 — Relationship between laser power and bead width W. Fig. 19 — Relationship between laser power and laser beam penetration L

Fig. 17 — General influence of short-circuiting  frequency Nsc on bead geom-
etry at constant laser power (6 kW) and wfs (13 m/min). A — 173 Hz; B —
106 Hz; C —  89 Hz; D — 45 Hz; E — 19 Hz.

A B C D E
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out abrupt changes. This means that M
compensates L or vice versa. Therefore, it is
important to distinguish between the con-
tribution of M solely and similarly L with re-
spect to M+L. For this reason the terms arc
partial penetration and laser partial pene-
tration were introduced. The former term is
expressed by dividing M by M+L and the
later L by M+L. Figures 15 and 16 show
these terms in enclosed windows when plot-
ted against the power ratio at different wfs
and laser powers. At constant laser power,
e.g., 8 or 4 kW, increasing power ratio re-
duces the M/M+L. This is because of the in-
creased arc power leading to spray transfer,
as mentioned in Fig. 7, hence reducing M
with respect to M+L. The same reason also
causes the L to increase with increasing
power ratio as in Fig. 16. The comparison
between the locations of the windows indi-
cate that with 4-kW laser power, the M
value contributes between 60~100% in the
M+L (100% means no protruding laser
penetration), whereas L contributes be-
tween 0.0~40%. With 8 kW, the contribu-
tion of M and L became similar, however,
the M share (30~80%) is still higher than
that of L (20~70%). Therefore, it could be
stated that at low laser powers M dominates
the M+L, whereas, at higher ones, M and L
have similar shares.

Within the entire range of arc power
investigated, it has almost no effect on the
laser penetration width Wl, whereas the
laser power is slightly more influential.
Higher laser powers result in wider Wl, be-
cause of the greater melting and evapora-
tion capability. According to the hitherto
discussion, the Nsc has generally a great in-
fluence on bead geometry. Figure 17
shows this influence on beads welded at
different Nsc, at constant laser power (6
kW) and wfs (13 m/min).

Effect of Laser Power on Bead Geometry

Although the effect of laser power is
mentioned in the previous section, the re-
sults of the investigated full range laser
power will be presented. Figure 18 shows
the effect of laser power on W at three dif-
ferent arc powers. Increasing the laser
power increases the amount of molten
metal causing the bead to become wider.
At constant laser power, increasing arc
power increases the bead width. This re-
sult is in good agreement with that men-
tioned in the previous section — Fig. 6. 

The effect of increasing laser power on
L, R, and Wl has been studied. Increasing
laser power significantly affects the pene-
tration L, as seen in Fig. 19, whereas it has
almost no influence upon R and Wl. At
constant laser power, the arc power more
or less has a negligible influence upon L,
R, and Wl.

Conclusions

According to the chosen set of welding
parameters in hybrid GMA-CO2 laser
beam welding and referring to the afore-
mentioned results and discussions, the
conclusions are as follows:

1) A relationship exists between arc
power and W, M, and R. Increasing arc
power increases W and reduces both M
and R.

2) The mode of metal transfer occur-
ring with the arc process plays an impor-
tant role in determining the extent of not
only M but also L.

3) Laser power and consequently the
amount of laser-induced metal vapor in-
fluence the features of metal transfer in
the arc process. It prolongs the arc burn-
ing Ta time on the expense of the short-
circuit frequency Nsc.

4) Although the share of M in M+L is
more dominant than the L share, increas-
ing the laser power increases the L share
in the M+L.

5) Increasing laser power increases W
and L, whereas, it has a negligible influ-
ence upon R and Wl.
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