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1. Introduction

Laser-arc hybrid welding is a combination proc-
ess utilizing laser beam (e.g. CO,, Nd:YAG or solid state
lasers) and conventional arc (MIG/MAG, TIG, PAW, tan-
dem, submerged) welding processes ‘1-4] or arc-
augmented laser welding. In hybrid welding (Fig. 1) the
two processes are coupled and works as one process inter-
acting simultaneously in one zone and mutually influenc-
ing each other. The resultant processes have several varia-
tions by the arc process, the laser type used and the process
parameters. The technique was originally developed by the
group of Prof. Steen at Liverpool University in the late
1970s [2]. At the moment the process is called either laser-
arc hybrid or arc-laser hybrid process. The first process
mentioned signifies higher power.

The potential from a combination is to increase
weld penetration, the bridgeability gap, welding speed,
melting efficiency and process stability, to improve metal-
lurgy and to reach features impossible to either process
alone. The resulting process is a new, more complicated
process, which still widens the area of suitable applications
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for laser welding.

The main weld characteristics in a hybrid welding
process are the order of processes with either laser or arc
leading. Moreover, the distance between the laser beam
spot and the filler wire tip (subsequently named process
distance) is among the most important parameters to con-
trol in laser-arc/arc-laser hybrid welding. The choice de-
pends on several effects, e.g., the base material, material
surface quality, joint type and preparation, welding posi-
tion and the shielding gas arrangement. Other important
parameters are laser and arc power, the laser beam focus
and wavelength and the metal-transfer mode of the arc
welding process used (MIG/MAG). For practical reasons
and joint conditions, the use of a seam tracking sensor can
also be crucial.

In this paper, different hybrid welding processes
have been studied on the effect of the relative location of
laser beam with the arc. It becomes aware that the choice
of the order of processes is made case by case and the
choice should be based on the outcome of each process and
the system and accessories available.
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Fig. 1 Schematic representation of hybrid welding with leading arc and leading laser arrangement

2. Order of power sources in hybrid welding

A wide variety of hybrid processes exist, depend-
ing on the laser source used and the arc welding with
which it is combined [3]. The two basic configurations
used are the laser leading hybrid process (the laser beam
precedes the arc) [5-7] and the arc leading hybrid process
(the arc precedes the laser beam) [8-10]. The arrangement
of the two welding processes in the welding direction
(Fig. 1) is of significant importance in the hybrid welding
process.

2.1. Order of the processes

The laser leading position is often used in the hy-
brid welding of aluminium, since this set-up removes the

oxide layer prior arc welding, resulting in a significantly
more stable process [7]. The information about parameter
selection in hybrid welding has only occasionally been
published, and the literature lacks comparisons between
the different hybrid processes. The laser leading process
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 leading arc arrangement
the shape of the bead surface is disrupted by the assist gas
blowing into the molten pool. Still, it was reported that the
arc leading arrangement gives a more stable arc [1]. This is
reached within a relatively wide range of process distances.
The leading arc process gives deeper penetration, probably
due to the fact that the laser beam impinges the hot weld
pool with better absorption than a solid surface and the
energy losses from laser through heat conduction is re-



duced (Fig. 2, a) [11-14].

In case of high strength steel, MAG laser (2 kW
CO, laser) hybrid welding gave a similar weld bead as
normal arc welding; this is due to the fact that the laser
beam makes the keyhole first and then the MAG arc forms
the weld bead [15]. Another factor affecting this was natu-
rally the fact that the arc power used was higher than the
laser power. However, it was reported that with 17 kW
CO, laser MAG hybrid welding on 12 mm thick C-Mn
steel, the leading laser showed a 10% penetration increase
and a smoother weld bead with a process distance of 1-
2 mm [8].

The effects of MAG-leading and YAG-leading
processes were tested on 590 MPa high tensile strength
steel of thickness 2.6 mm on bead-on-plate welding [16].
The tests showed that the bead widths of MAG-YAG
welds were narrower than those of YAG-MAG welds. The
penetration depths of MAG-YAG weld beads were much
deeper than those of YAG or YAG-MAG welds at any
welding speed (Fig. 2) [16]. Fig. 2, a shows the macro-
sections of weld geometry, whereas Fig. 2, b shows the
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graph of penetration depth versus welding speed. These
results show the effect of base material temperature on the
absorption which is increased with temperature only in
case of CO, laser wavelength. The deepest penetration
could be obtained in MAG-YAG hybrid welding at low
speeds with the following parameters: laser power 2.6 kW,
defocused distance f; = 0 mm, arc current /, =200 A, an-
gles a = 60° of the welding torch from the work piece,
process distance d = 2 mm, and welding speed v = 3 or
5 m/s. A deeper penetration reached with the leading arc
can be explained by the fact that since the arc is already
melting the work piece surface, the laser beam strikes mol-
ten material with higher absorptive capacity, and power is
utilized more efficiently enabling deeper penetration. Spat-
ter disturbed laser beam irradiation in YAG-MAG hybrid
welding. This phenomenon was observed using a high
speed video camera at the side of the experiment. It was
concluded in the report that MAG arc-YAG laser hybrid
welding was favourable to the welding of higher tensile
strength steel.
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Fig. 2 Effect of the processes as shown by a) a macro-section of weld geometry and b) speed on penetration, with shielding
gas Ar + CO, (20%), I =200 A (pulsed MAG), laser power 2.6 kW and 590 MPa high strength steel

The effect of welding orders on the distribution of
wire feeding elements was investigated in CO, laser and
pulsed GMA hybrid welding. The molten metal flows for
the leading arc and leading laser processes have be sche-
matically drawn in Fig. 3 [17]. When arc is leading, the
molten metal flows from the bottom to the top surface be-
hind the keyhole and to the rear end on the pool surface as
shown in Fig. 3,a namely, the flow is outward. By contrast,
in an inward flow typical of a leading laser arrangement as
in Fig. 3, b the molten metal flows from the rear end to the
keyhole on the pool surface and then goes down just be-
hind the keyhole. During hybrid welding, the molten wire
is fed on the pool surface. Then, if the fluid flow is inward,
the wire feeding elements can easily distribute to the bot-
tom of the penetration and attain a homogeneous distribu-
tion. This is why a leading laser arrangement improves the
homogeneity of the weld metal.

As mentioned previously, the distribution of al-
loying elements must be affected by the molten metal flow.
To understand the mechanism, the molten metal flow was
observed on the pool surface and inside the sample. The
fluid flow was visualized by the movement of alumina

powders.
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Fig. 3 Schematic diagram of fluid flow in hybrid welding
a) of leading arc and b) leading laser

During a hybrid welding process, the behaviour of
the molten metal flow is determined by a combination of
driving forces, such as the drag force of the plasma jet,
momentum of the droplet, buoyancy force, electromagnetic



force caused by the self-magnetic field of the arc current,
Marangoni force and drag force of the vapour jet in the
keyhole [18]. The buoyancy force and the vapour jet pro-
mote an outward flow, whereas the electromagnetic force
promotes an inward flow. A change in the temperature
coefficient of the surface tension depends on the direction
of the Marangoni force. The direction of the plasma jet and
the momentum of the droplet also change by the welding
direction. The drag force of the plasma jet, the momentum
of the droplet and the Marangoni force are the most domi-
nant driving forces affecting the fluid flow in hybrid weld-
ing, promoting the inward force in a leading laser ar-
rangement. These forces and the momentum direct towards
the keyhole in a leading laser process, whereas they direct
towards the rear pool end when arc is leading.

Fig. 4 [17] schematically shows the balance of the
driving forces for two welding directions with a He—
38%Ar-2%0, shielding gas. Owing to the 2% of oxide in
the shielding gas, the Marangoni force directs to the key-
hole. In a leading arc process, the combination of the drag
force of the plasma jet and the momentum of the droplet
directing to the end of the molten pool must be stronger
than the inward Marangoni force as shown in Fig. 4, a.
Accordingly, an inhomogeneous distribution of the weld
metal is common in a leading arc arrangement. When laser
is leading, by contrast, all of the three forces direct to the
keyhole, resulting in an inward flow as shown in Fig. 4, b.
Therefore, an almost homogeneous distribution of alloying
elements is reached in a leading laser arrangement. Lately,
Ribic et al. [19] calculated the fluid flow behaviour in hy-
brid welding. They revealed that the electromagnetic force
also promotes the inward flow only in a leading laser proc-
ess, since a large amount of molten metal exists just below
the arc and the electromagnetic force can induce the in-
ward flow to the molten metal when laser is leading.
Moreover, the electromagnetic force can produce a large
weld pool behind the keyhole, promoting an inward flow.
In a leading arc arrangement, however, the electromagnetic
force only produces a small weld pool in front of the key-
hole and cannot promote inward flow for the entire weld
pool.
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Fig. 4 Driving forces of the molten metal flow for welding
directions of (a) leading arc and (b) leading laser.

When comparing the stability of the processes by
measuring the current and voltage of the arc during weld-
ing, Sugino et al. found that the leading laser gives a more
stable process, like shown in Fig. 5, b [20]. This is due to
the metal vapour in the space between the wire and molten
pool. In the leading laser arrangement, the molten pool
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exists already just below the wire, and the metal vapour
from the keyhole is supplied in the space between the wire
and the work piece. Consequently, there are numerous free
electrons between the wire and the workpiece, and the arc
ignites easily between the wire and the work piece during
the electricity peak. The interaction between the arc and
the laser plume is determined by the arc voltage from the
keyhole and the location of the molten pool, i.e., process

distance.
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Fig. 5 Influence of welding direction on the variation of
voltage and arc current; 5 kW CO, laser and a pulse
MAG power inclined at 35 degrees, shielding gas
20 /min via MAG torch, arc pulse frequency
111 Hz, process distance 3 mm and welding speed
3 m/min. The letters a and c represent the leading
arc direction with droplet to pulse frequency ratio of
91%, and b and d represent the leading laser direc-
tion with droplet to pulse frequency ratio of 100%,

To compare the efficiency of each welding proc-
ess, the melting efficiency of laser autogenous, fore-
hand/backhand welding in arc welding and MIG arc lead-
ing and laser leading processes in hybrid welding were
investigated in an A6061-T6 aluminium alloy experiment
with a thickness of 2 mm and A4043 welding wire with a
diameter of 1.0 mm. The joint type was butt with a 0.4 mm
gap. The welding speed was 3 m/min, welding current and
voltage were each 48 A, 17.3 V. In the study, melting effi-
ciency is a value of the used energy per volume of molten
material (J/mm’). The experiment results are shown in
Fig. 6 [21]. The efficiency of arc welding did not reach the
level of autogenous laser welding. When applying the
same arc welding parameters to hybrid welding, efficiency
was at its highest; the arc leading process showed an effi-
ciency of 13.1 J/mm® which was about 0.5 J/mm® higher
than in the case of leading laser. The order of highest melt-
ing efficiency is arc leading hybrid welding, laser leading
hybrid welding, laser welding (autogenous), arc welding
(backhand) and arc welding (forehand).

As with all arc welding processes, the orientation
of the welding torch/electrode with respect to the weld
joint affects the weld bead shape and penetration. Elec-
trode orientation affects the bead shape and penetration to
a greater extent than arc voltage or travel speed.
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The result of the influence of the leading process
and torch angles was studied with HSLA-590 steel using
2.4 kW CO, laser and a 350A GMAW welding machine
(presented in Fig. 7) [22]. During trials, the torch angle of
45° or 30° (i.e. angle of the GMA torch from the work
piece) and the leading process were changed. The trial with
laser leading and torch angle of 30° failed. The torch angle
was so small that the distance between the torch nozzle and
the specimen was less than the height of the weld bead
reinforcement. The torch nozzle hits and moves the depos-
ited metal to other parts. The torch angle of 45—60 degrees
from the surface of the specimen has been accepted in
many papers [5, 7, 22, 23]. Fig. 7 shows the typical shape
of hybrid welds welded bead-on-plate. Since there is no
room for filler material, the reinforcement of the weld bead
is typically high and the shape of the weld is strongly wid-
ened from the top.

The effect of the order of power sources of differ-
ent laser-TIG hybrid welding processes is similar like the
one with laser-MIG hybrid welding, but it also depends on
the material and the surface properties. The penetration
depth is still dependent on the laser power as shown in Fig.
8 [16] with the following parameters; 10 mm SUS 304
steel, current 100 A, welding speed of 10 mms”, focus
point position 0 mm, torch angle, measured from the work-
piece 55° TIG-YAG (process distance 5 mm), YAG-TIG
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Fig. 6 Shows the comparison of a) Melting efficiency for different welding processes, and b) resulting weld cross-sections
with laser leading and arc leading processes

(process distance 1 mm), the height of the tip of the elec-
trode to the workpiece 2mm and shielding gas
Ar (5.0x10 ms™. With non-optimized hybrid parameters
the penetration is lower than that with autogenous laser
welding.
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Fig. 7 Influence of the leading process and torch angle;
2 kW laser power, focal point position —2 mm,
MAG current 140 A, voltage 16.5V and process
distance 2 mm
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Fig. 8 Shows the comparisons of a) line energy of different welding processes and b) laser power on the penetration depth

of bead-on-plate



Tests about process behaviour with 0.4 and 0.8 mm thick
AISI 316L stainless steel sheets with a butt joint configura-
tion have been carried out with TIG welding combined
with 4.4 kW DPY laser. The laser melted pool stabilizes
the TIG arc. With a leading TIG, the arc is not as stable as
with a trailing TIG. Laser trailing welding speeds as high
as 15 m/min can be achieved [24]. The laser leading posi-
tion is most popular in the hybrid welding of aluminium,
since through the application of this technique the oxide
layer has been removed from the arc attachment point by
the laser which results in a significant increase in process
stability [14]. The quality of the welds would depend on
the different welding parameters, from both laser and TIG.

2.2. Process distance

In comparison, the trailing arc arrangement with
small distances to the leading beam is also capable of in-
creasing the efficiency and stability of the laser beam
welding process owing to interactions between the laser
and the arc within a common process plasma and a modi-
fied thermal impact on the material being welded. Apply-
ing greater distances, moving towards a tandem process, to
the leading laser beam, the post-running variant can be
applied to act as a short-time post-heat treatment of the
laser weld seam that can favourably change the microstruc-
ture and improve the properties of the weld [14].

Naito et al. [25] carried out an experiment with
SUS 304 austenitic stainless steel plate (5 and 10 mm) on
bead-on-plate welding. A YAG laser equipment (maxi-
mum power of 3.5 kW) and a TIG welding machine
(maximum current of 300 A) were employed for the ex-
periment. Fig. 9 [25] indicates the effects of the process
distance on the penetration depth. TIG-YAG hybrid weld-
ing always gave deeper penetration than autogenous laser
welding, the deepest penetration achieved with the process
distance of 5 mm. By contrast, YAG-TIG hybrid welding
reached the deepest penetration with a process distance of
1 mm.

There is a difference between the molten pool
formation location due to the arc alone in TIG-YAG hybrid
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welding and YAG-TIG hybrid welding but, in both cases,
when the YAG laser was irradiated onto the moltenpool,
easily formed by the action of the arc alone, a deep pene-
tration could be formed, except that all the welds were not
fully penetrated welds [25].
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Fig. 9 Effect of distance between the laser beam axis and
TIG electrode on penetration depth in Nd:YAG la-
ser-TIG hybrid welding of AISI 304. Thickness
10 mm, /=100 A, v = 0.6 m/min, focal point posi-
tion O mm, process distance TIG-YAG hybrid
5mm, YAG-TIG hybrid 1 mm, shielding gas Ar
(5.0 X 10™* m’/s)

In high power welding the process distance plays
an important role. This was shown in an experiment using
(400 A/34 V) MAG-CO, laser (10 kW) hybrid welding
with a 10 mm thick 316L base material. The process dis-
tance (arc leading) was found to influence weld penetra-
tion: the smaller the distance, the deeper the penetration
[8]. The process distance play an important role together
with the focal point position and torch direction also in
fibre laser-MAG hybrid welding. A leading torch tolerates
and even in some cases needs more distance between the
processes than a trailing torch. In case of fibre laser hybrid
welding and a trailing torch, too long a process distance
will causes sagging [26].

25‘—' l ‘_T |
T
£ 20 | penetration depth @
£ of laser welding
£ 15 @ Arc-laser welding
2 ®L - Idi
S aser-arc welding
i I
c
.g | Welding direction _|__ Welding direction |
©
5]
c
[
o
Arc-laser Laser-arc
welding welding
0 | | .
-10 -5 0 5 10
Process distance, mm
b

Fig. 10 Effect of process distance on the penetration depths of welds produced in a) a flat position and b) a horizontal posi-
tion in arc-laser/laser-arc leading hybrid welding with laser power of 30 kW, MIG welding current of 500 A,
47 V and welding speed of 1.02 m/min, bead-on-plate welding



It was reported that the penetration depth in the
flat position in both configurations tends to increase with a
smaller process distance in case of CO, laser and high
power of 30 kW. The maximum penetration depth, namely,
2.8 mm greater than the penetration depth found during
laser welding alone, was obtained in the leading laser ar-
rangement at a distance of 0 mm in both positions. Fig. 10
[27] shows the penetration depths as a function of process
distance. In the leading arc process, the maximum penetra-
tion was reached with some distance. The penetration
depth in the horizontal position was about 3 mm deeper
than in the flat position under all welding conditions. This
is due to the effect of gravity in the flat position; it more-
over produces an inferior bead shape [27].

If a trailing arc is used, too long a distance between
the processes is an even more serious problem. This is be-
cause the wire gets stuck more easily into the surface of the
solidifying melt pool and, in the worst case, even the
whole torch will be twisted due to this, if the pulsing is not
correct [5, 6].

3. Conclusions

The basic parameters and their selection are often
based on feelings rather than facts. It is obvious, according
to the literature review that the decision of the order of
processes is made case by case and the decision should be
based on the outcome of each process and the system and
accessories available. The required throughput time and
quality set limits for performance, and the available system
(laser beam, material, arc source, the function of filler
wire) should be evaluated. The process should then be bal-
anced with regard to the welding speed, wire setting, laser
and arc power and process distance. Another important
consideration is the workpiece parameters: material, thick-
ness, joint type, edge preparation, joint quality and welding
positions. With a leading arc arrangement, gas shielding
seems to work better, but a trailing arc gives wider welds
with a smoother junction to the base metal.

Joint type consideration should always neglect
tests performed bead-on-plate. A butt joint with no air gap
should be welded using a leading arc which allows higher
welding speeds. With an air gap present, air gap bridging is
more effectively achieved by using a trailing arc because
of the lower arc power needed, the wider arc, and the
movement of droplets towards the joint edges.
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LAZERINIO-LANKINIO SUVIRINIMO SIULIY
SANTYKINIO ISDESTYMO EFEKTAS NAUDOJANT
IVAIRIUS HIBRIDINIO SUVIRINIMO PROCESUS

Reziumé

Lazerinis-lankinis hibridinis suvirinimas yra pa-
zangus sunkiy surinkimo vienety suvirinimo metodas.
Aukstai suvirinimo kokybei pasiekti taikant $i metoda,
reikia tinkamai parinkti keleta parametry. Siy parametry
parinkimas i$ dalies priklauso nuo numatomy suvirinimo
rezultaty: uZzvirinimo tarpelio, {virinamumo gylio, suviri-
nimo greicio, i$silydymo efektyvumo, proceso stabilumo,
sitilés plocio kontrolés, poringumo sumazinimo ir sitilés
isvaizdos. Siame straipsnyje nagrinéjama, kokia itaka Sie
veiksniai turi lazerinio-lankinio hibridinio suvirinimo ben-
drai kokybei.

Tyrimas atliktas naudojant ir ivairiy tyrinétoju
grupiy literatiiros Saltiniuose paskelbtais analizés duome-
nimis. Detaliai iSnagrinéta minéty parametry ir irangos
itaka. Remiantis §ia analize gali bati jvertinti ekonominio
pagristumo ir organizacijos kvalifikuotumo veiksniai.

74

P. Kah, A. Salminen, J. Martikainen

THE EFFECT OF THE RELATIVE LOCATION OF
LASER BEAM WITH ARC IN DIFFERENT HYBRID
WELDING PROCESSES

Summary

Laser—arc hybrid welding is a promising tech-
nique for the welding of heavy sections. To achieve high
weld quality with these processes requires several parame-
ters to be properly adjusted. The selection of suitable pa-
rameters partly depends on the results desired for welding
whether it be gap bridging, penetration depth, welding
speed, melting efficiency, process stability, control of the
weld width, porosity reduction, or weld appearance. This
paper studies how the position of the different sources in
laser—arc hybrid welding influences overall weld quality.
The aim of the assessment is to make it easier to choose
which relative position is appropriate for a specify metal.

The study is based on a critical literature analysis
of the results of a variety of publications carried out by
several research groups. The effects of parameters and set-
up are detailed in the analysis. Especially economic feasi-
bility and quality management factors as the basis of
analysis can be assessed.

I1. Kax, A. Canmunen, 1. MapTukannexn

AOOEKT OTHOCUTEJILHOT'O PACITIOJIOKEHU S
LLIBOB JIA3EPHO-IYTOBOI CBAPKU I1PU
UCIIOJIb30OBAHWU PA3JIMYHBIX ITPOLIECCOB
I'MBPUIHOM CBAPKI

Peszome

JlazepHo-nyroBass THOpHUIHas CBapkKa SBISETCS
IMPOTrpeCCUBHBIM MCTOJOM IIPpU H3TOTOBJICHUHU TAXKCIIBIX
y3510B. [l JOCTH)KEHHSI BBICOKOTO KadecTBa CBapKH HC-
MOJIB3YST ATOT METOJ] HEOOXOANMO IPaBWIBHO I10100paTh
HecKoJIbko mapaMeTpoB. [Togbop aTux mapamerpoB oTvac-
TH 3aBHCHT OT 0’KH/IACMbIX PE3YJIbTaTOB: 3aIIOJTHEHHS IIIBa,
IyOMHBI TIPOBapKH, CKOPOCTH CBapkH, 3(dexkTHBHOCTH
MPOIIIABICHUS, CTAOMIBHOCTH IIPOIECcCca, KOHTPOJS IIH-
PHUHBI IIBAa, MUHHMHU3AIMM IOPOCHTOCTH, BHIA IIBa. B
3TOH cTaThe aHAIM3UPYETCs, KaK BBIMICYIOMSIHYTHIE (hak-
TOPHI BIUSIOT Ha O0Iee KadecTBO JIA3EPHO-IYTOBOM THO-
PUIHOM CBapKH.

HccnenoBanre NHpOBEAEHO HA OCHOBE aHaIN3a
JINTEPaTypPHBIX UCTOUYHUKOB Pa3IMYHbIX aBTOpOB. JleTasib-
HO ITPOaHAIM3UPOBAHO BJIMSHHE BBINICYIIOMSHYTBIX I1apa-
METpOB M 00opynoBaHus. PakTopel 3KOHOMHYECKOTO
000CHOBaHMS W KBAIM(HUKALUK OPraHW3allMyd Ha OCHOBE
MIPOBEJCHHOTO aHAJIM3a MOTYT OBITH OIICHEHBHI.
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	The effect of the order of power sources of different laser-TIG hybrid welding processes is similar like the one with laser-MIG hybrid welding, but it also depends on the material and the surface properties. The penetration depth is still dependent on the laser power as shown in Fig. 8 [16] with the following parameters; 10 mm SUS 304 steel, current 100 A, welding speed of 10 mms-1, focus point position 0 mm, torch angle, measured from the workpiece 55º, TIG-YAG (process distance 5 mm), YAG-TIG (process distance 1 mm), the height of the tip of the electrode to the workpiece 2 mm and shielding gas  Ar (5.0×10-4 ms-3. With non-optimized hybrid parameters the penetration is lower than that with autogenous laser welding. 
	 
	 


