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ABSTRACT

Industrial solutions for joining of similar and, most recently, of dissimilar materials are increasingly based on hybrid 
laser-arc welding processes. To increase the understanding of the synergistic effects of such hybrid processes, it 
is necessary to investigate the interaction between laser beam and arc. For such investigations, a working head 
was developed which combines a Nd:YAG laser beam and a plasma arc in a coaxial way. With this equipment the 
interaction effects between laser and arc were investigated in dependence of laser power, focal position and arc 
current (AC mode). For process analysis, a high-speed-camera synchronized with a transient recorder (measuring 
arc current and voltage) was used. In the experimental series reported, an interaction between laser beam and 
plasma arc resulting in a constriction of weld bead and arc zone and a stabilisation of the foot point of the arc was 
observed for a wide range of parameter settings. Moreover, for a laser beam intensity exceeding approximately 6*105 
W/cm2 and an AC current below 80 A, the effective arc voltage was signifi cantly reduced. As a working hypothesis, 
this effect was attributed to the occurrence of laser-induced metal vapour at higher intensities.

IIW-Thesaurus keywords: Aluminium; Combined processes; Laser beams; Light metals; Plasma; Radiation; Refer-
ence lists.
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1 INTRODUCTION

Industrial solutions for joining of similar [1-7] and, most 
recently, of dissimilar materials [8-10] are increasingly 
based on laser-arc hybrid welding processes such as 
laser MIG hybrid welding. The general principle in the 
use of a hybrid laser-arc process for joining dissimilar 
materials is to create a melt pool in the joining partner 
with the lower melting temperature and to use the melt 
to wet the joining partner with the higher melting tem-
perature. This was already successfully demonstrated 

for Laser-MIG hybrid joining of aluminium to steel in 
a variety of application studies based on fundamental 
research [8, 10]. Figure 1 displays the principle set-up 
of this process and illustrates some examples for appli-
cation potentials.

Most recently, a coaxial laser-plasma hybrid welding 
process was developed by the authors with a special 
focus on joining aluminium to steel. Although the results 
achieved so far are quite promising, the optimisation of 
parameters for such a hybrid welding process still is a 
challenging task, whether similar or dissimilar materials 
are considered. 

Despite the fact that coaxial or quasi-coaxial arran-
gements of laser beam and plasma arc have already 
been considered [11-13], there are only few activities 
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reported which are related to the fundamental investi-
gation of interaction effects and mechanisms between 
laser beam and (plasma) arc [14-17]. This is especially 
true for the case of an AC plasma arc used in hybrid 
welding. Although it is to be expected that, due to the 
variety of parameters in such a process, its optimisa-
tion would be a challenging task, an AC plasma hybrid 
welding process would nonetheless be of special inte-
rest for aluminium base materials due to the possibility 
of precisely controlling heat input and cleaning effect.

Therefore, experimental investigations on the interac-
tion between Nd:YAG laser beam and coaxial plasma 
arc in a practical welding situation would be highly 
desirable. 

2 AIM AND SCOPE 
OF THE INVESTIGATIONS

The investigations reported and discussed in the follo-
wing were aimed at contributing to an improved under-
standing of the interaction between laser beam and 
plasma arc in welding of aluminium in order to lay a 
basis for an improved exploitation of the advantages 
of such a hybrid process. To this end, using a spe-
cially developed coaxial laser plasma hybrid welding 
head for bead-on-plate welding on aluminium alloy 
EN AW-6082, arc current (AC mode), laser power and 
focal position were varied. In order to identify interac-
tion effects, the welding experiments were performed 
using process observation (high-speed videography, 
recording of arc current and voltage). 

3 EXPERIMENTAL SET-UP, METHODS 
AND PROGRAMME

3.1 Equipment

In this study, a welding head with a specially developed 
torch directing the laser beam coaxially through a ring-
shaped plasma electrode was used (Figure 2). Figure 3 
displays the realisation of this principle in a hybrid wel-
ding head as well as the set-up for the experimental 
programme.

The Nd:YAG laser beam (HL 4006D) with a maximum 
beam power of 4 kW was delivered to the welding 
head through a fi bre with a core diameter of 600 μm 
and focussed onto the workpiece (beam incidence 
perpendicular to workpiece) with a set of collimating 
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Figure 1 – Process set-up and examples for hybrid welding of aluminium to steel [9, 10]

Figure 2 – Principle arrangement
for coaxial laser-plasma hybrid welding



60 INTERACTION BETWEEN LASER BEAM AND ARC IN HYBRID WELDING PROCESSES FOR DISSIMILAR MATERIALS

was applied to 4 welds in order to get an impression 
on standard deviation for a typical setting.

The most important constant parameters are given in 
Table 2.

and focussing optics (200 mm each). The collimating 
optics allowed shifting the focus in positive and nega-
tive direction to obtain spot sizes between 0.6 and 
3.8 mm at workpiece. The plasma arc power source 
was a Tetrix 500 AC with a maximum current of up to 
500 A, operating in DCEP, DCEN and AC mode. For 
process observation, a transient recorder recording 
arc current and voltage (sampled at rate of 25 000 s-1 
via a converting unit connected directly to torch and 
fi xture) was synchronized with a CMOS high-speed-
camera (operated at a recording frequency of 1 000 fra-
mes per second and a resolution of 512 x 512) and 
the DNC control of the welding gantry (to obtain start 
signals for power source, laser and feed). The camera 
was mounted at an angle of 5° to the horizontal and 
perpendicular to the welding direction. No additional 
light source was used.

3.2 Experimental programme and procedure

The main parameters and their respective settings 
varied in the experimental series to investigate inter-
action effects between laser beam and coaxial plasma 
arc are given in Table 1.

In special, laser beam power PL and spot size d at 
workpiece (beam focus within the material) were varied 
for various settings of arc current Iset. Spot size and laser 
power were selected to cover a wide range from heat 
conduction to deep penetration welding. The parame-
ter combination PL = 4 kW, d = 0.6 mm and Iset = 70 A 

Figure 3 – Coaxial laser-plasma hybrid welding head and experimental setup

Table 1 – Parameter variations

Process parameter Settings

laser beam power 
@ workpiece

PL kW 3.0; 4.0

spot diameter 
@ workpiece

d mm 0.6; 0.8; 1.2

arc current Iset A 50; 60; 70; 80; 90

Table 2 – Constant parameters

Process parameter Setting

Welding speed v m/min 0.5

Type plasma gas 1 --- --- Ar

Flow rate plasma gas 1 --- l/min 0.5

Type plasma gas 2 --- --- Ar

Flow rate plasma gas 2 --- l/min 12

Type shielding gas --- --- Ar

Flow rate shielding gas --- l/min 20

Distance nozzle to workpiece --- mm 6

AC frequency --- s-1 130

Arc balance --- % 50
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All welds were carried out as bead-on-plate welds in 
EN AW-6082 with a thickness of 10 mm (surface clea-
ned with alcohol prior to welding). The welding pro-
cess (welding speed 0.5 m/min) was started as a pure 
AC plasma welding process at a frequency of 130 Hz. 
After 10 s, the laser beam was switched on, and the 
hybrid welding process was continued for 10 s. Thus, 
by comparing process results and observations, the 
effect of the laser beam on the arc process could be 
investigated during one continuous process.

3.3 Evaluation methods

The recordings of arc current and voltage were analy-
zed for effects of the laser beam parameters PL and d 
on the plasma arc. To this end, signal segments with 
a duration of 1 s obtained before and after the start of 
the laser were compared. The segments were extracted 
8 s after the start of the arc process and 2 s after the 
start of the laser. Then, the effective values Ueff and Ieff 
were calculated as root mean square of the voltage 
and current signals, respectively. For comparing the 
signals measured for the pure plasma welding seg-
ments (PL = 0) to those measured for the laser plasma 
hybrid welding segments (PL > 0), the following ratios 
were calculated, with a ratio of 1 indicating that the 
laser beam had no effect:

this method for comparing arc size and appearance 
for various process parameters.

As a basis for correlating results of the process obser-
vations with the bead-on-plate welds, all weld sur-
faces were visually inspected, and cross sections were 
extracted before and after the position where the laser 
beam was switched on. These cross sections were 
then etched and measured (esp. penetration depth t).

4 RESULTS

4.1 General observations

In general, it was observed for most parameter com-
binations that switching on the laser beam during wel-
ding resulted in a decrease in seam width. Whereas the 
plasma arc without laser beam produced only irregular 
traces on the aluminium surface (except for Iset = 90 A, 
where some irregular, shallow penetration was obser-
ved), switching on the laser resulted in the formation of 
a weld bead signifi cantly narrower than the arc traces 
observed without laser beam. A typical example for 
this effect is given in Figure 5. The observation of the 
arc for PL = 0 kW and PL = 3 kW revealed that, without 
laser beam, the arc was relatively wide, with its foot 
point irregularly moving over the sheet surface. In the 
overlaid images for one AC period, this resulted in a 
wide arc zone. In contrast, for PL = 3 kW the arc foot 
point was more stable, tending to move towards the 
melt pool generated by the laser process. This was 
especially obvious for process parameters leading to 
the formation of a keyhole (small spot size d). As a 
result, the arc zone was signifi cantly constricted.

4.2 Effect of laser beam intensity 
and current Iset on penetration depth

As top bead appearance and the high-speed videos 
had indicated that both laser power PL and spot dia-
meter d can have an infl uence on the plasma arc sta-
bility, the effect of laser beam intensity (calculated as 
PL/(0.25*d2*π)) and current Iset on penetration depth 
was plotted (Figure 6). For a laser beam intensity at 
workpiece lower than approx. 8*105 W/cm2, penetration 
remains less than 2 mm, with the cross sections sho-
wing the typical characteristics of an arc weld, being 
2.8 to 3.9 times wider than deep. Moreover, in most 
cases the current Iset has a signifi cant effect on pene-
tration depth, with the higher current yielding a higher 
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The high-speed videos were evaluated qualitatively in 
view of visible laser-arc effects. Moreover, to gain qua-
litative as well as quantitative information on the size 
of the arc zone before and after switching on the laser 
beam, for selected parameter combinations single ima-
ges were extracted and compared. To this end, 7 sin-
gle images (statues) covering an AC period of 130 s-1 
were overlaid (to eliminate the effect of arc current and 
voltage change within one period) and fi ltered using 
standard image processing software. For fi ltering, a so-
called solarisation fi lter was applied, which – in addition 
to reversing parts of the image in tone – marks areas 
of contrasting tone (boundary line of arc zone) with a 
thin line (Figure 4). This method worked well for the 
boundary lines on the sides of the arc zone. Howe-
ver, the boundary line to the base material was less 
clearly identifi ed, as refl ections of the process light on 
the aluminium surface in some cases led to artefacts 
in the fi ltered image (Figure 4). As these artefacts could 
always be discerned, they did not impair the use of 

Figure 4 – Example for the processing of overlaid images (PL = 0 kW, Iset = 90 A)
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penetration. An increase in intensity resulted in a steep, 
approximately directly proportional rise (correlation 
coeffi cient R2 = 0.93) in penetration depth, the width 
to depth ratio being approximately 1.6 for all parameter 
combinations. (The regions indicated in Figure 6 will be 
discussed further in section 5 of this paper.)

4.3 Effect of process parameters 
on arc current and voltage

Figure 7 displays the effect of current Iset and laser 
beam power PL on the effective arc voltage ratio for 

d = 0.6 mm. Obviously, switching on the laser beam led 
to a decrease in the effective arc voltage ratio, meaning 
a decrease in arc voltage for the hybrid process com-
pared to the pure arc process. This decrease is affected 
by current Iset. Whereas for Iset < 90 A, the ratio is gene-
rally within the range of 0.9 to 0.95 (taking into account 
the standard deviation as indicated for Iset = 70 A), for 
Iset = 90 A the effect is less pronounced.

The effective arc current ratio for the same processing 
conditions is given in Figure 8. A signifi cant effect of 
the laser beam on the arc current is not observed, as 
the effective arc current ratio is close to 1.

Figure 5 – Example for the effect of laser power on top bead appearance and arc zone geometry
(spot size d = 0.6 mm, current Iset = 50 A)

Figure 6 – Effect of laser beam intensity at workpiece and arc current Iset on penetration depth t



63INTERACTION BETWEEN LASER BEAM AND ARC IN HYBRID WELDING PROCESSES FOR DISSIMILAR MATERIALS

Figure 9 illustrates the effect of current Iset and spot dia-
meter d on the effective arc voltage ratio for PL = 3 kW. 
For d = 0.6 mm and 0.8 mm, the arc voltage ratio was 
signifi cantly and approximately proportionally decrea-
sing with decreasing current Iset. For d = 1.2 mm, the 
effective arc voltage ratio was slightly above 1, indi-
cating that the laser beam as well as the current Iset 
did not have a signifi cant effect on the effective arc 
voltage ratio

As Figures 7 and 9 suggested an infl uence of laser 
beam power PL and spot diameter d in dependence of 
current Iset, the effective arc voltage ratio was plotted 

versus laser beam intensity at workpiece (calculated as 
PL/(0.25*d2*�)) for Iset = 50 A and Iset = 90 A (Figure 10).

For a laser beam intensity at workpiece lower than 
6*105 W/cm2 the effective arc voltage ratio was in 
the range of 1 for both current settings. At approx. 
6*105 W/cm2, the effective arc voltage ratio for 
Iset = 50 A was reduced to 0.84 and remained on a 
comparably low level of approx. 0.9 also for all higher 
laser beam intensities. For Iset = 90 A, the reduction 
in effective arc voltage ratio was less signifi cant at 
medium intensities. At higher intensities, the effective 
arc voltage ratio was again close to 1. 

Figure 7 – Effect of current Iset and laser power PL on the effective arc voltage ratio

Figure 8 – Effect of current Iset and laser power PL on the effective arc current ratio
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5 DISCUSSION

The preliminary results presented above seem to 
suggest that there indeed is an interaction bet-
ween Nd:YAG laser beam and plasma arc. This was 
substantiated not only by qualitative comparison 
of top bead appearance and high-speed videos 
(where a constriction of top bead as well as arc zone 
were observed), but also by the evaluation and 
comparison of measurements of arc current and 
voltage.

Whereas effective arc current was not affected by the 
laser beam, effective arc voltage was for a wide range 
of parameter settings. The fi rst effect is easily explained 
by the characteristics of the plasma arc power source, 
which controls the current to maintain the set wave-
form. Therefore, only voltage can be affected by any 
change of processing conditions (provided they remain 
within a reasonable range). Consequently, the second 
effect will require a closer look, commenting on the 
possible nature of the change in processing conditions 
caused by switching on the laser beam. 

Figure 9 – Effect of current Iset and spot diameter d on the effective arc voltage ratio

Figure 10 – Effect of laser beam intensity at workpiece and current Iset on the effective arc voltage ratio
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Figure 9 gives a signifi cant effect of spot size at workpi-
ece, with a spot size of d = 1.2 mm yielding no infl uence 
of the laser beam on the arc at all. As a variation in spot 
size is equivalent to a variation in laser beam intensity 
at workpiece, the effective arc voltage ratio was plotted 
versus laser beam intensity at workpiece for Iset = 50 A 
and Iset = 90 A. Again, an effect was found, which was 
more pronounced for the lower current. 

These preliminary results seem to suggest that the 
change in process conditions affecting arc voltage is 
related to laser beam intensity at workpiece, which in 
turn is related to metal evaporation. In the case of deep 
penetration welding, laser beam intensity at workpiece 
is suffi cient to cause the evaporation of base metal, 
consequently resulting in the formation of a vapour 
capillary (keyhole). From this keyhole, a certain amount 
of metal vapour will be emitted (see e.g. [18]). 

For the parameter settings considered within this 
study, keyhole formation should start in a range bet-
ween approximately 6*105 W/cm2 and 1*106 W/cm2 (see 
e.g. [18]). For lower intensities, only heat conduction 
welding should happen. This was substantiated by 
plotting penetration depth versus laser beam intensity 
at workpiece (Figure 6), where we positively fi nd deep 
penetration welding (with a depth-to-width ratio of 
approx. 1.6) for a laser beam intensity exceeding 1*106 
W/cm2. For the intensity range between 6*105 W/cm2 
and 1*106 W/cm2, the assessment of seam geometry 
does not allow to positively conclude that a keyhole is 
formed, as penetration was strongly dominated by arc 
current, with a higher penetration generally obtained 
at a higher current. However, process light emissions 
from the melt pool seem to suggest that a keyhole 
starts to be formed already at an intensity as low as 
approx. 6*105 W/cm2. An explanation for this may be 
the pre-heating of the base material by the plasma arc, 
which reduces the heat input required from the laser 
beam to reach evaporation temperature. In any case, it 
should be safe to say a keyhole starts to be formed in 
the laser beam intensity range between approximately 
6*105 W/cm2 and 1*106 W/cm2.

This is exactly the intensity range where the effect of 
the laser beam started to be detectable both in the 
high-speed videos and in the effective arc voltage ratio 
(Figure 10). Therefore, we assume that the formation 
of a signifi cant additional amount of metal vapour in 
the process zone over the keyhole is the main fac-
tor in the change in process conditions leading to the 
reduction of the effective arc voltage ratio. As already 
very small amounts of metal vapour in arc plasma can 
affect plasma properties by providing a component with 
lower ionisation energy [e.g. 5.986 eV for Al compared 
to 15.759 for Ar (see e.g. [19])], electrical conductivity 
can be greatly infl uenced (see e.g. [20]). Then, with an 
increase in electrical conductivity, electrical resistance 
is decreased, which according to Ohm‘s law will result 
in a decrease in voltage for a given current. An indi-
cation for a local change in conductivity over the key-
hole was also given by the high-speed-videos, which 
showed that the arc zone was more concentrated 
over the keyhole (Figure 5). As soon as some amount 

of metal vapour was provided (presumably for a laser 
beam intensity at workpiece exceeding approximately 
6*105 W/cm2), the effective arc voltage ratio was not 
signifi cantly affected by a further increase in laser beam 
intensity (especially for Iset = 50 A) (Figure 10).

However, the interaction effect attributed to the 
occurrence of laser-induced metal vapour tended to be 
less pronounced for a current Iset exceeding 80 A (Figu-
res 7, 9 and 10). A preliminary explanation approach 
for this may be found assuming fi rst that the relative 
amount of laser-induced metal vapour is independent 
of arc current and second that, with increasing cur-
rent, the amount of charge carriers in the arc zone 
is increased. Then, the relative proportion of charge 
carriers provided by the laser-induced metal vapour 
should be lower for higher arc current. Consequently, 
less effect on the effective arc voltage ratio should be 
expected, which indeed seems to be established within 
the preliminary experiments presented (esp. Figure 9).

As a conclusion from the preliminary experiments, we 
assume that a good working hypothesis for further 
investigating the interaction effects between laser beam 
and plasma arc would be to assume the main nature of 
these interaction effects being related to laser-induced 
metal vapour. Therefore, especially the effects occur-
ring in the transition zone between heat-conduction 
welding and deep-penetration welding should be stu-
died further.

6 CONCLUSIONS

The aim of the investigations reported and discussed 
within this paper was to contribute preliminary data and 
hypothesis as a basis for an improved understanding 
of the interaction between laser beam and plasma arc 
in welding of aluminium. To this end, using a specially 
developed coaxial laser plasma hybrid welding head 
for bead-on-plate welding on aluminium alloy EN AW-
6082, arc current (AC mode), laser power and focal 
position were varied. For identifying interaction effects, 
the welding experiments were performed using process 
observation (high-speed video, recording of arc current 
and voltage).

The experimental results indicated that for a wide range 
of parameter settings there is indeed an interaction bet-
ween the laser beam and the arc, resulting in a constric-
tion of weld bead and arc zone and a stabilisation of the 
foot point of plasma arc. Moreover, effective arc voltage 
was affected by the laser beam. For a laser beam inten-
sity exceeding approximately 6*105 W/cm2 and an AC 
current below 80 A, the effective arc voltage was signi-
fi cantly reduced by the laser beam. As a working hypo-
thesis, this effect was attributed to the occurrence of 
laser-induced metal vapour at higher intensities.
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