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Abstract

Using laser and arc power in equal parts, laser-arc hybrid welding processes are successfully adapted by the industry. This paper
shows the stabilizing effects of diode lasers on short arc GMAW (gas metal arc welding) which deliver just a fraction of the
supplied arc power. In a comprehensive comparison the stabilized and the sole GMAW processes are confronted and differences
regarding process behavior and weld bead properties are pointed out. The tests were carried out with DC0O1 (1.0330) plates of
1 mm thickness deploying lasers using a mean laser intensity of 1,1 x10* W/cm?. Adding this low amount of intensity provides
stability to the weld process and results in weld beads of higher homogeneity. The process behavior is characterized by the
transient current and voltage curves which are analyzed in regards to consistency and uniformity. Metallographic analysis is

employed to compare the weld bead dimensions at different energy ratios.
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1. Introduction

The combination of laser and GMAW processes is known
and used since the late 1970s [1]. Since then several studies
have been carried out to gain knowledge about the synergy
between laser and electrical arcs. Although the exact
mechanisms are not completely revealed, the interaction
between laser radiation and arcs could be proved, even with
low laser power of P = 10 W [2, 3]. Different theories have
been developed over time, suggesting the effect caused for
example by ionization or optogalvanic influences. A
comprehensive listing of possible effects can be found in [4]
and [5]. Wendelstorf et al. showed advantages for the GTAW
(gas tungsten arc welding) process combining it with laser
radiation, especially for welding thin sheets [6]. Kozakov et
al. [7] attribute the impact of the laser radiation on the arc to
the cause of the optogalvanic effect, as they were able to
prove resonant laser absorption at a wavelength of 811 nm of

a GTAW arc. A comparable approach with similar results
using a Nd:YAG laser has been carried out in [8]. Regarding
the practical application of the process combination, the laser
arc-hybrid welding has become an established tool for the
industry [9]. Combining laser and arc power at equal levels,
the benefits of both processes add up. This leads to a gain in
weld speed and penetration depth due to the advantages of the
laser process and better potential for gap-bridging due to the
involved arc weld process. The drawback of the hybrid
procedure lies in the high costs of the high power laser source
that is needed to meet the energy induced by the arc process.
In order to make the method affordable for small and
medium-sized enterprises, investigations were carried out to
determine positive impacts of low powered laser sources.
Different studies were realized revealing the possibility of
stabilizing instable arc processes by adding laser radiation
with powers < 500 W [10, 8, 7, 4]. Hermsdorf [4] showed the
advantages of the method, for example an increase in the
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possible weld speed of GMAW bead on plate welds of about
230 %. Hu [10] concentrates on energetic aspects and the
physical effects, caused by the stabilizing interaction. In
summary a lot of knowledge has been gained about the impact
of laser radiation on instable GMAW welds, but a comparison
to a stable GMAW process pointing out the differences and
possible advantages in process behaviour and weld properties,
is missing.

The scope of this paper is to close this gap by employing
different analysis methods to achieve a comprehensive
comparison between the sole GMAW and the laser stabilized
GMAW process.

Nomenclature

f frequency [Hz]

GMAW gas metal arc welding
GTAW gas tungsten arc welding
| current [A]

L laser

PL laser power [W]

U voltage [V]

Vp wire feed [m/min]

Vg weld speed [m/min]

2. Experimental Setup

The experimental setup which is used for the investigations
shown in this paper is depicted in Fig. 1. The torch which is
connected to a Merkle HighPULSE 550 DW, is positioned in
a 35° angle to give the laser beam access to the process zone.
The scanner optics are used in static operation and are
connected either to a 811 or a 1025 nm diode laser. The ratio
of the optics is 3.17:1. The focus is positioned above the
samples resulting in a spot diameter of about 2 mm on the
surface. Regarding the welding direction of the table, marked
with the red arrow, the laser is positioned in front of the arc
process. The clamping system ensures the reproducibility of
the sample position.

GMAW torch [~ %

Fig. 1. Setup with 2 inch scanner optics. Neutral laser position, GMAW torch
angled, welding direction marked with v,

3. Methodology

The weld task that is chosen for the comparison is fillet
welding of 1 mm DCO1 plates. In order to achieve a practical
comparison of the laser stabilized and the common short arc
GMAW process, the properties of the welds should inhibit as
equal properties as possible. The chosen approach for this
methodology is to obtain a laser stabilized GMAW process
for a given weld task and compare it with GMAW processes
with similar properties. To obtain these standard GMAW
processes, which meet the characteristics of the stabilized
weld, the weld energy is raised by increasing the wire feed at
a voltage trim of 0. To ensure the stability of both processes, a
slow weld speed of v,=0.6m/min is chosen. The
measurements and weld results of these processes are then
compared regarding the energy entry by measuring the
transient signals, microsections and weld bead homogeneity.
The scheme of the methodology is depicted in Fig. 2.
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Fig. 2. Methodology for comparing the laser stabilized process with normal
GMAW.
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The boundary conditions are kept the same during the test
execution, to ensure reproducibility. The sample positioning is
defined by stop collars and the temperature regime is
measured at the clamping system to ensure consistent
boundary conditions. All tests were carried out with a start
temperature of the clamping system < 30° C, measured at two
positions. The laser stabilized process uses 340 W laser power
with both diode lasers. As it was figured out during the
analysis that there were no noticeable differences between the
results of both lasers, the corresponding values in the
diagrams “2.3 + L” are averaged from the results of both laser
units at vp=23m/min for easier readability. The
determination of the power output of the weld machine is
calculated via the integral of the product from the
instantaneous values of the measured voltage and current of
the middle section of the weld. The respecting signals are
metered at readout pins inside the weld machine.

4. Results and discussions

At a given welding speed of v, =0.6 m/min, the sample
material was welded at 340 W laser power with the
parameters of the GMAW machine set to U=16.2V and
vp = 2.3 m/min, resulting in a weld bead shown in Fig. 3.
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Fig. 3. Microsection of a laser stabilized reference weld with P =340 W,
vs=0.6 m/min, U= 16.2 V, vp = 2.3 m/min.

To obtain a comparable weld without the support of laser
radiation, the wire speed vp is raised in 0.1 m/min steps,
which also leads to an increase of the target value of the
voltage U at several increments due to the characteristic of the
weld machine (Table 1).

Table 1. Wire speeds and corresponding voltage target values with voltage
trim set to 0.

parameter values
vp [m/min] | 23 24 |25 26|27 28 (29 30|31 32
U[V] 16.2 16.3 16.4 16.5 16.6

As listed in the table, the wire feed was varied from 2.3 to
3.2 m/min, which leads to 10 GMAW parameter sets to be
compared with the laser stabilization. The two diagrams in
Fig. 4 show the averaged voltage (Fig. 4a) and current (Fig.
4b) which are measured when welding with the mentioned
target values.

17.6 200

=174 a0

172 =

%170 b L £ 160

S168 £140

5166 5

9788 I I 3120

2162 2100

g N £ N

AL S S B S
a wire feed v, [m/min] b wire feed vD [m/min]

Fig. 4. Measured and averaged (a) voltage and (b) current of the used
parameters, red line marks parameter with laser stabilization.

While the values of the averaged voltage show an overall
offset from the target value induced by the characteristic of
the welding machine, the weld voltage of the laser stabilized
process experiences an additional raise of about 0.3 to 0.4 V.
Compared with the GMAW processes this value corresponds
to nonstabilized welds at U =16.5 V and vp = 2.9 m/min. The
measurements in Fig. 4b show in contrary, that the weld
current is not affected by the laser radiation, which leads to an
averaged current of around I=130 A. The corresponding
solitary arc process using vp=2.9 m/min is deploying an
increased current of approx. 170 A. An explanation for the
raised voltage when using the laser stabilized process, can be
found in the additional generation of metal vapour. In [11]
similar behaviour is described in a plasma hybrid process
when welding steel sheets. [12] explained the cooling of the
arc by metal vapour which leads to a higher resistance, thus an
increased voltage. These circumstances directly lead to
differences in the power output of the weld machine, depicted
in Fig. 5a.
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Fig. 5. (a) Measured power and (b) molten area of the compared processes
relative to the wire feed.

Compared to the process without laser stabilization, the
laser supported welding leads to a process with a raise in
power of about 400 W (red mark). For this diagram the laser
power of P =340 W was simply added to the measured
GMAW value, without regarding losses in form of reflection
or process interaction. The remaining difference is suggested
to be caused as a response of the GMAW process to the laser
usage. A common GMAW process without laser generates a
comparable gain in power when using a wire feed of
vp = 2.6 — 2.7 m/min. Fig. 5b shows the molten area induced
by the given parameters, measured by micro sectioning the
samples. The general characteristic of the amount of melt
corresponds to the power measurements in Fig. 5a. The higher
the power input, the higher the resulting weld bead volume.
Regarding the laser stabilized process, this implies an increase
of the molten area of approx. 1.5 mm? due to a laser power of
P. =340 W. To achieve the same amount of melt with a
common GMAW weld, the wire speed needs to be raised
about 0.4 —0.5 m/min. A more detailed evaluation of the
microsections can be seen in Fig. 6, which gives an overview
of the widths, heights and depths of the welds.
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Fig. 6. Microsection measurements: width, height and depths of the weld
beads, with dashed lines at the laser stabilized values

Focussing on the width of the welds, the diagram shows
some inconsistencies at the lower wire feeds of 2.3 and
2.4 m/min, which is due to strong humping effects resulting in
very inhomogeneous weld beads. This effect also influences
the measured depth in the mentioned wire feed region. By
raising the wire feed the process gets more stable and meets
the width of the laser stabilized process at vp= 2.8 m/min.
While the height of the weld beads do not depend to the wire
feed, the behaviour of the depth of the welds is similar to that
of the width measurements. The corresponding weld depth to
the laser supported process lies between vp=2.8 and
2.9 m/min. Wire feeds > 3.1 m/min indicate a jump in the
depth of the weld. This is caused by complete penetration of
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the bottom plate starting at this parameter. At vp = 3.2 m/min
the melt spreads towards the top plate making the width
appear smaller in Fig. 6, though the molten area is increasing
as it can be seen in Fig. 5b. To gain information about the
homogeneity of the processes, the appearance of short circuits
is investigated. Fig. 7 shows the frequency and the standard
deviation of the appearance of the short circuits.
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Fig. 7. Frequency of short circuits and standard deviation of their temporal
occurrence.

The frequency of their occurrence depends on the amount

of wire which is feed into the process. This leads to an
increasing short circuit rate along the x-axis of the diagram.
For the laser stabilized processes the wire feed is kept at
vp=2.3 m/min, causing the frequency to stay at around
f=35Hz. On the contrary, the standard deviation of the
occurrence of short circuits shows an interesting behaviour.
Regarding the GMAW processes, it tends to decrease when
adding wire and thereby energy to the process. However,
adding laser radiation to the process the standard deviation
drops about 40 % compared with the start parameters of the
sole GMAW process. Even when deploying the maximum
wire feed tested, the arc process does not reach the same low
level. Wire feeds which lead to comparable results in the
foregoing investigations in Fig. 4 to 6 (vp = 2.7 — 2.8 m/min)
cause standard deviations which are approx. 50 % larger than
those obtained with the laser stabilized process. As a final
comparison at static weld speed, the visual quality of the weld
beads in terms of homogeneity is analysed. In order to obtain
comparable values corresponding to bead homogeneity, the
normalized discrepancy is introduced. The maximum and
minimum widths are measured at defined positions and ranges
on the top surface and subtracted to quantify the occurrence of
humping. For the purpose of getting comparable data, the
values are normalized with respect to the corresponding
maximum width, which results in the normalized discrepancy.
This method was executed on chosen parameters of the test
range and the results are shown in Fig. 8a.
In an overall view the diagram shows the widening of the
weld bead with raising energy entry represented by the blue
bars. Furthermore the gap between maximum and minimum
width is getting smaller, meaning the discrepancy (grey bars)
is decreasing with increasing the wire feed. The white mark in
the figure indicates a discrepancy of 20 % of the respective
maximum weld width (measured on the top surface).
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Fig. 8. (a) Maximum and minimum width on the top surface with normalized
discrepancy of selected parameters; (b) top of exemplary GMAW and laser
stabilized welds.

Comparing the laser stabilized process with the results of
the GMAW processes it shows that the laser is affecting the
homogeneity but also the width of the visible part on the top
of the weld. The latter seems to be caused by an increase of
the viscosity by adding heat to the weld zone via laser
radiation, while the effect on the homogeneity appears to
affect the arc process directly, regarding the dropped standard
deviation in Fig. 7.

Even a wire feed of vp = 2.9 m/min, inducing more energy
than necessary to meet the process and weld properties in Fig.
4 to 6 is not able to induce a normalized discrepancy as low as
the laser supported process. Fig. 8b shows pictures of the top
of exemplaric weld beads at vp=2.9 m/min without and
vp=23 m/min with laser stabilization. The higher
discrepancy of the bead produced by unstabilized GMAW is
depicted by the visible inhomogeneity of the bead shape.

To illustrate the stabilizing effect of the laser radiation on
changes in weld speed, tests are carried out while vy is raised
during the weld process from 0.6 to 2 m/min allowing easy
qualification of the effect. This test is executed with a GMAW
process at the start parameters of vp=2.3 m/min, the laser
stabilized process and a GMAW process with vp = 2.9 m/min,
which leads to a slightly higher energy input than the laser
process as the results in this paper show. The front and back
sides of exemplaric samples are depicted in Fig. 9.
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Fig. 9. Ramped weld speed v = 0.6 to 2 m/min applied on GMAW with the
start parameter vp = 2.3 m/min, the laser stabilized process and GMAW with
raised energy. Red circles mark characteristics on the back sides of the
samples and are transferred to the front sides.

Inspecting the back sides of the samples the change of the
colour characteristics describe the energy induced into the
sample. For better orientation red circles are drawn where the
tempered colours change to the darker tone. While there is a
difference of about 0.5 m/min in the characteristics of the
sample welded with vp=0.6 m/min towards the others, the
laser stabilized and the higher energy GMAW sample are
visually comparable. Transferred to the front sides the
GMAW samples show a lack of stability at the marked
positions whereas the laser stabilized sample shows a clean
weld through the whole process. Even though the energy per
unit length will not be sufficient for proper joining of the
plates at high weld speeds of 2 m/min, the results shows the
increase in stability and robustness gained by the supporting
laser radiation.

5. Conclusion and outlook

The presented investigations show a possibility to compare
common short arc GMAW with laser stabilized GMAW
related to practical use, as it observes the capabilities of both
processes for a given task. The different approaches to
compare the processes point out process and weld bead
properties which are only shifted in energy by the supporting
laser radiation. An effect that could also be achieved by
adding arc energy and wire feed. This involves the energy
input, respectively the power and the characteristics of the
weld bead regarding the molten area and the bead geometry.

However, values telling about the homogeneity of the bead
and the weld process, show higher consistency by adding laser
radiation instead of arc energy. On the one hand there is the
considerably lower standard deviation of the occurrence of
short circuits and on the other hand the lower normalized
discrepancy, indicating the stabilizing effect of the laser
radiation on the GMAW process.

As the weld speed for these investigations are chosen quite
low, to allow a comparison of stable processes, the stabilizing
effect of the laser can also be used to expand the weld speed
limits of the common GMAW process, which will be covered
in further investigations. Additionally, studies on the abilities
of the laser to affect the weld bead in terms of manipulating
its position and geometry are already in progress.
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