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Plasma arc welding (PAW) is a modern welding technique for challenging joining tasks in a wide range of
materials and plate thicknesses. A further improvement of the welding characteristics involving achievable
welding speed, process stability and penetration depth is expected by an additional low energy laser beam
with @ maximum output power of 600 W. The paper presents an experimental and numerical analysis of the
interaction between a plasma arc and a superimposed laser beam. The experiments are carried out with a
non-concentric set-up of the plasma arc column and the laser beam. As results of bead-on-plate welding tri-
als the cross-sectional weld areas were presented in order to demonstrate benefits of the combined process
in comparison to separately conducted arc and laser welding. Furthermore, high speed video images (1 kHz
frame rate) with synchronized current and voltage recording (1 MHz frame rate) were used. The experimental
results demonstrate a different behaviour for welding steel and aluminium. In case of welding aluminium,
an arc guidance was observed whereas destabilization effects occur for welding ferrous alloys. A numerical
magneto hydro dynamical (MHD) arc model with a concentric set-up of arc column and laser beam set-up
was aimed to improve our understanding of relevant interaction phenomena between the plasma arc and the

laser beam.
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“Jintroduction

Plasma arc welding provides the productive and high per-
formance joining of iron, titanium and aluminium. For an
increase of the welding speed, the weld penetration and the
stability of the process the plasma arc can be supported by
laser radiation. In general, disadvantages of the single join-
ing processes can be compensated by such a combined
technique. However, the most of published scientific work
concerning such hybrid joining technologies was aimed
to high power laser processes of several kW and their
advancement by welding arcs [1]. In these cases, the arc
undertakes only an assisting function compensating some
characteristic drawbacks of laser beam welding processes.

The combination of a welding arc with a low power
(P_ = 600 W) laser provides the approach to influence
mainly the arc column or the arc attachment by coupling
the laser energy directly with the process region. Research
results of Steen [2] or Cui and Decker [3-5] have already
demonstrated that a laser beam of some hundred Watt
to 2 kW is capable of stabilizing a TIG arc. They demon-
strated an increased heat flux density due to a focussed
arc attachment and a decreased arc voltage drop. Steen 2]
traces back these effects to a locally increased number of
free charge carriers at the anode surface. Otherwise, it
was shown for a 0.2 mm-thick titanium sheet that an arc

stabilization happened, even if the laser beam and the arc
were positioned at the opposite sides of a workpiece. Cui
and Decker [3-5] point out the influence of metal vapour,
which results from the laser-induced evaporations of base
material. They assume a local increase of the electric con-
ductivity of the plasma. Albright et al. [6] demonstrate low
power laser arc assistance due to a provided pre-ionisa-
tion of an arc root. Recent works of Hermsdorf et al. [7,
8] underline the role of the optogalvanic effect which is
present in the arc column and, in particular, at the cathodic
workpiece in gas metal arc welding (GMAW).

The present paper is focussed on investigations of a
welding process with a combined heat source consist-
ing of a plasma arc and a laser beam with a maximum
output of 600 W. The work is aimed to characterize the
interaction between the arc column and the laser beam
and to comment the involved physical effects. In con-
trast to TIG arcs, which have been already investigated
intensively, the plasma arc is characterized by significantly
increased plasma flow velocities and energy densities in
the arc column [9, 10]. Both provoke a high stability of
the arc column. A fibre laser was used as the laser beam
source, which permits a nearly diffraction-limited beam
quality. This enables high energy densities at the work-
piece. The interactions were studied for welding mild and
stainless steels and aluminium alloys as well. The work
is based on experimental investigations and numerical
MHD-simulations.
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I2 Experimental set-up

The experiments were done using a non-concentric con-
figuration of the plasma torch and the laser beam, which
are both inclined with respect to the surface of the metal
sheet being welded, see Figure 1. An Yb-fibre laser (IPG)
was used with a laser wavelength of 1 070 nm and a mini-
mum focus radius of 20 um. The applied plasma arc sys-
tem consists of a water-cooled plasma torch (ABIPLAS
WELD 150) and a constant current power source (EwM
Tetrix 400) using DC-EN-polarity. The parameters being
constant during the experiments are the electric current
of 100 A, the plasma gas flow rate of 0.8 I/min argon
and the bore diameter of 2.6 mm in the plasma nozzle.
Figure 1 shows the experimental set-up used.

A high-speed video camera with a resolution of 1k by 1k
pixel and 1 000 frames per second (fps) was used for a
visual process observation. Simultaneously, the synchro-
nized values of the electric current and the arc voltage
were recorded with sampling rate of 1 MHz. The cam-
era was positioned perpendicular to the welding direction.
Suitable narrow band pass filters were used in order to
improve the observation of the arc root at the workpiece.

I3 Experimental results

The interaction of the arc and the laser beam was investi-
gated for bead-on-plate welding of aluminium alloys and
steels. A significant influence of the laser on the arc behav-
iour was mainly observed for aluminium plates, Figure 2.
Without laser beam action, two arc roots and attachments
are established as a result of the inclined arrangement of
the plasma torch. One arc root and attachment is on axis
with the plasma torch (a). The second one is transient and
specifies the arc root of the lowest electric resistance (b).
It was observed that both arc roots compete to each other
and thus no continuous welding seam was produced.

Laser optics 20° trailing

Cross jet nozzle

Objective of high speed
video camera

Protecting glass in front
Plasma torch of objective

30°-35° leading

Plasma nozzle
Distance 2 mm
Workpiece

Feed direction of object

Object table table, feed rate 1.5 m/min

Figure 1 — Experimental set-up
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Figure 2 - Arc roots and the attachments
[a) and b) without laser and in the laser spot c)]

and the characteristic arc voltage behaviour
of a plasma arc with and without laser beam

However, after switching the laser on, the arc attachment
is fixed at the laser-generated hot spot (c) and the arc
column is stabilized.

The top of Figure 2 shows the ability to track the plasma
arc attachment at an aluminium workpiece by a laser of
400 W. The involved interactions between the laser beam
and the arc plasma decrease the arc voltage. The reduc-
tion is a nearly linear function of the applied laser power.
Itis about 3 V for a laser beam power of P =600 W, see
Figure 3.

Besides the arc root stabilization it was possible to move
the arc attachment sidewards, forwards and backwards
up to 2 mm, which is about half of the free arc length.
Therefore the arc attachment at aluminium can be favour-
ably controlled by a laser beam.

Figure 4 shows cross-sections in AISiTMgMn sheets
which were produced by plasma arc or laser only and by
plasma arc and laser. The combination of both energy
sources causes the increase of weld seam section from
2.2 mm? (plasma arc only) or 1.8 mm? (laser beam only)
up to 6 mm?2 The depth and the width of the weld seam
increase by defocusing of the laser spot. The largest weld
seam sections were found for a focus position displace-
ment Az of 7 mm above the workpiece. Consequently, the
highest degree of melting efficiency was not found for the
highest focal laser beam intensity.
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Figure 3 - Reduction of plasma arc voltage as a function
of laser beam energy
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Plasma + Laser Laser
(AISi1MgMn).

Figure 4 - Penetration profiles due to plasma arc (100 A)
and laser (600 W, z = 0) and a plasma-laser process

Plasma

The supporting effect on the arc attachment by a laser
was however not observed for welding mild or stainless
steel sheets. A possible explanation could be that the arc
column and attachment is anyway in a very stable condi-
tion. The establishment of a second off axis arc attach-
ment was consequently not observed. However the weld-
ing speed of 0.3 m/min was considerably low.

The switching on of the laser beam does not cause a
decrease but an increase of the arc voltage. Measured
values were in the range of up to 0.6 V for all investigated
steels, Figure 5. It was furthermore observed that the arc
is less stable, which can be concluded from the increased
amplitudes of the voltage signal of the combined process.
In contrast to aluminium the arc attachment was obviously
not enhanced.

Figure 6 shows the cross-sections of a S 235 mild steel
(top) and a 1.431 stainless steel (bottom) weld. It is good
to see that the cross-sections of the laser-arc welds
exceed the sum of the sections of the single laser and
plasma arc welds. The obvious high penetration depth in
stainless steel is mainly caused by keyhole effects and
the low thermal conductivity of the base material.

Additionally, the influence of the process gas on the arc
characteristic was investigated. The shielding gas com-
position was chosen in order to increase the laser beam
absorption and influence the arc properties, respectively.
The following gases have appreciable emission lines in
the range of the laser wavelength of 1 0705 nm [11]:
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Figure 5 - Voltage characteristic of the plasma arc before
and after the switching on of the laser (stainless steel)

— nitrogen (N I: 1 069 nm, 1 071 nm)
— neon (Ne I: 1 067 nm, 1 069 nm)
— carbon (C 1:1 068 nm, 1 069 nm)
— silicon (Sil: 1 067 1 069)

Gas mixtures of argon and 16 % nitrogen and CO, as
well as 10 % neon were tested in experiments with steel.
Therefore the first half of the probes was done with the
plasma process only. The second half of the plates was
done with the laser-plasma process. The welding experi-
ments with these gases demonstrate results similar to
the tests with argon. There were no indications of an
increased arc constriction due to the switching on of the
laser, in particular no changes in arc shape and size were
found in the high speed video recordings. Furthermore,
no decrease of arc voltage or guidance of the arc attach-
ment was found, which is comparable to the effects on
aluminium. The influence of laser absorption was not
increased due to gases with absorption lines in the range
of the laser wavelength.

I4 Modelling the laser arc

The commercial software package ANSYS CFX was used
to model the plasma arc process with consideration of

plasma

plasma + laser

(Top: S 235 mild steel, bottom: 1.431 stainless steel).

laser

Figure 6 - Penetration profiles due to plasma arc (100 A) and laser (600 W, z = 0) and a plasma-laser process
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different kinds of interaction with a laser beam. In contrast
to the experimental set-up, the model regards a concen-
tric configuration of the arc and the laser beam. Thus the
model was simplified assuming an axis symmetric steady-
state approach.

The standard equations of computational fluid dynam-
ics (conservation of mass, momentum and energy) were
used. Additionally, the electromagnetic and radiative phe-
nomena that occur in thermal plasmas were taken into
account. The changes required are the addition of resist-
ance heating and radiative loss terms to the energy equa-
tion and a magnetic pinch term (j x B) to the momentum
equation; j is the current density and B is the magnetic
field. Two further equations are required: an equation for
current continuity

V:j==V- 6V =0

where

¢ is the electrical conductivity and
¢ is the electric potential,

and an expression for the magnetic field B=V x A where
the magnetic vector potential A is given by V?A = —j,
U, being the permeability of free space.

The effects of the sheaths, i.e. the cathode and anode drop
zones, are modelled using the sheath model of Lowke and
Sansonnes [12, 13]. A detailed description of the sheath
model assumptions, the mesh and the boundary condi-
tions are given in [9, 10].

The computational domain includes a simplified shape
of the torch and the workpiece and the fluid/arc region.
The shielding gas fraction is defined as of pure argon at
the plasma gas inlet, at the shielding gas inlet and at the
ambient opening. The plasma gas inflow rate is 0.8 I/min,
the shielding gas inflow rate is 12 I/min.

The plasma is assumed to be in local thermodynamic
equilibrium (LTE), as it is usual for models of welding
arcs. The properties were calculated for a chemical equi-
librium composition. The thermodynamic properties of
the species were calculated previously by Murphy [14]
for a temperature range of 300-30 000 K [15]. Radiation
is considered using the net emission coefficient (NEC)
model. The coefficients are given as a function of plasma
temperature and pressure. The 1 mm sphere iron vapour
data of Menart and Malik [16], as well as the 1 mm
sphere data of argon [17], were taken into account,
since these data represent approximately the size of the
high-temperature region. For mixtures of argon and iron
vapour, the net emission coefficient is calculated as a
mole-fraction weighted average as recommended by
Cressault et al. [18].

The laser beam intensity was modelled by the given func-
tion of a beam radius r(z) using the following beam propa-
gation equation

rz)=r, - 1+(72,)2 (1)

where
z is the coordinate in beam propagation direction and

z, is the Rayleigh length given by

z e 0
r M22, ()

The beam geometry according to relation (1) was deter-
mined for the laser wavelength A of 1 070 nm, the beam
quality number M? of 1.15 and the focus radius r, of
20 um. The local intensity rz) of the laser beam was
described by a normal distribution:

2

2P, . 2
r2) = or exp[ (,(z))zj ©

The focus position of 1 mm above the workpiece was
defined. Figure 7 shows on the left hand side the laser
beam intensity and the vector plot of the plasma flow, on
the right hand side the temperature of a 80 A arc. The
results are based on the assumption that 10 % of the
laser beam is absorbed in the arc. The heating effect of
the laser radiation in interaction with the arc plasma is
good to see by the modified shape of the isotherm near
the arc and laser beam axis.

Using the developed model three possible laser effects
and their influence on the arc were investigated:

(1) absorption of the laser energy in the arc column and
plasma heating,

(I) induction of metal vapours on the surface or in the
keyhole and its influence on the electric conductivity of
the arc plasma,

(1) absorption of the laser on the surface of the work-
piece inducing a hot spot.

The laser beam energy absorption in the arc column was
defined according to the local laser beam intensities,

Figure 7 - Numerical simulation of the plasma laser process
with an assumed overall laser beam absorption

in the plasma column of 10 % (left: defined laser intensity,
right: predicted plasma temperature distribution)
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Figure 8 - Numerical predictions concerning the influence
of the laser absorption in the arc plasma (relating to 600 W

laser beam energy) on the plasma temperature and the
electric current density 0.2 mm above the workpiece (80 A)

(1-3). Running a parameter analysis, 0, 1 and 10 % of
the laser beam energy of 600 W were assumed to be
absorbed by the arc plasma. The effect of the laser energy
input into the arc column is shown in Figure 8, in particular
the plasma temperature and the electric current density in
a plane 0.2 mm above the workpiece.

The numerical results predict an increase of arc tempera-
ture and low raise of current density but only for absorp-
tion of 10 % or 60 W. However, both appear only in the
very small region of the laser beam or at an arc radius of
0.3-0.56 mm. Thus, the effects of the direct absorption of
laser energy on the arc properties are quite week, regard-
ing that an assumption of 10 % arc absorption is prob-
ably disproportionately high in particular for near-infrared
wavelengths. It seems that the increase of electric con-
ductivity is too low, which is also reasoned in the high
plasma temperatures and the thereby caused relatively
high electric conductivity.

Modelling the influence of metal vapour, a part of the sur-
face of the workpiece was defined as an inlet. The bound-
ary has a radius of 40 um, which corresponds approxi-
mately with the radius of the laser beam and the keyhole.
A flow of iron vapour was defined with a temperature of
3 023 K and with a variable inlet velocity of O m/s (dif-
fusion only), 100 m/s and 600 m/s. These values are in
accordance with experimentally determined metal vapour
velocities above the laser-induced keyhole during deep
penetration laser beam welding in the range of 100-
800 m/s [19].

The calculation of the metal vapour concentration within
the arc plasma region considers convective and diffusive
transport phenomena as well. The diffusive transfer is
modelled by use of a binary diffusion model taking into
account the diffusion of metal vapour relative to argon. It
is based on a conservation equation for iron vapour mass
fraction y, [9, 15]:

0 . - -
%-Fdlv(puyFe-kJFe):O (4)

with the iron vapour diffusion mass flux J..:

2
JFe = n_mFemAl (D.‘)-'(eAr grad XAI + Dl,-zeAr grad ln ptot + leeArE)
ye

-Dl, gradIinT (5)

where the terms describe diffusion due to the gradient in
the mass fraction of argon, the gradient in the total pres-
sure, the electric field of the arc and the temperature gra-
dient, respectively. The m, are the average molar masses
of the heavy species and the D/,, are combined diffusion
coefficients which are shown in [15].

The model predicts a decrease of the arc voltage only
for an inlet velocity of 100 m/s. In contrast the arc volt-
age increases referencing a high vapour inlet velocity of
600 m/s. Figure 9 a) shows the predicted metal vapour
concentration and the arc plasma temperature.

[t is obvious that low vapour velocities in the keyhole
cause a thin layer of iron vapour above the surface of
the workpiece. This layer corresponds with a region of
low plasma temperatures. The existence of metal vapour
causes a substantial increase of the electric conductiv-
ity. The left top picture of Figure 9 shows furthermore a
vapour concentration on the fringe region of the arc. The
iron fraction is only visible due to its logarithmical scal-
ing. However, it results from the diffusion effects which
enable a vapour flux directed against the flow. The effects
of demixing cause an accumulation of iron vapour near
the 5 000 K isotherms as it was already predicted for gas
metal arc welding [15].

The right top of Figure 9 shows the predicted vapour
concentration and the plasma temperature for a vapour
keyhole velocity of 600 m/s. The metal vapour concentra-
tion plot shows on one hand side the iron vapour plasma
torch above the workpiece and, on the other hand side,
significant iron accumulation on the fringes of the arc.
They both affect the plasma temperature of the arc col-
umn. The iron vapour plasma jet from the keyhole causes
a local decrease of plasma temperature due to the con-
siderably increased radiation emission. As suggested by
Menart [16] the radiation emission intensity of iron vapour
is always higher at least in order of two magnitudes. Thus
the local energy requirement ensuring an electric conduc-
tivity increase and a central minimum in the radial tem-
perature and current density contribution is caused.

The second iron vapour accumulation in the fringes region
of the arc constricts the arc. Due to the metal vapour an
increase of radiation emission and electric conductivity is
caused. Both effects cool probably down the fringes of
the arc. However, the axial temperature distribution is not
significantly affected except for the region of the plasma
arc above the keyhole. High speed video records using
interference narrow band pass filter centred at 530 nm
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a) Numerical predictions concerning the influence of the metal vapour flow velocity v, at the top of the keyhole
on the metal vapour concentration and the plasma temperature distribution
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during plasma laser welding of steel
(high speed video using a 530 nm filter)

L 0m/s (154 V)
04N — =100 m/s (152 V)
\ ——600 m/s (169 V)

current density [A mmA-2]

0.000 0.001 0.002 0.003 0,004
radius [m]

c) Num. predicted electric current density 0.2 mm
above the workpiece, depending
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show the iron vapour plasma region above the workpiece
and also the iron vapour accumulation on the fringes of
the arc.

The diagram in Figure 9 c) shows the numerically pre-
dicted radial distributions of the electric current density
in a plane 0.2 mm above the workpiece. The presence of
metal vapour influences the current density at the work-
piece. Low keyhole exhaust velocities of metal vapour
cause a moderate increase of about 10 %. High metal
vapour velocities at the keyhole induce a central minimum
in current density distribution. It is obvious that this cen-
tral minimum of current density can cause instabilities of
the arc attachment at the workpiece. Thus, the numeri-
cal results provide some reasons of the experimentally
observed arc voltage characteristics for welding steel
specimen after the laser is switched on, see Figure 5. The
predictions state reasons for an increase of the voltage
drop and the enlarged ripple as well.

The influence of the laser absorption on the surface of the
workpiece was investigated, defining the thermo physi-
cal properties of aluminium. The modelled workpiece is
5 mm-thick and the lower boundary was assumed to be
water-cooled. Thus, a fixed temperature value of 300 K
was defined. Furthermore the laser caustic definitions
were changed, the model simulates on a focus point dis-
placement z_ of 7 mm above the workpiece.

Figure 10 shows the influence of the absorbed laser
energy at the workpiece on the radial distribution of the
current density on the workpiece surface.

The predictions demonstrate that the increased surface
temperatures influence the current density at the work-
piece surface and the arc voltage, but the effects on the
arc plasma temperature and current density are very low.
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Figure 10 - Current density 0.05 mm above

an Al-workpiece and surface temperature
as a function of the absorbed laser energy
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In contrast to low current TIG arcs the temperature of the
80 A plasma arc column is mainly determined by the noz-
zle type and the plasma flow [9, 10]. Thus the workpiece
temperature distribution influences probably only the arc
attachment. Admittedly the model predicts a small influ-
ence on current density but only for a high beam absorp-
tion. The model predictions indicate that the significant
reduction of arc voltage in case of welding aluminium is
not explainable without the local removal of oxide layers
and metal vaporization. However, it is to mention that the
sheath model used is based on some assumption and
important simplifications. Thus the given predictions about
the arc constriction above the workpiece need some more
clarification.

3] Summary and conclusions

The interaction between a low energy fibre laser and
plasma arc were investigated by experimental trials and
numerical simulation as well. The experimental analysis
revealed the following insights:

1. In case of welding aluminium, the laser stabilizes the
arc attachment which can also be moved (guided) sev-
eral millimetres apart from the axis of the arc. Due to
the switching on of the laser the arc voltage and its
temporal variation are decreased.

2. In case of welding ferrous alloys, the arc already estab-
lishes a stabilized attachment for welding speeds below
2 m/min without laser. It is consequently not possible
to move this attachment away. Due to the switching on
of the laser the arc voltage and its oscillation with time
are increased. It seems that the arc is less stable.

3. The cross-sectional area of the laser-arc process is
much greater than the addition of the seam areas of
both single processes. This behaviour was found for
aluminium, mild and stainless steels as well.

4. The largest weld seam sections were found for a defo-
cused laser with a focus spot displacement of 7 mm
(aluminium), which is equal to a laser spot diameter of
0.28 mm.

5. The gases neon and nitrogen have emission lines in
the range of the laser wavelength which could increase
the absorption of laser power in the arc and therefore
focus the arc column. However additions in argon do
not increase the effects on arc voltage (aluminium) and
arc stabilization and moving the attachment (steel).

A numerical MHD model of a steady state axis symmetri-
cal transferred plasma arc and a concentric laser beam
was used for finding physical explanations of the experi-
mental results. The numerical analyses indicate:

1. A laser arc interaction due to laser beam absorption in
plasma of 6 000 K and more is implausible especially
for an infrared laser wavelength of 1 070 nm.

2. The influence of laser-induced vaporization is to be dis-
cussed because of the vaporization rates or keyhole
velocities.

3. Low vaporization rates and keyhole exhaust velocities
affect the thermo physical plasma properties of the
plasma only within a small region above the workpiece.
The increased electric conductivity of plasma decreases
the arc voltage and stabilizes the arc attachment.

4. High vaporization rates and keyhole exhaust velocities
cause a metal vapour plume above the keyhole where
the strong radiation emission of metal vapour causes
a local decrease of plasma temperature and electric
conductivity. Thus the main current transfer occurs off-
axis. The arc voltage is increased and also instabilities
can be caused.

5. The model predicts a small increase of current density
due to laser absorption at the workpiece surface and
locally increased temperatures. However the limitations
in the validity of the model predictions, especially due
to the sheath model simplifications, are mentioned.

In summary the transferred plasma arc behaviour is already
almost stable on steel without a laser enhancement. An
improvement of the arc attachment and its guidance by a
laser spot were observed for:

— workpieces with a high thermal conductivity,

— high processing speeds,

low welding currents or plasma flow rates,

large angle between the plasma torch and the
workpiece.

Thus, performance improvements of the combined pro-
cess are mainly expected in case of high-speed welding
or brazing and for micro plasma applications. The require-
ments for the laser beam source are probably low since
the best results were observed using a comparatively
wide laser beam.
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