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Abstract

Wire-based hybrid arc-laser additive manufacturing is suitable for producing large metallic parts (metres in scale) with high
deposition rates and near-net-shape. In this process, the surface quality and dimensional accuracy of the deposited parts are
determined by the melt pool geometry. However, how to control the melt pool in the hybrid process is complex due to the
multiple parameters that can be used. In this study, control of melt pool geometry by investigating different process param-
eters, including laser power, travel direction, arc-laser separation distance, laser beam size, and arc current in the hybrid
plasma transferred arc (PTA)-laser process, was studied systematically. It was found that a larger melt pool was achieved
with the PTA-leading configuration compared to that with the laser-leading configuration due to a higher laser absorption
occurred with the former configuration. The melt pool was enlarged by either increasing the laser power or arc current due
to the increased energy input. However, if the laser power density is high enough to determine the melt pool depth, the
increasing arc current has very little effect on melt pool depth but only increases the melt pool width. In addition, the melt
pool became shallower and wider when using a larger laser beam. The arc-laser separation distance had a minor effect on
the melt pool geometry due to the fixed energy input used in the studied cases. The results of this study provide a reference
for melt pool control in wire-based hybrid arc-laser additive manufacturing.

Keywords Hybrid arc-laser additive manufacturing - Plasma transferred arc - Laser - Parametric study - Laser absorption -
Melt pool geometry

1 Introduction the advantages of both electric arc (e.g. high efficiency) and

laser (e.g. high precision) was proposed to achieve both high

Additive manufacturing (AM) has developed rapidly over
the last few decades due to its significant benefits, such as
short lead-time, low material waste, and high design flexibil-
ity, over the traditional subtractive manufacturing methods
[1-3]. Depending on the heat source used, there are three
main AM processes for metallic components deposition,
which are laser-based, electron beam-based, and electric arc-
based processes [4—6]. Depending on the form the feedstock
used, there are wire-based and powder-based processes [7,
8]. Recently, a wire-based hybrid AM process by combining
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deposition rate and high resolution for the deposition of
large-scale metallic components [9—11]. It has been reported
that compared to the plasma transferred arc (PTA) process
on its own, the hybrid process has a higher deposition rate
due to the extended energy distribution. Compared to the
laser deposition process, the hybrid process has a much
higher wire melting efficiency and wire feeding tolerance
due to the use of PTA [9]. However, since the hybrid arc-
laser AM is a relatively new process, some fundamentals
in this process are still not fully understood. For example,
control of the melt pool in the hybrid process is of great
significance, as the melt pool geometry determines the size
and shape of the deposited beads, which affect the final qual-
ity of the deposited components. Therefore, it is essential
to investigate how to control the melt pool geometry in the
hybrid process to achieve structurally sound components.
So far, most studies on hybrid arc-laser process have
been focused on welding applications [12—16]. In some
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respects, same phenomena were observed in both hybrid
welding and hybrid AM. For example, the melt pool
width and depth are inversely affected by the travel speed
in hybrid welding [17-20], which is consistent with that
observed in hybrid AM [10]. The reduced melt pool width
and depth with the increased travel speed was caused by
the reduced line energy. However, due to the different
requirements between welding and AM, the optimum
operating conditions for hybrid welding could be differ-
ent from hybrid AM. For example, in hybrid welding, a
keyhole regime of the laser is normally used to increase
the penetration depth [21]. In AM, however, a high width-
to-height aspect ratio of the bead with a low remelting is
favourable to achieve a high process efficiency and good
surface finish, meaning that a relatively large laser beam
in conduction regime is needed [11, 22]. In addition, in
some hybrid welding cases, the laser is placed very close
to the gas metal arc (GMA) to stabilise the arc and thus to
achieve a high process stability [23]. Therefore, to ensure
the synergic effect of the arc and laser, the separation
distance between the two heat sources is normally kept
very close (from 0 to 5 mm) in hybrid welding [12]. In
hybrid AM, however, the arc-laser separation distance is
relatively long as the synergic effect is not needed. These
suggest that a systematic study of melt pool control in the
hybrid AM process is necessary although similar studies
have been conducted in hybrid welding processes.

In hybrid arc-laser AM, the melt pool is formed by a
combined effect of arc and laser, and therefore, it is impor-
tant to understand how the energy input from the arc and
laser affects the melt pool geometry. In addition, the laser
beam size can be tuned in the hybrid AM process, which
will change the energy distribution and consequently the
melt pool geometry. Furthermore, there are two main travel
directions (or heat source configurations) that can be used in
hybrid AM, which are arc-leading and laser-leading. How-
ever, it is still unclear how all these processing conditions
affect the melt pool geometry. Wang et al. [11] developed
a steady-state FE model to study the melt pool geometry in
the hybrid PTA-laser melting process. The effect of differ-
ent process parameters, including laser power, travel speed,
and laser beam size on the melt pool geometry, has been
studied. However, the effect of arc current on the melt pool
geometry was not mentioned. In addition, how the heat
source travel direction affects the melt pool geometry was
not considered. More importantly, with a FE model, it is
impossible to fully understand the effect of heat source travel
direction on the melt pool geometry in the hybrid process.
This is because the relative position between the two heat
sources is changed with different travel directions, and this
will affect the surface conditions and consequently the laser
absorptivity. However, this could not be determined without
an experimental examination, meaning that an experimental
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study is essential to reveal the effect of heat source travel
direction on the melt pool geometry.

The aim of this study is to understand the response of
melt pool geometry to different process parameters in the
hybrid PTA-laser melting process. In this work, a parametric
study of melt pool geometry was conducted with autogenous
welding. The effect of different process parameters, includ-
ing laser power, arc-laser separation distance, heat source
travel direction, laser beam size, and arc current, on the melt
pool geometry was revealed, and some recommendations
were made for AM application. The results of this study
will provide some fundamental information for the melt pool
control in the hybrid arc-laser AM.

2 Experimental procedure
2.1 Materials and setup

The substrates used in the experiments were mild steel with
the dimensions of 300 mm X200 mm X 12 mm. The PTA
was generated by a EWM power source, and pure argon was
used for both plasma gas and shielding gas with a flowrate of
0.8 L/min and 8 L/min, respectively. An arc monitor (AMV
4000) was used to record the arc current and voltage. The
laser beam was provided by a continuous wave fibre laser
machine (IPG YLR-8000) with a maximum power of 8 kW.
It should be mentioned that a defocused laser beam was used
in all the studied cases. Figure 1a shows the experimental
setup for the hybrid process. The plasma torch was inclined
at an angle of 20° with respect to the travel direction to
avoid any laser reflections, whilst the laser head was inclined
at an angle of 30° perpendicular to the travel direction to
avoid its back reflection. A process welding camera (Xiris
XVC-1000) with a recording rate of 55fps and resolution
of 1280 1024 was used to monitor the melt pool behav-
iour. The substrate was fixed with four clamps to prevent
its movement. Figure 1b shows the configuration between
the plasma torch, laser head, and substrate. In this study, the
distance between the PTA and laser beam was defined as d,
whilst the stand-off distance (%) of the plasma torch used was
fixed at 8 mm. During the autogenous welding, the move-
ment of the two heat sources was provided by a 6-axis Fanuc
robot. The fixed parameters used for the two heat sources are
shown in Table 1.

2.2 Methods

In this study, the response of the melt pool geometry to dif-
ferent process parameters, including laser power, arc-laser
separation distance, travel direction, laser beam size, and
arc current, was investigated. In total, 42 experimental cases
were conducted, and the process parameters used for each



Welding in the World (2023) 67:923-934

925

Fig. 1 a Experimental setup for
the hybrid PTA-laser process
and b the configuration for the
two heat sources and substrate.
Note, al and a2 represent the
travel direction of laser-leading
and arc-leading, respectively

Table 1 Fixed parameters used for the two heat sources

Heat source Parameters (unit) Value

PTA Copper nozzle diameter (mm) 3.9
Electrode diameter (mm) 4
Angle of electrode tip (°) 40
Set-back of electrode (mm) 2.4
Copper nozzle to workpiece stand-off (mm) 8
Plasma gas flowrate (L/min) 0.8
Shielding gas flowrate (L/min) 8
Angle of plasma torch (°) 20

Laser Fibre diameter of the laser (mm) 0.3
Focal length of the collimation lens (mm) 125
Focal length of the focusing lens (mm) 250
Focal spot diameter (mm) 0.6
Angle of laser head (°) 30

case are shown in Table 2. To study the effect of a specific
parameter on the melt pool geometry, this parameter was
increased from a low value to a high value whilst keeping
all the other parameters constant. For example, to study the
laser power effect on the melt pool geometry, the laser power
was increased from 0 to 5 kW with an interval of 1 kW
whilst keeping other parameters constant (arc current of
160 A, arc-laser separation distance of 10 mm, laser beam
diameter of 5 mm, travel speed of 5 mm/s, as shown in cases
1-12 in Table 2). Similarly, the effect of arc-laser separation
distance was studied from cases 13—22 in Table 2. It should
be mentioned that to study the abovementioned two effects,
the experiments were conducted in both laser-leading and
arc-leading travel directions. By doing this, the effect of heat
source travel direction on the melt pool geometry can be
examined by comparing cases 1-6 with cases 7-12, and by
comparing cases 13—17 with cases 18-22. The effect of laser
beam size on the melt pool geometry was studied with cases
23-32 in Table 2. In addition, some other cases (33-42)
were conducted to study the effect of arc current on the melt
pool geometry. In all the studied cases, the travel speed was

Laser al
head

a2

Process camera

' d ' Substrate

kept constant at 5 mm/s, and the length of each autogenous
welding bead was 120 mm. After autogenous welding, all
the samples were cross-sectioned, hot mounted, ground, pol-
ished, and etched (using 4% Nital) to check the fusion zone
and heat-affected zone (HAZ), and images were taken using
a Nikon stereo microscope.

3 Results and discussion
3.1 Effect of laser power

Figure 2 shows the effect of laser power on the melting pro-
cess and fusion zone in both laser-leading and PTA-leading
travel directions. In both scenarios, the melt pool became
wider and deeper with the increase of laser power, evident
as the increased width and depth of fusion zone. Also, the
images captured by the process camera show that two sepa-
rated melt pools were formed at a relatively low laser power,
and they merged into one big common melt pool as the laser
power increased to a high value.

Figure 3 shows the dimensions of the corresponding
fusion zones as described in Fig. 2. The increased melt pool
size was attributed to the increased energy input. As shown
in Fig. 3a, the melt pool width almost doubled (from 4.0 to
7.2 mm) as the laser power increased from 0 to 5 kW with
a laser-leading travel direction. Also, it can be seen from
Fig. 3b that the melt pool depth increased significantly from
0.2 to 4.0 mm as the laser power increased from O to 5 kW
with an arc-leading travel direction. In addition, by compar-
ing the cross-sectional area of the fusion zone in Fig. 2a and
b, different material responses were observed with the two
different heat source travel directions, which will be dis-
cussed in Sect. 3.3.

3.2 Effect of arc-laser separation distance

Figure 4 shows the effect of arc-laser separation distance on
the melting process and fusion zone in two travel directions.
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Table 2 Process parameters used to study the effect of each parameter on the melt pool geometry

Parametric study Case  Arccurrent (A)  Arc voltage (V)  Laser Arc-laser dis- Laser beam Travel Travel
power tance (mm)  diameter (mm) direction speed
(kW) (mm/s)
Laser power 1 160 224 0 10 5 al 5
2 160 22.4 1 10 5 al 5
3 160 224 2 10 5 al 5
4 160 224 3 10 5 al 5
5 160 224 4 10 5 al 5
6 160 224 5 10 5 al 5
7 160 224 0 10 5 a2 5
8 160 224 1 10 5 a2 5
9 160 224 2 10 5 a2 5
10 160 224 3 10 5 a2 5
11 160 22.4 4 10 5 a2 5
12 160 224 5 10 5 a2 5
Arc-laser separation distance 13 160 224 3 5 al 5
14 160 224 3 8 5 al 5
15 160 224 3 10 5 al 5
16 160 224 3 12 5 al 5
17 160 224 3 14 5 al 5
18 160 224 3 6 5 a2 5
19 160 224 3 8 5 a2 5
20 160 224 3 10 5 a2 5
21 160 22.4 3 12 5 a2 5
22 160 22.4 3 14 5 a2 5
Laser beam size 23 160 224 3 10 6 a2 5
24 160 224 3 10 7 a2 5
25 160 224 3 10 8 a2 5
26 160 224 3 10 9 a2 5
27 160 224 3 10 10 a2 5
28 160 224 1 10 10 a2 5
29 160 224 2 10 10 a2 5
30 160 224 3 10 10 a2 5
31 160 224 4 10 10 a2 5
32 160 224 5 10 10 a2 5
Arc current 33 200 25.8 1 10 10 a2 5
34 200 25.8 2 10 10 a2 5
35 200 25.8 3 10 10 a2 5
36 200 25.8 4 10 10 a2 5
37 200 25.8 5 10 10 a2 5
38 0 0 5 10 5 al 5
39 120 18.9 5 10 5 al 5
40 160 224 5 10 5 al 5
41 200 25.8 5 10 5 al 5
42 250 29.8 5 10 5 al 5
During the melting process, a short arc-laser separation dis-  common melt pool was observed with a separation distance

tance resulted in a common melt pool, whilst a relatively ~ of 6 mm and 10 mm, whilst two separated melt pools were
long separation distance resulted in two separated melt  observed with a separation distance of 14 mm (Fig. 4a).
pools. For example, with a laser-leading travel direction, a ~ However, for a given travel direction, the melt pool geometry
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Fig.2 The effect of laser power ( a)
on the melting process and melt
pool geometry at different travel
directions: a laser-leading and
b PTA-leading. Pink arrow
indicates the heat source travel
direction. All the process
parameters used are shown

in cases (2, 4, 6, 8, 10, 12) of
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Fig.3 The effect of laser power on the melt pool geometry at differ-
ent travel directions: a laser-leading and b PTA-leading. All the pro-
cess parameters used are shown in cases 1-12 of Table 2

did not change significantly with the increase of separation
distance.

Figure 5 shows the melt pool dimensions of the corre-
sponding cases as described in Fig. 4. In Fig. 5a, with a laser-
leading travel direction, the melt pool width reduced slightly
from 6.6 to 5.2 mm whilst the melt pool depth was almost
unchanged at a value of 1.8 mm as the separation distance
increased from 6 to 14 mm. Similarly, with a PTA-leading
travel direction, the melt pool width reduced slightly from
7.0 to 5.9 mm whilst the melt pool depth reduced slightly
from 3 to 2.4 mm as the separation distance increased from
6 to 14 mm (Fig. 5b). The minor difference in melt pool
dimensions was attributed to the unchanged total energy
input in the studied cases. Although the melt pool geometry
did not change significantly with the selected range of arc-
laser separation distance, a continuous melt pool is desirable
in AM process to achieve a bead with high quality [9]. It is
similar as described in Sect. 3.1, the heat source travel direc-
tion also affects the melt pool geometry in these cases. This
can be known by comparing the cross-sectional area of the
fusion zone shown in Fig. 4a and b, and the effect of travel
direction will be discussed in the next section.

3.3 Effect of travel direction
As shown in both Figs. 2 and 4, for the same process param-

eters used, the melt pool geometry achieved with laser-
leading and PTA-leading travel directions was different.
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Fig.4 The effect of arc-laser sep- ( a)
aration distance on the melting

process and melt pool geometry

at different travel directions: a

laser-leading and b PTA-leading.

All the process parameters used

are shown in cases (13, 15, 17,

18, 20, 22) of Table 2
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Fig.5 The effect of arc-laser separation distance on the melt pool

geometry at different travel directions: a laser-leading and b PTA-

leading. All the process parameters used are shown in cases 13-22
of Table 2
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10mm

More specifically, a deeper melt pool was achieved with the
PTA-leading travel direction compared to that with the laser-
leading travel direction. Figure 6 shows the cross-sectional
area of the fusion zones as described in Figs. 3 and 5. One
can see that a larger cross-sectional area is always achieved
with the PTA-leading travel direction (except the first case
in Fig. 6a), indicating that more energy was absorbed by the
workpiece with this travel direction.

In this study, the only difference with two different travel
directions is the relative position between the two heat
sources. In the laser-leading travel direction, the laser was
at the front of the PTA and pointed to a substrate with room
temperature, whilst in the PTA-leading travel direction, the
laser was at the back of the PTA and reached a pre-heated
substrate or already melted material caused by the PTA. It
is well known that laser absorptivity varies significantly
depending on the process regime, material type, and its sur-
face conditions and processing conditions [24-27]. Among
these, it was reported that laser absorptivity is significantly
affected by the workpiece temperature [28]. Normally,
the higher the workpiece temperature, the higher the laser
absorptivity. Also, there is a significant increase in laser
absorptivity when the material is heated to melting temper-
ature [29]. This means that in the hybrid process, the laser
absorptivity is higher with the PTA-leading travel direction
compared to that with the laser-leading travel direction due
to a higher workpiece temperature occurred in the former
case, leading to a higher energy input with the former travel
direction. As a result, a bigger melt pool was formed with

14mm
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Fig.6 Cross-sectional area of the fusion zone obtained with different
travel directions at different a laser power and b arc-laser separation
distance. All the process parameters used are shown in cases (2-6,
8-22) of Table 2

the PTA-leading travel direction than that with the laser-
leading travel direction. This suggests that in AM process, a
higher thermal efficiency and thus a higher deposition rate
will be achieved with the arc-leading configuration.

3.4 Effect of laser beam size

Figure 7 shows the melt pool dimensions as a function
of laser beam diameter at the same arc current and laser
power, and Fig. 8 shows the cross-section of two typical

Fig. 8 Fusion zone obtained
with different laser beam diam-
eters: a 6 mm and b 10 mm.
All the process parameters used
are shown in cases (23, 27) of
Table 2

(a)

with a larger laser beam at the same total energy input.
It was reported that the laser beam size did not have a
significant effect on the melt pool size and geometry in
the hybrid PTA-laser AM [10]. This is because in that
case, the laser beam was much smaller than the melt pool
width, where the melt pool width was dominant by the
melt flow. Here, however, the laser beam was bigger than
the melt pool, and the melt pool width is dependent on
the laser beam size.

Some other cases were conducted to compare the laser
size effect at different laser powers, and the cross-sections
of the samples are shown in Fig. 9. For a given laser
power, a deeper and narrower bead (i.e. lower width-to-
depth ratio) was achieved with a smaller laser beam. It
was reported that in conduction laser welding, the pen-
etration depth is proportional to the power density and
interaction time [30]. For a circular laser beam, the power
density, E, is expressed by:

Width: 6.9mm

Width: 8.5mm
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Fig.9 Fusion zone obtained at different laser powers with a laser beam diameter of: a 5 mm and b 10 mm. All the process parameters used are

shown in cases (8, 10, 12, 28, 30, 32) of Table 2
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where P is the laser power, and d is the laser beam diameter.
The interaction time, ¢,, is defined as the ratio of laser beam
diameter to its travel speed, which is given by:

h=" @)
where v is laser travel speed. From Eq. (1), the power den-
sity reduces quadratically with the laser beam diameter, and
from Eq. (2), one can see that the interaction time increases
linearly with the laser diameter. The travel speed was fixed
in this study. Therefore, the penetration depth reduces whilst
the width increases with the increasing laser beam size.

3.5 Effect of current

Figure 10 shows the comparison of melt pool dimensions at
two different levels of arc current with the PTA-leading con-
figuration, and Fig. 11 shows the cross-section of some cases
as described in Fig. 10. From both Figs. 10 and 11, for a
given laser power, a wider and deeper melt pool was always
achieved with a current of 200 A compared to that with a
current of 160 A. Also, for a given arc current, both the melt
pool width and depth increase with the increase of laser
power. In these cases, a large laser beam diameter of 10 mm
was used. Chen et al. [31] used a split anode calorimetry to
measure the PTA energy density and found that the diameter
of a PTA is around 14 mm. In addition, the output powers
for an arc current of 160 A and 200 A are around 3.5 kW
and 5 kW, respectively. This means that the power densities
for the PTA and laser are comparable, and neither of them
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Fig. 10 The effect of arc current on melt pool dimensions with the
PTA-leading configuration. An arc-laser separation distance of
10 mm and laser beam diameter of 10 mm were used in these cases.
All the process parameters used are shown in cases 28-37 of Table 2

is dominant in controlling the melt pool depth. Therefore,
both the melt pool depth and width are sensitive to both arc
current and laser power in these cases.
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Fig. 11 The effect of arc current on melt pool dimensions: a 160 A and b 200 A. All the process parameters used are shown in cases (28, 30, 32,

33, 35, 37) of Table 2

Figure 12 shows the effect of the arc current on the melt
pool geometry with the laser-leading configuration, and
Fig. 13 shows the corresponding melting process and cross-
section. From Fig. 12, the melt pool width increases pro-
portionally as the arc current increases from 120 to 250 A,
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Fig. 12 The effect of arc current on melt pool dimensions with the
laser-leading configuration. A separation distance of 10 mm, laser
beam diameter of 5 mm, and laser power of 5 kW were used in these
cases. All the process parameters used are shown in cases 38-42 of
Table 2

but the melt pool depth was almost unchanged at 2.8 mm.
It should be mentioned that a relatively small laser beam
diameter of 5 mm and a high laser power of 5 kW were used
in these cases. This means that the power density of laser
is much larger than that of PTA. Therefore, the melt pool
depth was determined by the laser. This also can be proven
by Fig. 13b, where the melt pool depth with a laser-only
process (i.e. no arc) is even slightly larger than those with
the hybrid arc-laser process. Figure 14 shows the PTA-only
process at a current of 160 A, where a very shallow melt
pool was formed with a depth of 0.2 mm. In addition, a
large heat-affected zone (HAZ) was observed in this case,
indicating that the power density of the PTA is relatively
low. The large PTA beam and relatively low power density
promoted the melt pool spreading in the transverse direction
and consequently increased the melt pool width.

The control of the melt pool geometry by manipulating
different process parameters in the hybrid PTA-laser process
was studied systematically. Overall, compared to the arc-
laser separation distance, the melt pool geometry is more
sensitive to laser beam size, laser power, and arc current.
Normally, in arc-based processes, both the melt pool width
and depth increase with the increase of arc current [32,
33]. However, in the hybrid arc-laser process, this not only
depends on the energy input of the arc and laser but also
depends on their power density. In addition, with different
heat source configurations (or travel directions), the energy
absorbed by the workpiece is different, and the PTA-leading
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(b)

Fig. 13 The effect of the current on the a melting process and b cross-section in the hybrid PTA-laser process. All the parameters used are
shown in cases 38—42 of Table 2

Fig. 14 a The melting process
and b the cross-section of the
resultant bead, for a PTA-only
process at an arc current of 160
A. All the process parameters
used are shown in case 7 of
Table 2

(a)

configuration is preferred in the hybrid AM to achieve a 3. A larger melt pool was achieved with the PTA-leading

higher process efficiency. All these results obtained from travel direction compared to that with the laser-lead-

this study can provide useful information for the hybrid arc- ing travel direction. This is because more energy was

laser AM process. received by the workpiece with the former travel direc-
tion due to the higher laser absorptivity occurred in this
case.

4. A bigger laser beam diameter promotes a shallower and
wider melt pool. When the laser beam is bigger than the
melt pool width, the melt pool width is determined by
the laser beam size.

4 Conclusions

1. In both laser-leading and PTA-leading configurations,

both the melt pool width and depth increase with the
increase of laser power due to the increased energy
input.

The arc-laser separation distance did not have a signifi-
cant effect on the melt pool width and depth due to the
unchanged energy input, but a short separation distance
is desirable to avoid two separated melt pools.

@ Springer

The melt pool became wider and deeper with the
increase of arc current, provided that the arc power
density and laser power density are comparable. The
melt pool became wider, but the depth did not change
significantly with the increase of arc current with a laser-
leading configuration. This was caused by the high laser
power density, which determined the melt pool depth.
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