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Abstract
Due to the coupled filler material and energy supply in gas metal arc welding (GMAW) processes, these processes have 
limited productivity as a result of heat-induced residual stresses and distortion. To increase productivity and decrease heat 
input, conventional GMAW processes can be combined with an auxiliary hot wire. The disadvantage of hot-wire processes is 
the small process window due to the required melt pool contact to maintain resistance heating and the magnetic blow effect 
of the hot-wire current. In this paper, the development of a GMAW hot-wire process with upstream ohmic preheating of the 
filler wire (between two current nozzles) is presented. Besides an increase of the deposition rate and consequently of the 
productivity, a decoupling and specific control of the material and energy input depending on the application is aimed at. By 
reducing the heat input into the base material, the influence on the mechanical-technological properties will be reduced and 
the development of residual stresses and distortion minimized. Furthermore, by preventing the magnetic arc blow caused by 
the hot-wire current, the process behavior will be improved, thus increasing its productivity and robustness. The potential 
of the process is demonstrated using selected welding tests.
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1  Introduction

Gas metal arc welding (GMAW) is used in a wide range 
of applications due to the very good mechanizability and 
automatability of the process as well as the numerous process 
variants. These include demanding joint welds in automotive 
engineering and 3D printing in the field of wire arc additive 
manufacturing, as well as the realization of thick plate welds 
and cladding in the field of steel construction or rail vehicle 
construction [1]. Due to the wide range of applications, 
different GMAW process variants have been developed. 
Double-wire and tandem processes can be used for welding 
tasks where a high deposition rate is required. The high 
deposition rate of these processes leads to a reduction in the 

number of layers required, especially for multilayer welding 
of large plates. However, the use of these processes results in 
a very high thermal stress on the base material, leading to a 
reduction in the mechanical-technological quality due to the 
formation of coarse grains, as well as to residual stresses and 
distortion. [2] As a result, time-consuming and cost-intensive 
pre-treatment and post-treatment measures (preheating, 
postheating, and straightening) are required. An alternative 
to the processes described is the combination of GMAW 
processes with auxiliary filler wires.

These processes offer the possibility of minimizing the 
material-related influence due to the heat input as well as 
increasing the deposition rate, since a decoupling of energy 
and filler material input can be achieved. [3] However, the 
achievable productivity increases are relatively low, since 
the supply of the non-arc wire results in a strong cooling 
of the molten pool. Consequently, joint welds experience a 
significant deterioration in penetration behavior, hardening, 
and an increased susceptibility to pores. For this reason, 
these processes are mainly used for cladding and coating. 
At the same time, the molten pool cooling as a result of the 
filler wire feed also leads to grain refinement, so that high 
strength values are achieved [4].
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2 � GMAW hot‑wire processes

In GMAW processes, an increase in the wire feed speed 
inevitably leads to an increase in the process current, and 
thus, the energy input of the process rises. As a result, an 
adjustment of the energy input independent of the mate-
rial feed is only possible to a limited extent in this process. 
For this reason, different types of arcs are used, which can 
be adjusted by adapting the process parameters. The type 
of arc determines the material transition and the suitabil-
ity of the process for different welding tasks. The short arc 
occurs in the lower power range. Short arcs are character-
ized by a short-circuited material transition, which is usu-
ally accompanied by a large amount of spatter formation. A 
further development is the controlled short arc technology 
(e.g., EWM ColdArc), with the aid of which a spatter-free 
material transition is to be achieved. Due to the low energy 
input, this process is particularly suitable for thin sheets as 
well as wire and arc-based additive manufacturing [5]. In 
the upper performance range for high deposition rates, the 
spray arc is used. This process is characterized by a short-
circuit-free material transition with high-energy input. As 
a result, high deposition rates can be achieved; hence, the 
process is primarily used for cladding and joint welding of 
larger sheet thicknesses [6]. Impulse welding represents a 
further development of the arc types. With the aid of pulsed 
arc technology, a large deposition rate can be achieved with 
a simultaneously reduced energy input. Therefore, the pro-
cess can be used for joint welding as well as in additive 
manufacturing. [7]

Since it is not possible to decouple heat input and wire 
feed in conventional GMAW processes, alternative processes 
have been developed which use one or more arc-less aux-
iliary wires. When the filler wire is heated, the process is 
referred to as a hot-wire process. Otherwise, it is called a 
cold-wire process. By using cold-wire processes, the heat 
input of the process can be lowered and, thus, the influence 
on the base material can be reduced. However, due to the 
lowering of the melt pool temperature, the deposition rate of 
the process is generally limited. This can lead to a deteriora-
tion of the penetration and wetting behavior [8].

A hot wire can be used to increase the productivity 
of GMAW processes with an auxiliary wire. The wire 
is heated by means of electrical resistance between the 
melt pool and the wire feed unit. It is important to note, 
however, that the potential wire preheating results in a 
magnetic blow effect, which deflects the arc of the GMAW 
process. Depending on the polarity of the hot wire, this 
deflection takes place in the direction of the wire or in 
the opposite direction. Furthermore, the preheating only 
takes place as long as the wire is in contact with the melt 
pool. As a result, the process window of conventional 
GMAW hot-wire processes is very narrow. Compared to 
GMAW processes with the same productivity, the reduced 
melt pool temperature leads to a positive influence on 
the microstructure, but there may be a deterioration of 
the penetration and wetting behavior. This behavior was 
also observed by Heinitz et al. [9] in their investigations. 
The use of a hot-wire process, for example, minimized 
the burn-in of alloying elements during the welding of 
high-alloy steels. However, the penetration behavior of 
the welds obtained, despite a higher productivity, was not 
comparable to a conventional GMAW process. The results 
obtained are shown in Fig. 1.

To compensate for the magnetic blowing effect and 
to eliminate the need for melt pool contact to preheat 
the wire, the wire can be preheated in advance. This 
principle was developed and intensively studied by Stol 
[10]. A combination of upstream wire preheating with 
a TIG process has already been investigated and further 
developed at the TU Dresden. By using the upstream wire 
preheating, the hot-wire feed rate could be increased to 
12 m/min (6.4 kg/h deposition rate) at a TIG current of 
250 A. This was achieved by the use of an upstream wire 
preheater. With conventional TIG hot-wire processes, a 
wire feed rate of 8 m/min, and thus a deposition rate of 4.3 
kg/h, was possible [11]. It was also possible to improve the 
material quality of the weld. In addition, the realization of 
steep angles of attack for the wire feed made it possible to 
demonstrate that the process is independent of direction. 
An adaptation of the process to GMAW hot wire is the 
subject of the following paper.

Fig. 1   Reduction of penetration 
depth in GMAW HW welding 
of high-alloy steel in the case of 
a fillet weld [9]
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3 � Research aim

In this paper, a novel concept for wire preheating in GMAW 
hot-wire welding is presented. The process is characterized by 
an upstream wire preheating method eliminating the melt pool 
contact of the hot wire. The process is intended to have a wide 
range of applications from joint welding and cladding to additive 
manufacturing of large-volume components. The development 
of the GMAW hot-wire process described above can be seen 
in Fig. 2.

With the help of the process, various problems of existing 
GMAW processes are to be improved upon. For example, the 
filler wire is to be used to decouple and control the material 
and energy input in order to adapt the process to the respective 
welding task. The resulting reduction of energy input into the 
workpiece is intended to influence the mechanical-technological 
properties. A further development of the process compared with 
conventional hot-wire processes is the reduction/prevention of the 
magnetic blowing effect caused by the hot-wire current. This is 

to be achieved by preheating the wire without melt pool contact. 
The aim is to improve the directional independence of the process 
and to increase the process window. By adjusting the process 
parameters, the energy input into the wire is also to be set in 
such a way that the wire can be melted without a melt bridge. 
Excessive cooling of the melt pool can thus be avoided, so that 
there is no deterioration in the penetration and wetting behavior 
as a result of the increase in viscosity and surface tension. By 
changing the preheating parameters, the bead geometry can be 
modeled and specifically adapted to the welding task.

4 � Experimental setup

The investigations presented in this paper were carried 
out using the experimental conditions shown in Table 1. 
Deposition welds were performed to determine the 
influence of the hot-wire and GMAW parameters on the 

Fig. 2   Conventional GMAW 
hot-wire process (left) and 
planned GMAW hot-wire pro-
cess (right)

Table 1   Experimental 
conditions for the deposition 
welds

Parameter PA

Welding position (DIN EN ISO 6947) PA
Type of welding Deposition weld
Base material (substrate) 200 mm × 100 mm × 8 mm S355JR
Filler wire 1.2 mm G3Si1 solid wire
Wire feed speed vHW 10 m/min and 12 m/min
Hot-wire current IHW Varied
Wire feed speed GMAW vGMAW Varied
Voltage correction 0 V
Current type Direct current (DC)
Welding power source EWM Alpha Q 551
Hot-wire power source EWM TIG Speed Drive
Torch inclination angle 0° (neutral)
GMAW contact tube distance to workpiece 20 mm
Hot-wire feeding angle 30° and 50°
HW contact tube distance to workpiece 25 mm
Contact tube distance in the wire feeding unit 30 mm
Welding speed vW 10 mm/s
Weld seam length 150 mm
Shielding gas 97.5% Ar, 2.5% CO2

Flow rate shielding gas 15 l/min
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formation of the seam. The wire feed angle was varied as 
well to determine the influence on the bead shape. From 
these welding experiments, parameter fields were derived. 
The process behavior was evaluated using high-speed 
imaging combined with time-synchronous current-voltage 
measurement as well as metallographic investigations.

5 � Results

A significant challenge of hot-wire processes is the magnetic 
deflection of the arc caused by the hot-wire current. On the 
one hand, this results in a directional dependence of the 
process. On the other hand, the process has a low geometric 
tolerance. This means that the arrangement of the hot wire 
in the melt pool must be very precise.

For a conventional hot-wire process in a piercing arrange-
ment, a distance of 3 mm between the hot wire and the 
GMAW wire was selected for these investigations. This is 
the only way to ensure that the arc deflected by the blowing 
effect is aligned with the hot wire. However, if the process 
is used with preheated hot wire, the magnetic blowing effect 
no longer occurs. This allows the wire to be positioned in the 
arc axis, thus resulting in a more stable process and a higher 
tolerance when positioning the wire. The effect of the mag-
netic deflection on the arc is shown in Fig. 3. To illustrate 

the results, the arc is colored yellow and the GMAW wire 
is colored blue. From the images, it can be deduced that in 
the hot-wire process with upstream wire preheating, there is 
no deflection of the arc. By heating the wire without contact 
with the melt pool, no current flow is necessary between the 
wire and the melt pool (workpiece). As a result, the deflec-
tion of the arc does not occur.

5.1 � Influence of the hot‑wire process

The parameter fields shown in Fig. 4 are divided into ok 
(green) and not ok (red). The failure cases (not ok) are outer 
seam irregularities such as humping or binding defects if 
the hot-wire current is too low. If the current is too high, the 
filler metal melts in the wire feed, causing the process to be 
interrupted. The parameter fields also show that stable weld-
ing results can be achieved with the aid of the developed 
process within a wide range of filler wire feed speeds (6 to 
15 m/min). The external weld quality is shown on the basis 
of selected parameters in Fig. 5.

From the results shown in Fig. 5, it can be seen that the 
hot-wire parameters have a significant influence on the 
external seam appearance of the welds produced. At a low 
hot-wire current intensity (parameter set a), the preheat-
ing of the wire is not sufficient to ensure a stable process. 
If the preheating temperature of the wire is too low, the 

Fig. 3   Conventional GMAW 
hot-wire process with mag-
netic blowing effect (left) and 
GMAW hot-wire process with 
preheated hot wire without 
magnetic blowing effect (right)

Fig. 4   Welding area diagram 
for examinations with vGMAW 
= 10 m/min and feed angle = 
30°, 50°
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temperature of the melt pool is lowered. This results in a 
very irregular seam appearance. The seam becomes nar-
rower and higher. In the medium process range (parameter 
set b), uniform welds can be achieved with little deviation 
in height. The hot-wire current of 160 A is sufficient to 
compensate for a high wire feed speed of 10 m/min. If 
the wire feed rate is increased to 15 m/min with a simul-
taneous small change in current intensity (180 A), very 
irregular weld seams occur again. It may be concluded 
that the temperature of the molten metal is too low for 
uniform weld formation. From the experiments, it can be 
seen that the combination of hot-wire feed rate and cur-
rent has a major influence on process stability and the 
external seam appearance. If the current is too low to 
preheat the wire sufficiently, the temperature of the melt 
pool is lower. This results in narrow, high weld seams, 
which often exhibit external irregularities. This influence 
occurs over the entire range of wire feed rates investigated. 
This phenomenon can be counteracted by increasing the 

hot-wire current, but the process is already being operated 
at the limits of the used system technology (max. 180 A).

The inf luence of the hot-wire parameters on the 
inner seam appearance can be derived from Fig.  6. 
When comparing seams a) and b), the inf luence of 
the wire feed speed on the inner seam appearance is 
described. It can be seen that the seam width is almost 
identical, but the seam height increases by 1 mm with 
an increased wire feed speed. It can also be seen that 
at the same hot-wire current, a much higher weld pen-
etration (3.2 to 1.4 mm) occurs at low wire feed rates. 
When examining different hot-wire current levels at 
the same wire feed rate, it can be seen that the outer 
seam appearance remains almost identical. However, 
by increasing the hot-wire current from 100 to 180 A, 
the penetration can be increased by 0.6 mm. It can be 
concluded that by adjusting the hot-wire parameters, 
the outer as well as the inner weld seam appearance can 
be adapted to the welding task.

Fig. 5   Outer seam appearance 
and height profile for examina-
tions with vGMAW = 10 m/min 
and feed angle = 30°. a) vHW = 
6 m/min and IHW= 100 A, b) 
vHW = 10 m/min and IHW = 160 
A, c) vHW = 15 m/min and IHW 
= 180 A

Fig. 6   Inner seam appearance 
for different vHW and IHW
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When comparing the arc current of the hot-wire welds 
(320 A) with the arc current of the standard GMAW 
process with the same wire-feeding speed (300 A), it can 
be seen that an increase of the arc current of around 7% 
can be observed. These results support the conclusions 
of Ribeiro et  al. [12] for cold-wire GTAW. However, 
when the HW current is increased, no increase in the 
arc current can be observed. The arc voltage also stays 
the same. Therefore, it can be assumed that the hot-wire 
current has no further influence on the GMAW current. 
Thus, although the hot-wire is responsible for an increase 
in GMAW efficiency, the level of the HW current does 
not affect the GMAW current. However, the authors will 
carry out further calorimetric investigations to establish a 
precise correlation in the future.

5.2 � Influence of the GMAW process

In the weld area diagram shown in Fig. 7, the same hot-wire 
parameters as in Fig. 4 were investigated, but with a GMAW 
wire feed rate of 12 m/min. By comparing the diagrams (Figs. 4 
and 7), it can be seen that with a higher GMAW wire feed rate, 
the process window for ok parameters is larger. This can be 
attributed to the increased influence of the GMAW process due 
to the higher current. The influence of the GMAW process on 
the outer seam appearance is shown in Fig. 8. In this figure, the 
same hot-wire parameters as in samples a–c (Fig. 5) are used 
but the GMAW wire feed rate is changed from 10 to 12 m/min.

By comparing Figs. 4 and 7, it can be shown that the outer 
seam appearance can be improved with higher GMAW wire feed 
rates. In the examined regions (with too low hot-wire currents 

Fig. 7   Welding area diagram 
for examinations with vGMAW 
= 12 m/min and feed angle = 
30°, 50°

Fig. 8   Outer seam appearance 
and height profile for examina-
tions with vGMAW = 12 m/min 
and feed angle = 30°. d) vHW = 
6 m/min and IHW = 100 A, e) 
vHW = 10 m/min and IHW = 160 
A, f) vHW = 15 m/min and IHW 
= 180 A
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or too high wire feed rates), a significantly more uniform seam 
appearance can be produced. In these cases, the influence of the 
hot wire can be reduced by the higher current intensity of the 
GMAW process and thus the higher melt pool temperature. A 
more uniform bead shape is possible for all examined process 
parameters. When comparing the penetration for the same hot-
wire parameters but a change in GMAW wire feed, an increase 
in the penetration of about 25% can be observed.

5.3 � Influence of the hot‑wire angle

To consider the influence of the hot-wire angle on process 
stability, the weld area diagrams in Figs. 4 and 7 are examined. 
For both GMAW wire feed speeds, it can be seen that a larger 
process window is possible with a wire feed angle of 50°. The 
increase of the process windows is mainly visible to the effect 
that a larger hot-wire current can be achieved with a feed 
angle of 50°. The steep feed angle of the filler wire increases 
the distance covered by the wire in the arc of the GMAW 
process. This results in improved deposition behavior and 
higher process stability. Thus, a stable process is possible even 
at higher hot-wire currents, which otherwise lead to melting 
of the wire in the preheating unit. A comparison of the outer 
seam appearance of two parameter sets with different feed 
angles is shown in Fig. 9.

Based on the weld appearance and height profiles, it can 
be seen that, all other parameters being equal, a steeper feed 
angle leads to a more uniform result. The generated weld is 
wider and flatter than the weld with a feed angle of 30°. This 
suggests a higher temperature of the weld pool due to greater 
heating of the wire in the arc.

6 � Conclusion

In this work, the first investigations regarding a novel 
GMAW hot-wire process were presented. The process is 
characterized by a combination of a conventional GMAW 

process and a hot-wire process with an upstream preheat-
ing of the auxiliary wire. For this type of wire preheating, 
contact of the filler wire with the melt pool is no longer 
necessary. As a result, a number of process disadvantages 
of conventional hot-wire processes can be addressed. With 
the developed process, no magnetic blow occurs, thus com-
pensating for the directional dependency of the process. In 
addition, the process is more stable with a simultaneously 
greater tolerance to positioning irregularities.

Based on the investigations performed, it can be seen that 
the hot-wire parameters, as well as the GMAW parameters 
and the hot-wire feed angle, have a significant influence 
on the process stability and the outer seam appearance. To 
improve process stability and produce uniform seams, a 
high GMAW wire feed rate and a high hot-wire current are 
contributing factors. However, if the hot-wire current is too 
high, failure of the process will occur.

The investigations outlined in this paper represent the 
first step in the development of the process. Based on these 
experiments, the process boundaries will be determined. In this 
context, the process is compared with other high-performance 
processes in terms of performance. The results obtained also 
show that steeper feed angles of the filler wire lead to better 
results. As a result, the process will be investigated later in 
the project to determine whether it can be used in additive 
manufacturing. For this purpose, hot-wire angles (angle 
between workpiece and wire) of up to 70° are to be realized.
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