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V. Abstract 

Welding is one of the key manufacturing processes in the metal mechanic industry, 

for this reason, any improvement in quality and efficiency leads to enhanced overall 

productivity. On the other hand, aluminum alloys are increasingly becoming a 

fundamental part of the task of reducing the weight of metal structures in means of 

transport, as a means of reducing CO2 emissions. The union or hybridization 

between two welding processes as a means of increasing productivity in joint 

applications is a widely used and studied technique. An alternative hybrid process 

that is being studied in recent years is the Plasma-MIG process in a tandem 

configuration. This process is characterized by having a torch arrangement on the 

same axis (paraxial) with a distance between them. With this configuration it is 

guaranteed that each one of its processes maintains its unique properties. However, 

problems and phenomena such as current transfer between the welding arcs which 

affects the measurement of electrical signals have been vaguely commented on in 

the scarce literature on the subject. 

In this investigation the Plasma-MIG in tandem configuration is characterized by 

gradually bringing their torches closer together in order to observe the behavior of 

their electrical signals as the arcs are coupled. In addition, the Plasma process is 

configured with direct and alternating current, in order to observe the need for 

cathodic cleaning when the hybrid process is used in aluminum alloys. Once the 

phenomena that occur when hybridizing the processes are known, the interaction 

between the welding processes is studied, from an energy point of view. The 

objective is to observe if there is an exchange of current between the welding 

processes and, if it exists, how this affects the welding processes. The results 

showed that it is possible to couple the Plasma and MIG processes in a paraxial 

(tandem) configuration to make aluminum joints, with a stable arc and greater 

penetration than the single processes. The establishment of a "current path” 

between the MIG and plasma arcs was noticed, which allows the current flow 

between the welding process, influencing directly the MIG arc length behavior. 

Moreover, it was concluded that it is not necessary to configure alternating current 

in the Plasma process to weld aluminum, because the MIG process does the 

cathodic cleaning. It was also concluded that an external magnetic field is not 

necessary to stabilize the behavior of the welding arcs. The joints of 10 and 15 mm 
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thickness presented good surface appearance, although the hybrid process 

demonstrated superiority only for the 15 mm thick joints.  
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Kurzfassung 

Schweißen ist einer der wichtigsten Herstellungsprozesse in der Metallmechanik. 

Aus diesem Grund führt jede Verbesserung der Qualität und Effizienz zu einer 

Steigerung der Gesamtproduktivität. Auf der anderen Seite werden 

Aluminiumlegierungen immer mehr zu einem grundlegenden Bestandteil der 

Aufgabe, das Gewicht von Metallstrukturen in Transportmitteln zu reduzieren, um 

so die CO2-Emissionen zu verringern. Die Vereinigung oder Hybridisierung 

zwischen zwei Schweißprozessen als Mittel zur Produktivitätssteigerung bei 

Verbindungsanwendungen ist eine weit verbreitete und untersuchte Technik. Ein 

alternativer Hybridprozess, der in den letzten Jahren untersucht wird, ist der 

Plasma-MIG-Prozess in einer Tandemkonfiguration. Dieses Verfahren zeichnet sich 

dadurch aus, dass die Brenner auf derselben Achse (paraxial) mit einem Abstand 

zueinander angeordnet sind. Mit dieser Konfiguration ist gewährleistet, dass jeder 

seiner Prozesse seine einzigartigen Eigenschaften beibehält. Probleme und 

Phänomene, wie z.B. die Stromübertragung zwischen den Schweißlichtbögen, die 

die Messung der elektrischen Signale beeinträchtigt, sind jedoch in der spärlichen 

Literatur zu diesem Thema nur vage kommentiert worden. 

In dieser Untersuchung wird das Plasma-MIG in Tandemkonfiguration dadurch 

charakterisiert, dass sich ihre Brenner allmählich einander annähern, um das 

Verhalten ihrer elektrischen Signale bei der Kopplung der Lichtbögen zu 

beobachten. Darüber hinaus wird der Plasmaprozess mit Gleich- und Wechselstrom 

konfiguriert, um die Notwendigkeit einer kathodischen Reinigung zu beobachten, 

wenn der Hybridprozess bei Aluminiumlegierungen eingesetzt wird. Sobald die bei 

der Hybridisierung der Prozesse auftretenden Phänomene bekannt sind, wird die 

Wechselwirkung zwischen den Schweißprozessen unter energetischen 

Gesichtspunkten untersucht. Ziel ist es, zu beobachten, ob es einen 

Stromaustausch zwischen den Schweißprozessen gibt und, falls vorhanden, wie 

sich dieser auf die Schweißprozesse auswirkt. Die Ergebnisse zeigten, dass es 

möglich ist, die Plasma- und MIG-Prozesse in einer paraxialen (Tandem-

)Konfiguration zu koppeln, um Aluminiumverbindungen mit einem stabilen 

Lichtbogen und einer größeren Eindringtiefe als die Einzelprozesse herzustellen. 

Es wurde die Etablierung eines "Strompfades" zwischen dem MIG- und dem 

Plasmalichtbogen festgestellt, der den Stromfluss zwischen den Schweißprozessen 
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ermöglicht, was sich direkt auf das Längenverhalten des MIG-Lichtbogens auswirkt. 

Darüber hinaus wurde der Schluss gezogen, dass es nicht notwendig ist, 

Wechselstrom im Plasmaprozess zu konfigurieren, um Aluminium zu schweißen, 

da der MIG-Prozess die kathodische Reinigung übernimmt. Man kam auch zu dem 

Schluss, dass ein externes Magnetfeld nicht notwendig ist, um das Verhalten der 

Schweißlichtbögen zu stabilisieren. Die Verbindungen von 10 und 15 mm Dicke 

wiesen ein gutes Oberflächenaussehen auf, obwohl der Hybridprozess nur für die 

15 mm dicken Verbindungen eine Überlegenheit zeigte. 
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1 Introduction 

One of the constant challenges in the construction of means of transport is the 

reduction of the weight of the structures that compose them, and in this way improve 

the fuel economy of vehicles in order to reduce CO2 emissions for the sake of 

preserving the global environment. New materials and process technologies are 

being developed for application to vehicles in this regard. One effective way to 

achieve weight reductions is to apply aluminum alloys to the car body. In order to 

apply aluminum alloys to structural components, they should be joined with sufficient 

strength and quality at the highest welding speed possible. Traditional welding 

processes such as MIG and TIG have been used for years and, therefore, their 

production and quality capabilities are recognized and limited. For this reason, 

hybridization between conventional processes is an alternative that has been 

studied over the last decades, highlighting the Laser-MIG-hybrid-processes. 

However, its high cost of implementation makes its massification in the industry 

difficult. 

Recent advances in hybridization between plasma and MIG processes offer an 

innovative option to increase productivity in welded joint tasks. This new commercial 

option offers high productivity through the reduction in the number of passes to 

complete the joint, because it takes advantage of the high penetration of the plasma 

process, while the high deposition rate of the MIG process completes the joint. This 

new version of the plasma-MIG process, in which the torches are arranged on the 

same axis (paraxial), offers the advantage that the torches of both welding 

processes are independent. Therefore the characteristic properties of each of them 

remains without significant changes, compared to past versions such as the coaxial 

plasma-MIG process. 

While this version of the plasma-MIG process has shown an increase in productivity 

compared to processes such as MIG and the submerged arc, in applications with 

steel alloys, there have not been many studies for aluminum. The interaction 

between the welding arcs, and how this interaction influences the electrical 

parameters of each process does not yet have a clear explanation. In addition, 

joining aluminum alloys presents its own challenges such as the removal of the 

oxide layer and the internal porosities in the weld beads. 
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The present work contributes to a better understanding of the hybrid plasma-MIG 

process and its application in aluminum joints, especially the interaction between 

the welding arcs during their hybridization and their effect on the electrical signals 

and the microstructure of aluminum.  
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2 State of the art 

2.1 Hybrid welding processes 

In a new approach in the search for welding processes with greater capacities of 

production and productivity, arise the so-called "hybrid welding processes”. This 

combination is regarded  in the physical association of 2 welding processes, for 

example the MIG-Laser or the plasma-MIG, as a manner to exploit the most 

attractive sides of each one. In the case of MIG-Laser, it is possible to reach a 

greater geometrical and chemical control of the weld bead, although still maintaining 

(or increasing) the productive capacity of each welding process individually. 

The MIG-Laser process limitations (mainly the higher investments and request of 

super-specialized workers to regulation, operation and maintenance) stimulated the 

development of another hybrid welding process, the plasma-MIG. The idea of using 

plasma instead of the laser comes from the high penetration offered by the plasma 

process, for a much lower installation and operational cost than the laser [1]. An 

alternative to plasma-MIG is the TIG-MIG process, which has shown good results 

in conjunction with different thicknesses and materials, although there is no 

commercial version yet.  

These hybrid processes combine their advantages to increase the welding speed 

with low thermal stresses and, at same time, break off the oxide layer on aluminum 

alloys. When combining two different processes it is necessary to investigate their 

interaction. The principle of operation, the sources behavior for each welding 

process will be detailed in the following subchapters, mainly highlighting its 

operation with aluminum alloys. 

2.1.1 Plasma-MIG hybrid welding process 

The equipment necessary for the plasma-MIG process is composed by conventional 

MIG and plasma welding sources, with a welding torch that allows the internal 

coupling of the arcs of each welding process with a control system to synchronize 

them. The first plasma-MIG welding torch was proposed by Essers et al. [2] where 

a tungsten electrode was used to establish the arc that is coupled with the MIG arc 

(Figure 2.1). In this version the welding processes had a tandem or paraxial 

configuration with a certain distance between them. However, this torch did not 
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show good operational characteristics. Its size was bigger and not so easy to 

manipulate in complex geometries of the workpieces [1]. 

Improving the weaknesses of the first proposed concept of plasma-MIG, a 

commercial version appeared in the market, with several and important changes 

(Figure 2.2). The main difference of this version of the hybrid process is in the torch, 

where the tungsten electrode of the Plasma process is replaced by an annular 

copper electrode, where the wire-electrode of the MIG process passes 

concentrically through it. As in this hybrid torch the constricting hole of the plasma 

process is larger than in a conventional plasma torch, to allow the passage of the 

wire-electrode, the constricting effect of the arc is practically null, leaving the plasma 

process only as a mechanism of preheating the wire-electrode of the MIG process. 

This version of the hybrid process is called plasma-MIG concentric arcs [1].  

 

Figure 2.1 – Schematic design of the plasma-MIG welding process [2].  

Schematischer Aufbau des Plasma-MIG-Schweißprozesses. 
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The plasma-MIG concentric arcs offer a certain independence between the addition 

of material (MIG process) and the additional energy provided by the plasma 

process. This hybrid process presented interesting advantages in the welding of 

thick plates, mainly in aluminum [4]. However, its application did not have a 

significant place among the welding processes most used by the industry, possibly 

due to its complexity. Oliveira et al. [5] mention that one of the reasons for the low 

use of this process may be the lack of arc stability under certain conditions which 

causes unstable metal transfer, irregular geometry of the weld bead and even 

destruction of some internal parts of the welding torch. 

A second commercial version of the plasma-MIG process appeared on the market 

in 2018, with the name of SuperMIG. This version is characterized by a torch where 

the MIG and plasma processes are not in a concentric configuration, the torches of 

each process are independent, both aligned on the same axis (paraxial) (Figure 

2.3). In the literature there is no agreement about how to refer to this hybrid welding 

process configuration. Some terms found are plasma-MIG [3], KPAW-GMAW-P [6] 

and VPPA-GMAW [7]. In the present investigation the hybrid process will be 

mentioned as paraxial plasma-MIG due to the arrangement of the two torches on 

the same axis. 

Figure 2.2 – Schematic representation of the plasma-MIG concentric arcs 
welding process [3].  

Schematische Darstellung des Plasma-MIG-
Lichtbogenschweißprozesses. 
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In this version of the plasma-MIG, the paraxial arrangement of the welding torches 

allows each welding process characteristics to be maintained, such as the high 

penetration of the plasma process. However, due to the negative polarity of the 

tungsten electrode and the positive polarity of the MIG wire-electrode, the resulting 

electromagnetic fields cause both arcs to repel each other. The manufacturer of the 

SuperMIG proposes that the repel behavior between the arcs can be counteracted 

by an overlain magnetic field [8]. For that, they developed a “magnetic deflection” or 

“magnetic level compensation” device (depending on the SuperMIG unit model), 

which consists of a magnet coil and two pole shoes (Figure 2.3). The pole shoes 

are attached to the left and right side of the shielding gas nozzle of the SuperMIG 

torch. The magnetic deflection device can be adjusted in its intensity and the pole 

shoes are designed to apply the required magnetic force to push the plasma back 

to the impingement spot and hold it in place during the welding process. The pole 

shoes create 2 forces and the direction is based on the interaction of two magnetic 

fields. One force keeps plasma in center, and the other one “returns” the plasma to 

counteract the MIG forces [8]. Han et al. [7] worked with the SuperMIG unit with 

variable polarity plasma arc (VPPA), noticing that arcs repel each other during the 

DCEN period and attract each other during the DCEP period, resulting from the 

effect of magnetic field coupling due to the ampere force of the hybrid arc magnetic 

field [9]. Figure 2.4 shows the electromagnetic coupling mechanism of the VPPA-

MIG hybrid arc. This mechanism influences the shape of each arc, compressing the 

MIG arc during the VPPA DCEN period by the repulsion force, but the degree of arc 

compression is smaller. Meanwhile, the MIG arc is subjected to the ampere force in 

the left direction and the force of the coupling region in the right direction, rendering 

the MIG arc contraction more obvious during the DCEP period. However, Han et al. 

[7] did not mention the influence or requirement of an external magnetic deflection 

device to improve the interaction in the arcs. 
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Figure 2.3 – SuperMIG torch with pole shoes for the magnetic deflection 
(left) and torch arrangement (right) [10].  

SuperMIG-Brenner mit Polschuhen für die magnetische Ablenkung 
(links) und Brenneranordnung (rechts). 

Figure 2.4 – Magnetic induction line distribution of the VPPA-MIG hybrid 
arc (a) during the VPPA DCEN period; (b) during the DCEP 
period [7].  

Verteilung der magnetischen Induktionslinie des VPPA-MIG-
Hybridlichtbogens (a) während der VPPA-DCEN-Periode; (b) 
während des DCEP-Zeitraums. 
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Figure 2.5 shows a simulation of the effect of an external magnetic field of 0 mT, 5 

mT and 10 mT on the MIG and plasma arcs in the SuperMIG [3]. In contrast to the 

MIG arc, the plasma process is hardly affected by the external magnetic field. The 

great inherent stability of a constricted plasma arc prevents the deflection of the arc 

by the external magnetic field. However, the MIG arc is strongly deflected toward 

the plasma process by the external magnetic field. As a result, metal vapor is 

increasingly pressed into the arc of the plasma process on the workpiece, whereby 

the stability of the plasma process can be deteriorated. Contrary to expectations, 

the shielding gas cover is not affected by the effect of the external magnetic field on 

the arcs. 

With weak external magnetic fields (B < 5 mT) the numerical investigations show 

hardly any change on the MIG arc. Only with strong external magnetic fields (B > 5 

mT) can significant changes occur. The model calculations cast doubt on whether 

a sufficiently strong magnetic field can be generated with the installed coil in the 

SuperMIG torch, in order to be able to influence the arcs sufficiently strong in the 

investigated processes [3, 10]. 

 

Figure 2.5 – Variation of the external magnetic field. Left: Shielding gas; 
Right: Metallic vapor concentrations in the arc [3].  

Variation des externen Magnetfeldes. Links: Schutzgas; Rechts: 
Metallische Dampfkonzentrationen im Lichtbogen. 
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During the experimental test of the simulation showed in the Figure 2.5, it was 

noticed the mutual repulsion of the two arcs due to their different polarity, as is 

shown in Figure 2.6. During the (late) switching on of the MIG current in the ignition 

phase, the plasma arc deflects forwards (right) (Figure 2.6a), while during welding 

phase of MIG process with a long arc is blown back (left) by plasma arc, who is 

without a deflection (Figure 2.6b). However, the high-speed images also show that 

hybrid welding with 100% magnetic deflection control and optimally adjusted arcs 

cannot prevent a mutual repulsion of the two arcs (Figure 2.7). Transverse 

discharges can be seen between the arcs. This means that a part of the welding 

current does not flow to the workpiece, but it is flowing between the two arcs 

establishing a “path” or “bridge”. This current path causes a reduced heat input 

through the plasma arc in the weld zone [3]. This current path was also noticed by 

Han et al. [7] and Guo et al [11] working with the SuperMIG and VPPA, mentioning 

that “coupling area” is formed by the greater quantity of metallic vapor product of the 

keyhole made by the plasma process and the wire-electrode melted by the MIG 

process. The metallic vapor reduces the ionization potential of the shielding gas 

and, therefore, it establishes the plasma state easier and current flow between the 

welding processes. 

 

Figure 2.6 – Mutual influence of the two arcs due to their different polarity 
(a) deflection of the plasma arc by (too late) switching on 
the MIG current in the ignition phase MIG; (b) deflection of a 
long MIG arc during hybrid welding without magnetic 
deflection on plasma process [3]. 

Gegenseitiger Einfluss der beiden Lichtbögen aufgrund ihrer 
unterschiedlichen Polarität (a) Ablenkung des Plasmabogens 
durch (zu spätes) Einschalten des MIG-Stroms in der 
Zündphase MIG; (b) Ablenkung eines langen MIG-Lichtbogens 
während des Hybridschweißens ohne magnetische Ablenkung 
beim Plasmaprozess. 
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Another influence of the major quantity of metallic vapors is the voltage drop in the 

MIG voltage. Figure 2.8 shows that increasing the plasma current, the MIG voltage 

decreases. This behavior is due to high-temperature environment of the plasma 

keyhole and the large number of metal ions and electrons. These provide an 

excellent discharge environment for the arc. Moreover, the charged particles in the 

coupling region spread to the MIG arc region, replenish the lost charged particles 

and energy, and improve the electrical conductivity of the MIG arc. The ionizing 

potential of metal atoms (5.96 V of Al, 7.61 V of Mg) is lower than the inert gas atom 

(15.69 V of argon); hence, the metal atoms produced by the vaporization are more 

easily ionized [11]. Therefore, the power supply compensation is correspondingly 

reduced and the MIG arc voltage is decreased. With increasing plasma current, the 

temperature and metal vapor in the keyhole increase, which causes the MIG arc 

conductivity to increase and the arc voltage to decrease more substantially. On the 

other hand, the study made by Wu et al. [6] shows that the arc length of the MIG-

Pulsed process increases when it is coupled to the plasma process. It also mentions 

that the droplet velocity and the metal transfer frequency are higher than the single 

MIG-Pulsed process, while the droplet diameter decreases. Furthermore, the 

temperature measurements of the molten pool show that the single MIG-Pulsed 

process is slightly higher by 91°C compared to the hybrid process. This study is the 

only one that has made an arc length measurement of the MIG process during the 

hybrid process, however, it does not make the relation with the electrical signals or 

the static curves of the welding source.  

Figure 2.7 – Mutual arc interference at 100% magnetic deflection control [3].  

Gegenseitige Lichtbogeninterferenz bei 100% magnetischer 
Ablenkungskontrolle. 
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The plasma-MIG paraxial hybrid process was used in several alloys mainly in steel. 

Joints are the main application of this hybrid process being an alternative to the 

submerged arc or the MIG process. Huber et al. [10] concluded that SuperMIG 

offers economic advantages in comparison with MIG process, giving the possibility 

to finish a joint more quickly and with higher process reliability with regard to the 

penetration weakness at the start of the weld and to the avoidance of a lack of 

interpass fusion. Han et al. [7] compared the SuperMIG and MIG process in 7A52 

high-strength aluminum alloy joints of 11 mm thickness, concluding that with single 

MIG process it was necessary a multilayer joint, while with SuperMIG the joints were 

completed in one pass. Welding solution Inc. [12] compared the submerged arc 

welding (SAW) with SuperMIG, concluding that this last one reduces the overall 

processing by 75% compared to SAW. In addition, the observed degree of post weld 

deformation with the hybrid process was considerably less than the SAW process 

due to the reduced heat input. 

This hybrid process offers several benefits, however, there are several factors 

without a proper explanation. The effect of the magnetic deflection device is not 

completely clear and the studies made with the SuperMIG welding source do not 

mention its configuration (intensity), only the work made by GSI SLV München [3] 

Figure 2.8 – Voltage-current characteristics of the MIG arc during the 
hybrid welding [7].  

Strom- Spannung -Eigenschaften  des MSG-Lichtbogens beim 
Hybridschweißen. 
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gave a proper explanation, however, the results were not conclusive. On the other 

hand, how the discharge or bridge between the welding arcs influences the electrical 

signals of each process, has not been sufficiently studied by the current 

bibliography. 

2.1.2 TIG-MIG process 

The TIG-MIG hybrid process is an alternative to the plasma-MIG paraxial hybrid 

process, which has begun to be studied in more detail in recent years. The 

advantage of this process is the simplicity offered by the TIG process compared to 

the plasma process, not requiring complex torches or expensive consumables. In 

addition, the operation principle of the TIG process is simpler, requiring less hours 

of training for operators. In the case of the TIG-MIG hybrid process, Kanemaru et 

al. [13] comments that unlike other hybrid processes, no special properties of 

welding sources or special circuits are necessary. However, the principle of 

operations of the TIG and plasma processes are similar. Both use a welding source 

with constant current static characteristic, which allows direct comparison of the 

electrical signals with the paraxial hybrid plasma-MIG process. 

There is currently no commercial version of the hybrid TIG-MIG process, as is the 

case of the paraxial plasma-MIG with the SuperMIG. The investigations are made 

with a single MIG and TIG torches. The first simulations made for this process show 

that there is a repulsion between the welding arcs (Figure 2.9a), as was observed 

for the paraxial plasma-MIG process. In addition, the numerical results of the current 

density distribution show that a current path between the tungsten electrode and the 

wire-electrode of the MIG process was established, and that a current of 32 A is 

flowing between them (Figure 2.9b). 



State of the art Page 13 

 

 

The experimental results showed effectively the current flows from one process to 

the other [14]. However, this current flow is not possible to estimate or predict 

accurately. The current path observed in Figure 2.10b is similar to that observed for 

the paraxial hybrid plasma-MIG process, however, in the investigations it is not 

mentioned that any of the processes increase the welding current. Figure 2.10c 

shows how the voltage of the TIG process is reduced when the MIG arc is ignited. 

Similar behavior was noticed for paraxial plasma-MIG in the MIG process and the 

explanation for this phenomenon is the expansion of the plasma arc (current path), 

this increases the amount of metal vapor produced by TIG-MIG hybrid process, 

causing change in the electric potential of the welding arc [14]. 

Figure 2.9 – Simulation of the arcs interaction for the hybrid process TIG-
MIG (a) Temperature distribution of each process (b) current 
density distribution and current path [13].  

Simulation der Lichtbogenwechselwirkung für den Hybridprozess 
WIG-MSG (a) Temperaturverteilung jedes Prozesses (b) 
Stromdichteverteilung und Strompfad. 
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The thermal efficiency of the TIG-MIG hybrid process is about 70%, while the 

efficiency of the single TIG and MIG processes is about 80% [14]. The lower 

efficiency of the hybrid process is due to the current path established between the 

welding processes, changing the current flow towards the TIG process and not 

flowing to the base material. However, the thermal efficiency of the process is lower, 

its productivity is higher in around 17- 44% compared to the single TIG process. 

Although there is no study on the efficiency of the paraxial plasma-MIG process, it 

can be suggested that its efficiency must be lower than single processes, because 

it also has a "current path" between its welding arcs. 

The studies on the TIG-MIG hybrid process show that its stability depends on a 

proper energy balance between the TIG and MIG process. Kanemaru et al. [13] 

observed that for TIG current range from 150 to 200 A, TIG current is less than MIG 

current (270 A), and the MIG arc was unstable, producing much spatter. Thus, in 

range of TIG current less than MIG current, the penetration depth was independent 

of TIG current. These results suggest that the TIG current needs to be greater than 

the MIG current for arc stability. Therefore, it is recommended that TIG current be 

Figure 2.10 – Comparison and analysis for arc shape and voltage on each 
state of arc (a) TIG arc, (b) TIG-MIG hybrid arc, (c) TIG arc 
characteristic and output voltage from TIG power source 
corresponded to state of (a) and (b) [14].  

Vergleich und Analyse der Lichtbogenform und -spannung in 
jedem Zustand des Lichtbogens (a) WIG-Lichtbogen, (b) WIG-
MIG-Hybridlichtbogen, (c) WIG-Lichtbogencharakteristik und 
Ausgangsspannung von der WIG-Stromquelle entsprachen dem 
Zustand von (a) und (b). 
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greater than the MIG current to guarantee penetration and stability of the hybrid 

process. 

2.2 Aluminum and its influence on the automotive industry 

The European automotive industry has more than doubled the average amount of 

aluminum used for the construction of passenger cars [15]. Determining the right 

alloy for the body structure and hang-on panels has been the subject of considerable 

development effort and most of the activity is concentrated on a relatively small 

number of alloys [16]. The main aluminum alloy classes for automotive sheet 

application are the non-heat treatable Al-Mg (EN 5000 series) and the heat treatable 

Al-Mg-Si (EN 6000 series). Undoubtedly, aluminum is more expensive to be 

manufactured than steel [17]. Aluminum alloys offer a wide range of properties that 

can be engineered precisely to the demands of specific automotive applications, 

through the choice of alloy, temper and fabrication process. The key characteristics 

of aluminum in the automotive use are lightweight, high strength to weight ratio, 

resilience, corrosion resistance, forming and fabricating, joining, crashworthiness, 

cold resistance, recyclability, thermal conductivity and reflectivity [18]. 

In respect to limited resources of fossil fuels and global environmental concerns, it 

will be necessary to reduce the fuel consumption for passenger cars, as shown in 

Figure 2.11. There are different strategies to reach the prospected requirements for 

maximum carbon dioxide emissions, and one obvious solution is to substitute the 

traditional combustion engine with electric battery technology or other alternative 

driveline concepts. But another problem to solve this challenge is spelled 

“lightweight engineering”, which for the car body will mean the introduction of other 

materials than the traditional zinc-coated steel sheets. Lately we have seen full 

aluminum bodies as well as complete fiber reinforced plastic solutions. The 

drawback of these concepts is that they are extremely expensive and will require 

big modifications of the industrial structure and the body shops. Therefore, today’s 

body engineers work according to the principle “the right material at the right place”, 

which will mean that different material types will be mixed in the body structure [19]. 
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A general evolution of steel/aluminum mixing starts with the manufacture of all hang-

on parts, such as doors, hoods, trunk lids and tailgates, in aluminum, while 

maintaining the body structure in steel. The next step is to introduce less load 

sensitive areas in the body, such as floor pans and roof panels. And finally, also 

load carrying components are made out of aluminum. Figure 2.12 illustrates the 

growth of the quantity of aluminum used per vehicle over the last 50 years, an 

eightfold increase, and according to Santos Jr. et al. [21], today figures are about 

180 kg per passenger vehicle with an estimation of 70% increase up to 2025 (or 250 

kg per vehicle). 

With these statistics in mind it is natural to seek continuous improvement of the 

manufacturing processes in the different aluminum alloys, which each one presents 

its own difficulties associated with its weldability. In the following subchapters, it will 

be described the main characteristics of aluminum alloys and its influence on their 

weldability and the stability of the welding processes. 

Figure 2.11 - Energy intensity of passenger transport modes (2018) [20].   

Energieintensität der Personenverkehrsträger (2018). 
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2.2.1 Aluminum properties and weldability 

In this investigation, the heat treatable aluminum alloy EN AW 6060-T66 will be 

used. The alloys of the 6XXX series are widely used as medium-strength structural 

alloys which have the additional advantages of good weldability and corrosion 

resistance. The nomenclature used to classify the aluminum alloys in DIN EN 573 

norm [22], mention that prefix “AW” means that the alloy is a wrought product and it 

is followed by four digit which uniquely identifies the alloy. The first digit indicates 

the main alloying element, that in this case is 6, meaning an aluminum–magnesium–

silicon alloy. Moreover, the letter “T” after the 4 numbers indicates that the alloy was 

thermally treated. This identifies the alloys that are aged to produce a stable 

condition. The ‘T’ is always followed by one or more numbers to identify the specific 

heat treatment, in this case by “66”. The norm DIN EN 515 [23] mentions that first 

six means that the alloy was solution heat treated and artificially aged, while the 

second six means that it passed for a temper treatment (mechanical property level 

higher than T6 achieved through special control of the process 6000 series alloys). 

Al–Mg–Si alloys are widely used as medium-strength structural alloys which have 

the additional advantages of good weldability and corrosion resistance. Just as the 

5XXX series of alloys comprise the bulk of sheet products, the 6XXX series are used 

Figure 2.12 – Average use of aluminum in the car industry [21].   

Durchschnittliche Verwendung von Aluminium in der Autoindustrie. 
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for the majority of extrusions, with smaller quantities being available as sheet and 

plate. However as shown in Figure 2.13, aluminum alloys from the 6XXX-series 

have a stronger tendency to form hot cracks, which are dependent on a number of 

factors, such as alloying content, solidification rate, constraint, etc [19]. 

 

The welding of aluminum alloys has some peculiarities in relation to the welding of 

steels, mainly due to their physicochemical properties, despite being a technique 

already considered practically dominated. These properties include low melting 

point, high coefficient of linear expansion, high thermal conductivity, formation of a 

thin oxide layer and low electrical resistivity, which will influence the appearance of 

the weld bead, the formation of defects and varying arc height. Therefore 

understanding their properties and how they can influence the hybrid process is of 

vital importance.  

2.2.1.1 Thermophysical properties and the influence on the weldability 

In a first analysis, due to the melting point of aluminum being lower than steel, it is 

assumed that the heat required to perform welding is lower. However, thermal 

conductivity has a great influence on weldability, as it is about five times higher than 

steel. This means that in practice aluminum alloys require a higher thermal input. 

Therefore, the high thermal conductivity of aluminum acts as a deadlock for 

formation of the molten pool, since at the beginning of the bead, the high conductivity 

Figure 2.13 – Hot crack sensitivity of aluminum alloys dependent on Si and 
Mg content [19].  

Heißrissempfindlichkeit von Aluminiumlegierungen in Abhängigkeit 
vom Si- und Mg Gehalt. 
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dissipates heat quickly, making it difficult to penetrate depth and to wet the base 

and weld metal. However, the high thermal conductivity of aluminum alloys helps to 

solidify the molten pool and, consequently, facilitates out-of-position welding [24]. 

The coefficient of linear thermal expansion is another physical property of 

importance when considering weldability, this indicates  the change in length of a 

material with a change in its temperature [24, 25]. The coefficient of linear thermal 

expansion for aluminum is twice that for steel [26]. Thus, there is a risk of crack 

formation triggered by obstruction of shrinkage after the welding. This means that 

the heat input should be kept to a minimum during joining. For the joint space to 

remain uniform, extra care must also be taken in welding aluminum. This may 

necessitate preliminary joining of the parts of the assembly by tack welding prior to 

the main welding operation. The combination of high coefficient of thermal 

expansion and high thermal conductivity would cause considerable distortion of 

aluminum during welding, however, a high welding speed is a solution to avoid this 

type of defects [19, 24]. 

Another important problem is the low electrical resistivity. Welding source that 

imposes the current (constant current static characteristic), the electric arc tends to 

randomly vary its length, that is, for a given current the arc may assume different 

voltage values. This behavior can be better understood by Figure 2.14, verified in 

the work of Kiyohara et al. [27] that interprets the melting characteristics of aluminum 

electrodes in MIG welding and which have a direct connection with the arc length. 

Figure 2.14 shows their results for the aluminum wire-electrode ER 5183 where 

average voltage curves are plotted by average current, called by Quites and Dutra 

[28] as iso-consumption curves. For a high arc voltage, the welding current is 

practically constant regardless of the arc voltage increase. In this region, where 

spray transfer occurs, the voltage increase may have the same current value 

(vertical line), this phenomenon being associated with arc instability. For lower 

voltages, where the transfer occurs by short circuit, for each current value there is 

a corresponding voltage value. These problems related to varying arc height often 

end up making welding difficult or even unfeasible. This behavior is relevant 

according to the study of Wu et al. [6] about the change in the arc length of the MIG-
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Pulse process when it is coupled to the plasma-DC process in steel joints, therefore, 

it is expected that in aluminum this behavior would be intensified.  

 

2.2.1.2 Oxyde layer 

Another aluminum characteristic concerns the high reactivity with oxygen, forming 

on its surface a layer of aluminum oxide (Al2O3). In a dry environment, the layer 

stabilizes at about 25 – 50 Å and in damp conditions, or anodizing, the layer can 

grow up to a thousand times [24, 29]. This layer, although very thin, is enough to 

protect the metal in various corrosive media, which explains its excellent corrosion 

resistance. However, all metals form oxides on their surface, in the case of 

aluminum there is a particularity due to its difference in melting temperature. While 

alumina (Al2O3) melts at 2052 °C, the melting point of aluminum is around 660 °C 

[30, 31]. At first this would not be a problem as the electric arc reaches temperatures 

up to 6000 °C, but due to the high thermal conductivity of aluminum there is rapid 

heat dissipation, causing only the metal to melt and the oxide layer to remain intact. 

In addition, Al2O3 is electrically nonconductive which causes a difficulty of current 

flow, resulting in arc instability, so it is necessary to remove this oxide layer. 

This oxide layer must be removed mechanically by machining, wire brushing, 

scraping, or chemical cleaning in order to achieve defect-free joints of aluminum by 

fusion methods. If oxides are not removed, oxide fragments may be entrapped in 

Figure 2.14 – MIG arc behavior in aluminum weld [27]. 

MSG-Lichtbogenverhalten bei Aluminiumschweißungen. 
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the weld and will cause a reduction in ductility, a lack of fusion, and possibly weld 

cracking [29, 32, 33]. During welding, the oxide must be prevented from re-forming 

by shielding the joint area with a non-oxidizing gas such as argon, helium or 

chemically by use of fluxes [24]. In welding procedures, the removal of the oxide 

layer is a mixture of mechanical, chemical and cathodic cleaning. Firstly, the union 

is brushed (mechanical cleaning) and then any oil or impurity is removed using a 

chemical cleaning product, usually alcohol. However, the most effective cleaning 

process is the cathodic, which is done during welding time.  

The cathodic cleaning results when the electrode is connected to the positive pole 

of the welding power source, and direct current (DC) is passed there is a flow of 

electrons from the workpiece to the electrode with ions travelling in the opposite 

direction and bombarding the workpiece surface. This ion bombardment breaks up 

and disperses the oxide film and permits the weld metal to flow and fuse with the 

parent metal. For example, the MIG welding process uses DC with electrode 

positive (EP), using DC electrode negative (DCEN) results in an unstable arc, erratic 

metal transfer and poor weld quality. Oxide film removal is therefore an intrinsic part 

of welding processes as MIG and submerged arc. 

On the other hand, welding processes as TIG or plasma, conventionally uses 

DCEN, which, if used on aluminum, can result in poor weld quality. Using DCEP 

with TIG, however, results in the tungsten electrode overheating as some 60–70% 

of the heat generated in a TIG welding arc may be produced at the positive pole 

[34]. This can cause melting of the electrode and bring the welding operation to a 

premature end. A compromise is therefore reached by using alternating current 

(AC), where oxide film removal takes place on the positive half cycle and electrode 

cooling on the negative half cycle. TIG and plasma welding of aluminum is therefore 

normally carried out with AC, although there are a couple of techniques that use 

either DCEP or DCEN. Using helium as shielding and plasma gas is an alternative 

to weld aluminum alloys with DC [16], although the removal action of the cathodic 

cleaning is absent, it is thought that the higher temperature reached by the arc with 

helium as shielding gas will melt the oxide layer making it possible to establish a 

molten pool (Figure 2.15) [17]. However, this is not a technique frequently used for 

the high risk to produce imperfections, and it is preferred use AC [18]. One feature 
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seen with helium as shielding gas, which often gives cause for concern, is the 

formation of a black ‘soot’ along the heat affected zones of the weld. This ‘soot’ is 

not detrimental to the weld quality and can easily be removed by stainless steel wire 

brushing. If left in place between passes it can affect arc stability and is unsightly on 

a completed weld [17]. 

 

The use of alternating current (AC) in the plasma process or also called variable 

polarity plasma arc (VPPA), is generally used with the "keyhole" technique in 

aluminum alloys. The alternating current in the plasma process follows the same 

principle as in the TIG process. It is recommended a ratio of 20% of the time in 

positive polarity of the electrode to maintain an adequate balance between cathodic 

cleaning and tungsten electrode life [19]. The application of the AC keyhole plasma 

has demonstrated excellent quality, using it to manufacture space shuttle external 

tanks construction [20]. However, the large number of parameters and the constant 

change of tungsten electrodes make this manufacturing process expensive 

compared to other arc processes. 

As it was mentioned in the subchapter of hybrid processes, currently the hybrid 

paraxial plasma-MIG process is used on aluminum alloys by means of alternating 

current (AC) in the plasma process or VPPA [7], showing excellent results. However, 

Figure 2.15 – Aluminum joints made by TIG with direct current (DC) and 
helium as shielding gas in plates thickness of (a) 3 mm (b) 6 
mm [29].  

Aluminiumverbindungen von WIG mit Gleichstrom (DC) und 
Helium als Schutzgas in Plattendicken von (a) 3 mm (b) 6 mm. 



State of the art Page 23 

 

the possibility of using a configuration with plasma-DC has not been studied, which 

would reduce the complexity of the hybrid process. 

2.2.1.3 Hydrogen and oxygen on the weld bead quality 

The porosity formation mechanism is a problem confined to the weld metal and is 

associated with the high thermal conductivity, which allows no time for gases to 

escape from the weld metal since cooling is fast, and also to trap gases during 

welding solidification, mainly related to hydrogen [29, 35, 36]. According to Woods 

[37] the solubility of hydrogen in aluminum is higher than in any other material, and 

small concentrations of hydrogen are enough to form gas bubbles. Porosity can 

range from being extremely fine micro-porosity, to coarse pores 3 or 4 mm in 

diameter (Figure 2.16). The main responsible in the case of aluminum alloys is 

hydrogen, which has high solubility in molten aluminum but very low solubility in the 

solid state, as shown in Figure 2.17. This shows a decrease of solubility to the order 

of 20 times as solidification takes place, a drop in solubility so pronounced that it is 

extremely difficult to produce a porosity-free weld in aluminum [29, 38]. Other gases 

such as oxygen and nitrogen present lower solubility in molten aluminum in 

comparison to hydrogen and, as a consequence, they usually play no important role 

in porosity generation [39]. However, in a micro-gravity environment with vacuum, 

these gases can assume importance. Fuji et al. [40] also found a link between the 

porosity and the formation of Al2O gas bubbles at high vacuum (the oxygen would 

come from the superficial oxide layer).  

 

Figure 2.16 - Optical macrograph showing porosity in MIG welded Al-Zn-Mg 
alloy [41]. Note: porosity amount is about 1.6%.  

Optische Makroaufnahme der Porosität in einer MIG-geschweißten 
Al-Zn-Mg-Legierung [23]. Hinweis: Die Porositätsmenge beträgt ca. 
1,6%. 
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Porosity tends to be lowest in autogenous welds in comparison with process with 

material addition, due to high hydrogen content in the wire-electrode. Reisgen et al. 

[42] find that condensation on the wire-electrode surfaces leads to pores in the weld 

metal even if the wire is dry at the moment of processing. To welders who are 

working with aluminum, it is suggested that fast climate changes, especially caused 

by transport of the welding wires, even within the factory premises, are to be avoided 

since they bear the risk of condensation. Moreover, the change of specific welding 

wire properties (such as hydrogen quantity and the adhesion factor) are due to 

substance changes on the welding wire surfaces rather than aging of the welding 

wires by means of a natural oxide layer growth in a constant climate without 

condensation [33]. Welding processes such as manual metal arc (MMA) and 

submerged arc welding (SAW) are not recommended to weld aluminum, due to 

moisture being an intrinsic part of the flux used for producing the shielding gas [29]. 

Some methodologies to reduce the entry of hydrogen during the open arc period 

are through of metal transfer in the MIG process. Morais [43] concluded that 

controlled metal transfer, specifically MIG-Pulsed, leads to lesser porosity than 

welds carried out with the standard transfer modes. The worst results were found 

with short-circuiting transfer. Da Silva and Scotti [32] made a comparison between 

MIG-Pulsed and MIG-Double pulsed concluding that this last process in spite of 

Figure 2.17 - Solubility of hydrogen in aluminum [38].  

Löslichkeit von Wasserstoff in Aluminium. 
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having theoretically higher potential for porosity generation, does not increase the 

porosity susceptibility in aluminum welding, when compared with the MIG-Pulsed.  

Other methods that can be used to suppress the hydrogen sources include 

controlling the ambient humidity [44], vacuum heat treatment [45] and removing the 

surface contamination and the oxide film [46]. Among the methods to remove the 

oxide film, chemical and mechanical surface cleaning are the most effective ones 

[47]. A novel laser beam welding (LBW) method has been proposed recently by 

Chen et al. [48] to eliminate hydrogen porosity without any surface pretreatment: a 

defocused laser beam is applied for surface re-melting ahead, followed by a focused 

laser beam for deep penetration welding. Hence, proper cleaning and shielding must 

be utilized to ensure the production of welds free of gas porosity. In addition, 

hydrogen porosity can be effectively reduced when welding at a higher welding 

speed [49]. It is assumed that there is not enough time for the accumulation of 

hydrogen due to rapid cooling and solidification at a higher welding speed. 

Measurements or comparison of hydrogen quantities in the weld beads made by 

paraxial hybrid plasma-MIG process on aluminum alloys were not possible to find. 
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3 Statement of the problem and goals 

Based on the analysis of the state of the art performed, few studies were found on 

the principle of operation of the paraxial hybrid plasma-MIG process, however, there 

are still questions that have not been clarified. It should be mentioned that the 

coaxial hybrid plasma-MIG process was widely studied during a time, however, its 

operating principle is completely different to the paraxial plasma-MIG process, 

therefore, the arc physics between them cannot be compared.  

Although the idea of the paraxial hybrid plasma-MIG process is to maintain the 

characteristics of each single welding process, these are influenced by the magnetic 

interactions that the magnetic fields of each welding process produces. In addition, 

the production of metallic vapors influences the ionization potential of the shielding 

gas, affecting the electrical signals of each process. However, on this last fact the 

conclusions found are diffuse and it is not possible to understand the real influence 

that one process has on the other, specifically on issues such as the length of the 

arc for different types of metal transfers in the MIG process. 

The objective of this work is to characterize the paraxial hybrid plasma-MIG process, 

from its behavior with the electrical signals of each welding process to its influence 

on the gases diffused in the weld bead. For this, a comparative analysis between 

the single plasma and MIG processes, studying their gradual hybridization will be 

made, including a comparison with the current commercial version of the paraxial 

plasma-MIG process, called SuperMIG. In order to achieve the proposed objectives, 

the following procedures are necessary: 

1. Observe the behavior of the plasma and MIG processes gradually 

approaching between them until the minimum distance. Plasma process will 

be configured to use alternating and direct current, this in order to observe 

the behavior of the electrical signals of each welding process and the 

phenomena in the welding arc. In addition, the base parameters (distance 

between torches) for the next experiments will be established. 

2. The influence that each welding process has on the other, has not yet been 

studied in detail in the literature. In this case, the electrical signals of both 

welding processes will be measured, while one of them increases its current. 
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The MIG process will be studied using a pulsed and spray metallic transfer, 

with the aim to observe the influences on the hybrid arc behavior. 

3. The results acquired with the paraxial plasma-MIG process will be compared 

with the commercial option “SuperMIG”, determining if there is any significant 

difference between them. In addition, the "magnetic deflection device" 

possessed by the SuperMIG will be studied in detail, in order to determine if 

an external magnetic field is necessary to obtain a stable hybrid process. 

4. Which type of current (alternating or direct) in the plasma process is most 

effective in aluminum joints, when they are made by the paraxial hybrid 

plasma-MIG process will be studied. The level of oxygen and hydrogen in the 

joints will be measured, as a means of obtaining an indicator of the level of 

porosity inside of the joints.  

5. Finally, the productivity of the plasma-MIG paraxial process will be compared 

with the conventional MIG process and the SuperMIG, through the task of 

completing 10 mm and 15 mm thick joints under the same welding conditions. 

Microhardness, tensile strength and amount of oxygen-hydrogen will be part 

of the analysis. This aim to determine if the hybridization between MIG and 

plasma process is an alternative to improve considerably the productivity. 
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4 Experimental set-up and consumables 

In this chapter are described the equipment, materials and methodologies of the 

experiments made throughout this work. Given the exploratory and comparative 

nature of the experiments, several destructive and non-destructive tests were used, 

which are described sequentially. 

4.1 Equipment 

For this investigation, a workbench was implemented with the equipment indicated 

in Figure 4.1 and Table 4.1. A more detailed description of each of them will be given 

in the next sub-chapters. 

 

 

 

 

 

 

 

Figure 4.1 – Welding workbench.  

Schweißversuchsstand. 
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Item Equipment 

1 Display of the signal analysis and control software 

2 Welding torch 

3 Displacement device 

4 Signal acquisition and control system 

5 Shielding gases 

6 MIG welding source 

7 SuperMIG or plasma welding source 

4.1.1 Welding sources 

In this research, three different welding sources were used, in addition to their 

corresponding peripherals to ensure their correct operation. In the first stages, the 

single MIG source (Fronius) and the single plasma source (EWM) will be used, 

where the effects of the gradual coupling between the welding arcs will be studied. 

Then, a comparison between the commercial option, SuperMIG, and the single 

processes coupled will be made. 

4.1.1.1 SuperMIG hybrid welding system 

SuperMIG is a hybrid welding system that combines two welding processes, plasma 

and MIG, by means of a specially designed welding torch to optimize the addition of 

the filler material and the interaction between the welding arcs that compound each 

process. The main structure of the SuperMIG equipment (Figure 4.2) consists of 

three levels inside. The upper one is the plasma process and external magnetic field 

control unit. The second level has the plasma welding source, which is from Fronius 

brand, model MagicWave 3000, with a capacity of 300 A (35% duty cycle) and the 

option to work with direct current (DC) and alternating current (AC). On the other 

hand, the MIG welding source is not provided with the SuperMIG package and the 

SuperMIG control panel does not control MIG process parameters. 

Table 4.1 – Equipment of the workbench.  

Ausstattung der Versuchsstand. 
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The welding torch provided with the SuperMIG unit was the "Heavy-duty" model 

(Figure 4.3). This torch has the shielding gas nozzle cooled, to which a black 

structure is connected; who corresponds to the electromagnets (pole shoes) that 

induce the magnetic field to stabilize the welding arcs of the MIG and plasma 

processes (Figure 4.3). The torch in its normal working position has the plasma torch 

at an angle of 90 degrees with respect to the base material, while the MIG torch is 

at 20 degrees with respect to the plasma torch. A constrictor plasma nozzle with a 

diameter of 3.2 mm was used for all the tests performed. 

 

Figure 4.2 – SuperMIG equipment and its structure.  

SuperMIG-Ausrüstung und  -Struktur. 

Figure 4.3 – SuperMIG torch heavy duty model.  

SuperMIG-Brenner "Heavy-Duty" Modell.  
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4.1.1.2 MIG welding source  

The welding source for the MIG process was a Fronius CMT Advance 4000R with 

a wire feeder model VR 7000-CMT and control panel model RCU 5000i. This model 

has different synergic curves for several alloys, and it has a capacity of 400 A (40% 

duty cycle). Although this welding source is characterized by its CMT (Cold Metal 

Transfer) system, who is a variant of the controlled short circuit metal transfer. In 

this research it will not be used, because the short circuit metal transfer has a low 

deposition rate, which would make it infeasible to complete a joint in one pass. The 

metallic transfers used in this work will be the "free flight" type, that is, spray and 

pulsed transfer. The main objective of using these two metallic transfers is because 

they use different types of welding source control. A constant voltage source is used 

for transfer of spray type, while a constant current source is used for pulsed transfer. 

With this, it will be observed which type of MIG welding source is more convenient 

for hybridization. 

As this welding source is a synergic type, the parameters that can be adjusted are 

limited, and for this investigation only the wire feed speed was altered. The rest of 

the parameters were kept constant. In addition, the welding source is self-regulated 

for each situation, thus its static source characteristic (SSC) curve does not follow 

the normal pattern found in the books of classical literature. The SSC curve of the 

welding source changes according to the synergic curve to be used. 

4.1.1.3 Plasma welding source 

The plasma welding source used was from EWM company, model Tetrix 350 AC/DC 

Comfort. It is characterized by working with DC and AC with a capacity of 350 A 

(40% duty cycle). 

The plasma torch used is from the company Autogen-Ritter GmbH, which has a 

capacity of 350 A (100% duty cycle). A constrictor nozzle with a diameter of 3.2 mm 

was used for all the tests performed. 

4.1.2 Linear manipulator 

In this investigation only linear welds were performed, therefore the linear 

manipulator Weltron WSC-3D model was used (Figure 4.1). The welding speeds 

required were from 15 cm/min to 80 cm/min, depending on the thickness of the joints 



Page 32 Experimental set-up and consumables 

 

to be welded. Therefore, the welding torches were maintained fixed and the base 

material was displaced. 

4.1.3 Measuring devices 

The voltage and current electrical signals were acquired through a system 

developed for this work (hardware and software), in addition to the recording of high-

speed videos. 

4.1.3.1 Measurement of electrical signals 

In order to obtain the electrical behavior of the welding processes, the voltage and 

current were measured as in the Figure 4.4 is presented. The current was measured 

at an arbitrary location of the ground cable. The sensors were connected to the 

computer through National Instruments acquisition cards (Figure 4.5a), which have 

an acquisition rate of 20 kHz. Upon entry of the acquisition cards, a low pass filter 

was implemented. The sensor used to measure the current was a LEM HTA-500S 

(Figure 4.5b), this sensor is characterized by using the hall effect, and can measure 

up to 500 A. 

 

Figure 4.4 – Scheme of the measurement system of the electrical signals of 
the welding processes.  

Schema des Messsystems der elektrischen Signale der 
Schweißprozesse. 
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To measure the arc voltage drop, in the case of the MIG process, the measurement 

point was after the traction rollers positioned in the welding torch (Figure 4.6). The 

ideal measuring point would be directly on the wire-electrode, however, this is 

practically impossible. In the case of the plasma process, the measuring point was 

inside the torch body (Figure 4.6), which is in direct contact with the clamp that holds 

the tungsten electrode.  

 

Figure 4.5 – Devices used for measuring electrical signals (a) NI cards 
with low pass filter (b) LEM HTA 500-S.  

Geräte zur Messung elektrischer Signale (a) NI-Karten mit 
Tiefpassfilter (b) LEM HTA 500-S. 

Figure 4.6 – Position of the voltage measurement points in the torches of 
each welding process.  

Position der Spannungsmesspunkte in den Brennern jedes 
Schweißprozesses. 
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A software made by Labview for this investigation allows the visualization, analysis 

and storage of the electrical signals of the welding processes (Figure 4.7). It also 

allows to control the speed of the displacement device of the base material and the 

ignition of the welding processes. 

 

4.1.3.2 High speed video recording 

High-speed videos were made using the Photron camera model SA4, which has a 

12-bit ADC sensor (Bayer color, single sensor) with 20 μm pixel size. Its acquisition 

rate is adjustable from 1000 fps with 1024 * 1024 pixels, up to 500.000 fps with 128 

× 16 pixels. 

The recordings made in this study were at 20,000 fps at a resolution of 704x272. In 

addition, to improve the visualization of the arcs during the recordings, a light source 

opposite to the high-speed camera was used (Figure 4.8). This technique is used to 

reduce the influence of the great intensity of the light coming from the welding arc. 

The model of the light source is LSH 601 Hg which is able to produce high irradiance 

on small targets as a result of the concentrated arc. 

Figure 4.7 – Software for control, visualization and storage of the electrical 
signals.  

Software zur Steuerung, Visualisierung und Speicherung der 
elektrischen Signale. 
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The software to control the camera is called Photron FASTCAM Viewer (PFV). It 

can adjust the parameters of the camera, as are the frames per second, shutter 

speed, duration of recording and image size among others. The shutter speed was 

set to 0.1 µs and the duration of recording was 250 ms. 

4.1.3.3 Arc length measurements 

To study the influence of the coupling between the welding processes on the arc 

length of the MIG process, the Photron FastCam Anlysis (PFA) software was used 

(Figure 4.9). With PFA, it is possible to analyze motion within an image sequence 

imported from Photron FastCam Viewer (PFV) in order to obtain values for 

displacement, velocity and acceleration. Following analysis, it is possible to achieve 

synchronized playback of the data graphs and images. 

Figure 4.8 – Video recording setup.  

Videoaufzeichnungseinrichtung. 
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4.2 Materials 

The base material used to make this investigation was the aluminum alloy EN AW 

6060-T66 in thicknesses of 10 mm and 15 mm. While the filler material was the wire-

electrode EN ISO 18273 S Al 4043 (AlSi5) in a diameter of 1.2 mm. The chemical 

composition of the materials was obtained by means of an optical emission 

spectroscopy (OES) analysis and they are found in Table 4.2. 

Material Si Fe Cu Mn Mg Zn Cr Ti Al 

AW6060 

(15 mm) 

0.518 0.149 0.009 0.013 0.531 0.016 0.012 0.024 Bal. 

AW6060 

(10 mm) 

0.433 0.195 0.006 0.032 0.466 0.007 0.009 0.019 Bal. 

EN ISO 

18273 S Al 

4043 

(AlSi5) 

4.460 0.138 0.011 0.007 0.074 0.004 0.006 0.039 Bal. 

 

Figure 4.9 – Photron FastCam Analysis (PFA) software interface in the 
measurement of the MIG process arc length.  

Photron FastCam Analysis (PFA) -Softwareschnittstelle zur 
Messung der MIG-Prozessbogenlänge. 

Table 4.2 – Chemical composition of the base metal and filler metal (wt%).  

Chemische Zusammensetzung des Grundwerkstoff und des 
Zusatzwerkstoff (wt%). 
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Before welding, the base material was brushed to remove the oxide layer and after 

cleaned with acetone. 

4.2.1 Metallography 

In preparation for metallography, the specimens were polished to a mirror-like finish 

and then etched using 10% aqueous hydrofluoric acid. 

4.2.2 Tensile test 

Tensile tests of the welding joints were performed with an universal tester Instron 

4210. The dimensions of the tensile test specimens were obtained by norm DIN EN 

ISO 4136:2013-02 and their final dimension is shown in Figure 4.10. The samples 

distribution in the welding joints are presented in Figure 4.11, it was followed by the 

norm DIN EN ISO 15614-1:2017-12.  

 

Figure 4.10 – Sample dimensions for tensile tests according to the norm 
DIN EN ISO 4136:2013-02.  

Probenabmessungen für Zugversuche nach Norm DIN EN ISO 
4136: 2013-02. 



Page 38 Experimental set-up and consumables 

 

 

4.2.3 Microhardness measurements 

The microhardness of the welding joint was measured using Vickers hardness tester 

at 4.9 MPa load and 15 s dwell time. Two lines of hardness measurements were 

made, the first in the upper part and the second in the lower section of the joint 

(Figure 4.12). The objective is to observe the difference in hardness that exists 

between the regions of the joints, especially for joints 15 mm thick. 

 

4.2.4 Temperature measurements 

Temperature measurements were performed as described in Figure 4.13. Type K 

thermocouples connected to the Yokogawa DL850E oscilloscope were used for 

them. The thermocouples were attached in the molten pool when the plasma torch 

Figure 4.11 – Distribution of samples to be extracted from the joints to 
measure microhardness, diffusible hydrogen and tensile test.  

Verteilung der Proben, die aus den Fugen entnommen werden 
sollen, um die Mikrohärte, den diffusionsfähigen Wasserstoff und 
die Zugfestigkeit zu messen. 

Figure 4.12 – Schema of the localization of the microhardness 
measurements.  

Schema der Lokalisierung der Mikrohärtemessungen. 
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of the hybrid processes traveled a distance of 150 mm from the beginning of the 

joint. 

 

4.2.5 Hydrogen measurements 

The hydrogen content of the filler material and welding joints were determined using 

the inert gas fusion (IGF) method. The measurements in the filler wires were made 

following the method described by DVS [50]. For this purpose, three samples of the 

welding wire were retrieved by cutting each into 12 pieces with a length of 8 mm, 

which was equivalent to a weight of 0.3 g.  

The hydrogen amounts in the welding joints were measured following the method 

described in the norm ASTM E2792-13 [51]. For each welding joint were extracted 

3 samples from the weld bead, as described in Figure 4.11, with a weight of 4 g. 

The extracted sample is divided into two sections, face and root, as shown in Figure 

4.14. 

All samples were placed into a carbon crucible and heated in a furnace. The 

outgassing hydrogen was absorbed by a carrier gas. By comparing the thermal 

conductivity of the mixture of outgassed hydrogen and carrier gas with a reference 

gas, the quantity of hydrogen was determined. The unit of the values is “parts per 

million” (ppm), the weight of hydrogen in micrograms in relation to the weight of the 

specimen in grams. 

Figure 4.13 – Thermocouple positioning during the welding process to 
measure the temperature of the molten pool.  

Thermoelementpositionierung während des Schweißprozesses zur 
Messung der Temperatur des Schmelzbades. 
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4.2.6 Oxygen, magnesium and silicon measurement in the weld beads. 

To compare how the welding processes influence the properties of the weld beads, 

especially the oxygen (O), magnesium (Mg) and silicon (Si) contents, three different 

points along the cross section of the weld beads will be measured, as seen in Figure 

4.15. These measurements were made with an Energy-dispersive X-ray (EDX) 

spectroscopy analysis. 

 

  

Figure 4.14 – Scheme of hydrogen samples distribution.  

Schema der Wasserstoffprobenverteilung. 

Figure 4.15 – Measurement points (A, B and C) of oxygen, magnesium and 
silicon concentration by EDX analysis. 

Messpunkte(A, B und C) der Sauerstoff-, Magnesium- und 
Siliziumkonzentration mittels EDX-Analyse. 
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5 Methods 

The methodology in this work was divided in two groups. The first relates to the 

study of the interaction between the welding arcs of the plasma and MIG welding 

processes, for different current polarities in the plasma process, in addition to 

different metal transfers in the MIG process. The second group deals with making 

applied comparisons between the MIG process, the paraxial hybrid plasma-MIG 

process and the commercial option SuperMIG. Figure 5.1 shows a schematic 

representation of the stages in which the work was structured. 

 

Some of the welding parameters used in the tests performed were kept constant as 

plasma gas flow in 3.2 l/min, plasma shielding gas flow in 15 l/min, electrode setback 

(R) in 3 mm, plasma arc length (A) in 5 mm, CTWD in 14 mm, argon as MIG 

shielding gas, MIG shielding gas flow in 25 l/min, argon as shielding and plasma 

gas with plasma-AC process, ArHe30 as shielding and plasma gas with plasma-DC 

process, AC frequency in 50 Hz, AC balance in 70% and welding speed in 50 

cm/min. 

5.1 Arcs coupling 

The coupling between the MIG and plasma welding processes were studied setting 

different distances between the torches of each welding process. Figure 5.2 

describes the position of each welding torch and Table 5.1 describes the welding 

Figure 5.1 – Schematic representation of the methodology of experiments.  

Schematische Darstellung der Methodik der Experimente. 
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parameters used in this experiment. The plasma process was configured with direct 

and alternating current in order to observe its influence on the arc of the MIG process 

(magnetic deflection), molten pool temperature and weld bead geometry. In this 

study the MIG welding source was configured in the “Standard” mode (constant 

voltage static characteristic). 

 

 

Parameter Plasma DC Plasma AC 

Plasma current [A] 100 150 

MIG wire feed [m/min] 16 12 

Distance between torches (D) [mm] 50, 40, 30, 20, 10 50, 40, 30, 20, 10 

MIG welding source mode Standard Standard 

 

5.2 Influence of the plasma process current and MIG current on the hybrid 

process 

In order to study the influence of the plasma process on the behavior of the paraxial 

plasma-MIG processes, different current intensities were configured, keeping the 

wire feed speed of the MIG process constant. In addition, four levels of wire feed 

speed were also tested maintaining plasma current constant. The objective is to 

Figure 5.2 – Welding torches configuration.  

Schweißbrennerkonfiguration. 

Table 5.1 – Welding conditions for MIG and plasma processes coupling 
study.  

Schweißbedingungen für die Kopplungsstudie zu MSG- und 
Plasmaprozessen. 
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observe the influence of the plasma process for different current of the MIG process. 

With electrical signals analysis of each welding process and high-speed videos, the 

influence of plasma current on the formation and establishment of the current path 

between the two welding processes will be studied. Table 5.2 describes the welding 

parameters and the torches configuration (Figure 5.2) used for this experiment. The 

MIG process was configured in “Standard” and “Pulsed” modes with the aim to 

observe how the welding source characteristic influences the current and voltage 

measurements. 

Parameter Plasma DC Plasma AC 

Plasma current [A] 50, 100, 150, 200, 

250, 300 

50, 100, 150, 200, 

250, 300 

MIG wire feed [m/min] 8, 12, 14, 16 12, 14, 16 

Distance between torches (D) [mm] 20 20 

MIG welding source mode Standard, Pulsed Standard, Pulsed 

 

5.3 Study of the SuperMIG equipment and the magnetic level compensation 

The commercial option to paraxial hybrid plasma-MIG process is called SuperMIG 

and its main characteristic is a device that regulates the stability between welding 

arcs. Different plasma current intensity and wire feed speeds will be tested, with the 

aim to compare with the results obtained by the paraxial plasma-MIG process. In 

addition, the influence of the parameter called "Magnetic level compensation" on the 

stability of the hybrid welding process will also be analyzed. Table 5.3 shows the 

parameters used for the study. 

 

 

Table 5.2 - Welding condition for the study of the influence of the Plasma 
and MIG processes current on the hybrid process.  

Schweißbedingungen für die Untersuchung des Einflusses der 
aktuellen Plasma- und MSG-Prozesse auf den Hybridprozess. 
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Parameter Plasma DC 

Plasma current [A] 100, 150, 200, 250, 300 

MIG wire feed [m/min] 5, 8, 12, 14, 16 

Distance between torches (D) [mm] 20 

MIG welding source mode Standard 

Magnetic compensation level [%] 5, 10, 20, 40, 50, 60, 70 

5.4 Applications of plasma-MIG hybrid process 

To work with joints of different thicknesses, the workbench table was adapted as 

shown in Figure 5.3, in which a copper backing is observed to ensure sustainability 

of the molten pool at the joint root. The tests were performed with 10 and 15 mm 

plates. In the 15 mm joints, the use of bevels to complete the joints was compared. 

A different configuration was used for each situation and it was indicated in the 

description of each test plan, following the scheme presented in Figure 5.4. 

 

Table 5.3 - Welding condition for the study the SuperMIG welding process.  

Schweißbedingungen für die Untersuchung des SuperMIG-
Schweißprozesses.. 

Figure 5.3 – Workbench configuration to study the hybrid and singles 
processes when they complete joints of 10 and 15 mm.  

Werkbankkonfiguration zur Untersuchung der Hybrid- und Einzelprozesse, wenn 
Verbindungen von 10 und 15 mm ausgeführt werden. 
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The first comparison is between plasma processes with alternating current (AC) and 

direct current (DC), in order to compare the mechanical properties that each of these 

variants offers to the welded joint. The test plan used is presented in Table 5.4. 

Parameter Plasma DC Plasma AC 

Plasma current [A] 100 100 

MIG wire feed [m/min] 15 15 

Distance between torches (D) [mm] 20 20 

MIG welding source mode Standard Standard 

Joint configuration α=0° 

t=10 mm 

s= 0 mm 

c= 0 mm 

α=0° 

t=10 mm 

s= 0 mm 

c= 0 mm 

 

With 15 mm thick joints, beveled joints were used as presented in Figure 5.4. In 

addition, different joint gaps were used to guarantee total penetration. The test plan 

is presented in Table 5.5. 

Figure 5.4 - Scheme of dimensions used in joints 10 and 15 mm.  

Maßschema für 10 und 15 mm Fugen. 

Table 5.4 – Welding condition to compare paraxial hybrid Plasma-MIG 
process with alternating current (AC) and direct current (DC) in 
joint applications.  

Schweißbedingung zum Vergleich des paraxialen Plasma-MSG-
Hybridprozesses mit Wechselstrom (AC) und Gleichstrom (DC) in 
gemeinsamen Anwendungen. 
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Parameter Plasma DC 

Plasma current [A] 100 

MIG wire feed [m/min] 14, 16 

Welding speed [cm/min] 30 

Distance between torches (D) [mm] 20 

MIG welding source mode Standard 

Joint configuration α=0°, 30°; t=15 mm; s= 0, 1.6, 2 mm;  

c= 0, 5 mm 

 

All welding processes (MIG, plasma-MIG and SuperMIG) were compared in 15 mm 

joints, in order to measure the amount of hydrogen and oxygen that each of these 

processes provide to the joints, in addition to measure their mechanical properties 

by tensile tests. The test plan is presented in Table 5.6. 

Parameter Plasma DC 

Plasma current [A] 200 

MIG wire feed [m/min] 18 

Welding speed [cm/min] 40 

Distance between torches (D) [mm] 20 

MIG welding source mode Pulsed 

Joint configuration α=0°; t=15 mm; s= 2 mm; c= 0 mm 

  

Table 5.5 - Welding condition to study the influence of the gap joint with the 
paraxial hybrid plasma-MIG.  

Schweißbedingung zur Untersuchung des Einflusses der 
Spaltverbindung mit dem Plasma-MSG-Paraxialhybrid. 

Table 5.6 - Welding condition to compare the MIG, paraxial plasma-MIG and 
SuperMIG in joint of 15 mm thickness.  

Schweißbedingungen zum Vergleich von MSG, Plasma-MSG paraxial 
und SuperMIG in einer 15 mm dicken Verbindung. 
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6 Experimental Researchs and Discussions 

6.1 Coupling between plasma and MIG processes 

To study the coupling between MIG and plasma processes, the welding torches 

were approached gradually, in order to observe the behavior of the welding arcs, 

electrical signals and their influence on the penetration profile of the weld beads. 

The welding conditions are described in Table 5.1.  

Figure 6.1 shows the voltage curves for plasma-DC and AC during welding time for 

different torch distances. A drop voltage in the plasma-DC process is noticed when 

the arc of MIG process is ignited and the distance between the torches is equal and 

minor than 20 mm. Changing the plasma current type to alternating (AC) a 

disturbance in the electrical signals was also noticed when MIG arc was ignited. In 

both cases the disturbance began when the distances between torches were equal 

and lower than 20 mm. In Figure 6.1b, it is observed that as the torch distance 

decreases, the amplitude of the plasma voltage curve increases. The voltage drop 

observed in the plasma-DC process starts exactly when the welding arcs are close 

enough to interact with each other, which happens for distances less than 20 mm 

(including). This voltage drop is around 10 V. 

 

(a)                                                                        (b) 

Figure 6.1 – Plasma voltage for different distances between torches (a) 
direct current (b) alternating current. Plasma-DC: 100 A, Wire 
feed speed: 16 m/min; Plasma-AC: 150 A, Wire feed speed: 12 
m/min.  

Plasmaspannung für unterschiedliche Abstände zwischen 
Brennern (a) Gleichstrom (b) Wechselstrom. Plasma-DC: 100 A, 
Drahtvorschubgeschwindigkeit: 16 m/min; Plasma-AC: 150 A, 
Drahtvorschubgeschwindigkeit: 12 m/min. 
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The current signal of the plasma process in AC and DC were not influenced by the 

coupling of the welding arcs (Figure 9.1 and Figure 9.2). This behavior is expected 

from a welding source that controls the output current (constant current static 

characteristic). On the other hand, the electrical signals of the MIG process did not 

show any influence or alteration in their behavior (Figure 9.3 and Figure 9.4), 

especially the current, which is the response signal when the welding source is a 

constant voltage characteristic. 

Analyzing in detail the voltage curves of the plasma-AC in Figure 6.2, it is observed 

that the amplitude increases, however, it is the negative polarity of the curve where 

a strong influence is noticed, increasing the voltage in this polarity by approximately 

7 V. A histogram of the plasma voltage curves of Figure 6.2 is presented in Figure 

6.3, observing that the voltages in negative polarity increase while the torches 

distances are reduced, although, this effect is not as pronounced for the positive 

polarity. An increase of the plasma voltage in the negative polarity of 8 V is noticed, 

while in the positive polarity the voltage decreased by 1 V.  

 

Figure 6.2 - Comparison of voltage signals for plasma-AC process for 
different distances between welding torches. Plasma AC: 150 
A; MIG wire feed speed: 12 m/min.  

Vergleich der Spannungssignale des Plasma-
Wechselstromprozesses für unterschiedliche Abstände zwischen 
Schweißbrennern. Plasma-Wechselstrom: 150 A; MSG-
Drahtvorschubgeschwindigkeit: 12 m/min. 
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As the voltage of the plasma-AC was influenced and the current was kept 

undisturbed by coupling the arcs, the power of the process was affected. The power 

in the negative polarity increased by approximately 1000 W when a distance of 10 

mm is used. In positive polarity, power had no clear trend and just a variation of 

approximately 200 W (Figure 9.5) 

By means of images obtained by high-speed camera, it is observed that there is a 

magnetic deflection in the arcs of both processes, which is more intense for shorter 

distances between the torches (Figure 6.4). Although, when the polarity of the 

plasma arc is positive, an attraction between the arcs is noticed, while with negative 

polarity, the arcs tend to repel each other. This effect was also observed by Han et 

al. [7] in the paraxial VPPA-MIG and by Kanemaru et al. [13] with the hybrid TIG-

MIG welding processes, where they concluded that the phenomenon is resulting 

from the effect of magnetic field coupling due to the ampere force produced by the 

arc magnetic field of both welding processes. Quantify the intensity of the magnetic 

deflection in the plasma process between the polarity change is difficult, however, 

Figure 6.3 - Comparative histogram between plasma voltages for different 
distances between welding torches. Plasma AC: 150 A; MIG 
wire feed speed: 12 m/min.  

Vergleichshistogramm zwischen Plasmaspannungen für 
unterschiedliche Abstände zwischen Schweißbrennern. Plasma-AC: 
150 A; MSG-Drahtvorschubgeschwindigkeit: 12 m/min. 
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based on the behavior observed in the voltage histogram in Figure 6.3, it is possible 

to say that the magnetic deflection is more intense when the arcs repel each other 

(DCEN). This conclusion is based on the fact that the arc length is considered 

proportional to the plasma process voltage, thus, the higher the voltage, the longer 

is the arc column. 

 

Magnetic deflection was also observed when direct current was used in the plasma 

process, however, in comparison with plasma-AC, it causes a constant repulsion 

between the plasma and MIG arcs (Figure 6.5). Moreover, for torch distances minor 

than 20 mm, the arcs establish a plasma “bridge” or “path” between them. In the 

study on the hybrid TIG-MIG process with direct current, Kanemaru et al. [13, 14] 

also noticed this "current path", which influences the voltage and current lectures. 

Han et al. [7] observed the current path in the paraxial hybrid VPPA-MIG, mentioning 

that the metallic vapors produced by the hybrid arc are responsible for the voltage 

drop in the welding processes. 

Figure 6.4 - Intensity of the magnetic deflection in the arcs of the plasma-AC 
and MIG processes for distances of 10 and 20 mm between 
torches. Plasma AC: 150 A; MIG wire feed speed: 12 m/min.  

Intensität der magnetischen Ablenkung in den Lichtbögen der 
Plasma-AC- und MIG-Prozesse für Abstände von 10 und 20 mm 
zwischen den Brennern. Plasma-AC: 150 A; MSG-
Drahtvorschubgeschwindigkeit: 12 m/min. 
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The average voltage of the plasma process shows different behaviors depending 

on the type of current configured (Figure 6.6). When AC is used, the RMS voltage 

increases while the torch distance decreases, this raised in the RMS voltage is 

around 5 V. On the other hand, when direct current is used, the average plasma 

voltage decreases by 10 V. The studies made by Kanemaru et al. [13, 14] propose 

that the voltage drop for the TIG-MIG process is due to a combination of 2 main 

factors: 1. exist a current flow between the welding process when a current path is 

stablished between the arcs; 2. the metal vapor reduces the ionization potential of 

the shielding gas. Han et al. [7] proposed that the metal vapors are the main 

responsible for the voltage drop in the paraxial hybrid plasma-MIG process with 

alternating current, while, Hong et al. [9] noticed that the voltage drop in the plasma-

AC is stronger when MIG current is higher. However, the behavior observed in the 

plasma-AC voltage in the Figure 6.6 does not match with the explanation made by 

Kanemaru et al. [13, 14]. It is suggested that in the case of plasma-AC voltage, there 

is not a voltage drop due to the intensity of the MIG current is not enough strong 

(around 280 A) as in the curve for plasma-DC (around 380 A). In addition, a strong 

alternated magnetic deflection reduces the efficiency of the arc; therefore, a minor 

amount of metallic vapors would be produced, which would diminish the effect of 

reduction of the ionization potential of the shielding gas. The current path, as was 

observed in Figure 6.4, is intermittent for plasma-AC, which would influence the 

voltage drop of the plasma process, due to the current flow between processes is 

not constant. In the subchapter 6.2.2, this phenomenon will be studied in detail for 

different levels of current. 

Figure 6.5 - Intensity of the magnetic deflection in the arcs of the plasma-DC 
and MIG processes for distances of 10, 15 and 20 mm between 
torches. Plasma DC: 100 A; MIG wire feed speed: 16 m/min.  

Intensität der magnetischen Ablenkung in den Lichtbögen der 
Plasma-DC- und MIG-Prozesse für Abstände 10 und 20 mm 
zwischen den Brennern. Plasma DC: 100 A; MSG-
Drahtvorschubgeschwindigkeit: 16 m/min. 
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The average MIG current, on the other hand, has a similar behavior with plasma 

direct and alternating current (Figure 6.7). For plasma-DC, the average MIG current 

has a defined tendency to increase, while for plasma-AC it is less pronounced. The 

increase in MIG current, when it is coupled to the plasma-DC, is around 14 A. The 

MIG voltage was not influenced by the torch distances (Figure 6.8), due to the MIG 

process works with a welding power source with constant voltage static 

characteristic. 

Figure 6.6 – Plasma RMS voltage and power for different plasma polarity 
current and torches distances. Plasma DC: 100 A; Plasma AC: 
150 A.  

Plasma-RMS-Spannung und -Leistung für unterschiedliche 
Plasmapolaritätsströme und Brennerabstände. Plasma DC: 100 A; 
Plasma-AC: 150 A. 
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Figure 6.7 – MIG average current for different plasma polarity current and 
distances between torches. Plasma DC: 100 A; Plasma AC: 
150 A.  

Durchschnittlicher MSG-Strom für unterschiedliche 
Plasmapolaritätsströme und Abstände zwischen Brennern. Plasma 
DC: 100 A; Plasma-AC: 150 A.. 

Figure 6.8 – MIG average voltage for different plasma polarity current and 
distances between torches. Plasma DC: 100 A; Plasma AC: 
150 A.  

Durchschnittliche MSG-Spannung für unterschiedliche 
Plasmapolaritätsströme und Abstände zwischen Brennern. 
Plasma DC: 100 A; Plasma-AC: 150 A. 
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The average current in the MIG process is a consequence of the voltage and the 

wire feed speed, therefore, if the voltage and wire feed speed are constant, then the 

variables that could influence the MIG current are the arc length and the stick-out 

[1, 52]. As was explained in the study made by Silva et al. [52], the MIG current 

increase when the stick-out is reduced and the arc length is maintained constant. 

On the other hand, when the arc length is increased and the stick-out is constant, 

the current is reduced [1]. However, this explanation does not agree with the 

behavior observed in the MIG process when the torches distances are reduced. The 

MIG arc length increased and, as a consequence, the stick-out was reduced. The 

arc length is proportional to the MIG voltage [1], therefore, it is expected that the 

MIG voltage increases, but this was not observed in Figure 6.8. It is suggested that 

the main responsible for this phenomenon is the electrical current flow between the 

processes plasma and MIG through the current path established, noticed by several 

authors [3, 7, 11, 13, 14, 53]. Another possible explanation is the deflection in the 

MIG arc by the influence of the magnetic field of the plasma process, which changes 

the arc length and increases the value of the MIG current. This interaction between 

the welding processes and their influences in the arc length will be studied in detail 

in the subchapter 6.2.1.1.  

Analyzing the weld beads cross sections is noticed that in the samples made with 

plasma-AC, their penetration profiles are not symmetrical, especially for the distance 

between torches of 10 mm (Figure 6.9). This behavior is due to the alternating 

magnetic deflection observed between the welding arcs, who disrupts the molten 

pool and the metal transfer. On the other hand, in the samples with plasma-DC this 

defect is not strong and, as was observed in Figure 6.5, the magnetic deflection is 

unidirectional, making the arc and the molten pool more stable in comparison with 

plasma-AC. The increase in the arc length or reduction in the stick-out, it is also a 

possibility, due to its influence in the momentum of the drop detached from the wire-

electrode during the metal transfer [6, 52]. 
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The Figure 6.10 and Figure 6.11 show that the coupling of plasma and MIG 

processes do not have a strong influence on the penetration of the weld beads. The 

weld beads made with plasma-AC had a penetration dispersion of 0.9 mm with no 

clear tendency to increase. Conversely, the samples made with plasma-DC had the 

tendency to reduce the penetration, around 1 mm. The arc deflection produced by 

the plasma with AC and DC explains the behavior in the penetration. With 

alternating current, the instability in the molten pool and the welding arcs produce 

irregular penetration profiles. While, the reduction in the penetration in plasma-DC 

is explained due to the increase in the permanent magnetic blow for shorter 

distances between the torches, which produces a reduction in the arc power towards 

the base material. The reduction in the current flowing to the base material was 

noticed by SLV München [3] and Kanemaru et al. [14], mentioning that formation of 

the current path between the welding arcs is responsible for this loss of current. 

The coupling of the welding arcs did not influence the reinforcement of the weld 

beads, for both types of plasma currents. The width of the beads had a tendency to 

decrease its value, in plasma AC and DC, which could indicate a constriction of the 

welding arc, producing a narrow and long molten pool. The width dispersion (1.4 

Figure 6.9 – Cross sections of the weld beads for plasma process with direct 
and alternating current for different distances between 
welding torches. Plasma AC: 150 A; Plasma DC: 100 A.  

Querschnitte der Schweißraupen für den Plasmaprozess mit 
Gleich- und Wechselstrom für unterschiedliche Abstände zwischen 
Schweißbrennern. Plasma-AC: 150 A; Plasma DC: 100 A. 
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mm) in plasma-AC, is explained by the non-symmetric profile observed in Figure 6.9 

produced by the arc deflection.  

 

 

Figure 6.10 – Weld bead penetration, width and reinforcement for different 
torch distances with 12 m/min of wire feed speed and 150 A of 
plasma-AC.  

Einbrand, Breite und Überhöhung der Schweißraupen für 
verschiedene Brennerabstände mit 12 m/min 
Drahtvorschubgeschwindigkeit und 150 A Plasma-AC. 

Figure 6.11 – Weld bead penetration, width and reinforcement for different 
torch distances with 16 m/min of wire feed speed and 100 A 
of plasma-DC.  

Einbrand, Breite und Überhöhung der Schweißraupen für 
verschiedene Brennerabstände mit 16 m/min 
Drahtvorschubgeschwindigkeit und 100 A Plasma-DC. 
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Coupling the plasma and MIG processes was expected to obtain a significant 

increase in penetration, while as observed in Figure 6.10 and Figure 6.11 the 

penetration tends to decrease, which is explained by the strong interaction between 

the welding arcs. Temperature measurements of the molten pool, made according 

to the procedure described in subchapter 4.2.4, show that temperature for a torch 

distance of 20 mm is 52.6 °C higher than for a distance of 50 mm (Figure 6.12). Wu 

et al. [6] show that the maximum temperature in the paraxial hybrid plasma-MIG 

process was close to the MIG zone (2489 K), while the lowest was close to the 

plasma process in steel alloy. Thus, as the heat in the weld pool is transported from 

the high-temperature region to the low-temperature region, the molten metal 

temperature near the MIG process decreases, in comparison with the temperature 

of a single MIG process (2584 K). Moreover, the MIG arc expanded and the current 

density decreased because of the formation of the current path between the plasma 

and MIG processes. Therefore, the MIG heat transported to the weld pool 

decreased. Wu et al. [6] concluded that all the mechanism (arc interaction, droplet 

and keyhole) promoted the fluid flow and heat transfer in the weld pool and, 

therefore, decreased the weld pool temperature. On the other hand, Han et al. [7] 

mentioned that the paraxial hybrid plasma-MIG process with alternating current had 

a higher temperature than the single MIG process, however, it was noticed that the 

penetration was influenced by one of the welding processes (plasma or MIG) when 

its energy is too large in comparison to the other. Therefore, the penetration in the 

hybrid process depends strongly on the pressure that the arcs can generate on the 

molten pool [7], because the heat is strongly dissipated by the Marangoni effect [6], 

which is more intense in the aluminum and its strong heat transfer coefficient. 
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6.1.1 Conclusions 

The coupling between the plasma and MIG process is possible, although the 

interaction between them depends on the type of current that the plasma process 

uses. The study of the interaction between the arcs through high-speed videos, 

revealed the formation of a current path between the arcs of each welding process 

for distance between torches lower than 25 mm. In the case of the plasma-AC 

configuration, this current path was not constant due to the polarity change. The 

coupling of the welding arcs produced a voltage drop in the plasma process, while 

in the MIG process a tendency to increase the welding current was observed. This 

due to the current flow that allows the established path between the arcs, which is 

formed by the metallic vapors that reduce the ionization potential of the shielding 

gas. It is proposed also that the arcs deflection could produce this change in the 

voltage and current measurements.  

Figure 6.12 – Temperature measurement of the paraxial hybrid plasma-MIG 
process for 50 and 20 mm distances between torches. 
Plasma DC: 100 A; MIG wire feed speed: 16 m/min.  

Temperaturmessung der Hybridprozess-Plasma-MSG-
Einzelbrenner für Abstände von 50 und 20 mm zwischen 
Brennern. Plasma DC: 100 A; MSG-
Drahtvorschubgeschwindigkeit: 16 m/min. 



Experimental Researchs and Discussions Page 59 

 

It is concluded that the use of alternating current in the plasma process when 

coupled with the MIG process is not necessary to weld aluminum alloys. No 

differences on the quality of the weld beads made by plasma DC or AC configuration 

were observed. The explanation lies in the fact that the cathodic cleaning is carried 

out by the MIG process, while the plasma process preheats the base material. 

In general, the hybridization between the plasma and MIG processes showed good 

stability, although the penetration did not show significant changes while the 

distance between the welding torches was closer. In the next chapter, the influence 

of each welding process and its parameters on the stability and penetration of the 

paraxial hybrid plasma-MIG process will be studied in detail. Although it was 

concluded that the plasma-AC process does not have an influence on the weld 

beads, this variant will continue to be studied to determine its influence on the 

current path. Furthermore, based on the results of this chapter, a torch distance of 

20 mm was found to be the most appropriate for the next chapters of the 

investigation, due to the low possibility of contamination of the plasma constriction 

nozzle and to offer the same properties as for smaller torch distances. 

6.2 Influence of the welding current on the hybrid process 

In this chapter the plasma current will be gradually increased while the MIG process 

parameters remain constant. The aim is to observe how each welding process 

influences the formation of the current path, as well as its influence on the 

penetration and stability of the welding process. On the other hand, the MIG process 

will be tested with spray (MIG-Standard) and pulsed (MIG-Pulsed) metal transfer. 

6.2.1 Plasma direct current 

6.2.1.1 MIG-Standard process 

The pressure and temperature of the arc on the base material increases when the 

welding current rises, which favors the weld bead penetration. When the plasma 

current is increased the penetration of the hybrid process is enhanced, as shown in 

Figure 6.13. However, the finger shape penetration, typical of the MIG process, is 

strongly heightened. This behavior was observed for 12 m/min and 16 m/min of wire 

feed speed, although with 16 m/min the finger shape was maximized.  
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The Figure 6.14 shows that the weld beads penetration increased by 57% when a 

plasma current of 200 A was used with 16 m/min of wire feed speed, in comparison 

with the penetration by a single MIG process. In addition, with plasma current over 

200 A the penetration stopped its enhancement, due to the instabilities observed 

during the coupling of the welding arcs. For 12 m/min of wire feed speed this 

behavior was stronger and no differences were observed in the penetration after 

100 A. However, the weld bead penetration with 12 m/min increased around 127% 

when the plasma current was set up in 100 A. For both wire feed speed the linear 

regression had a good adjustment, with correlation coefficient of 0.93 for 16 m/min 

and 0.77 for 12 m/min. Gao et al [11] reached similar results using the hybrid 

plasma-MIG process on 5083 aluminum alloy, the penetration depth increased 

gradually with the increase of plasma current, due to its strong arc stiffness, 

reaching the complete penetration on a plate of 6 mm thickness with 110 A. 

 

Figure 6.13 – Weld beads cross sections for different plasma currents with 
16 m/min and 12 m/min of wire feed speed.  

Schweißraupenquerschnitte für unterschiedliche Plasma-
Gleichstromintensitäten mit 16 m/min und 12 m/min 
Drahtvorschubgeschwindigkeit. 



Experimental Researchs and Discussions Page 61 

 

 

In the previous chapter, where the coupling of the plasma and MIG processes were 

studied, an increase in penetration was not observed as the torches approached 

(Figure 6.10). However, in Figure 6.14 it shows a clear tendency to increase the 

penetration while the plasma current is higher, compared to a single MIG process. 

This difference between the results of both chapters is due to while the bigger is the 

plasma current, the bigger is the heat input and arc pressure towards the base 

material and, therefore, greater penetration is achieved. In addition, Figure 6.10 

demonstrates that even with torch distances of 50 mm, the plasma process preheats 

the base material, which helps in increasing the penetration, without the problems 

of magnetic deflection. The studies conducted by Liang et al. [53, 54] demonstrate 

that with 30 mm distance between the TIG and MIG torches, the preheating effects 

of the TIG process are enough to increase the wettability and penetration of the weld 

beads. Therefore, the reason for the non-increase in penetration depth in the 

previous chapter was that the preheating advantage of the hybrid process was being 

used, even for torch distances of 50 mm. 

With 16 m/min the weld bead width has not significantly changed, the standard 

deviation was 1.1 mm and the linear regression shows a low adjustment level, with 

a correlation coefficient of 0.02 (Figure 6.15). For 12 m/min, the width tendency is 

to increase with the plasma current, with a standard deviation of 1.5 mm and a 

Figure 6.14 – Influence of the plasma direct current on the weld bead 
penetration for 16 m/min and 12 m/min of wire feed speed.  

Einfluss der Plasma-Gleichstromintensitäten auf die Einbrand für 
16 m/min und 12 m/min Drahtvorschubgeschwindigkeit. 
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correlation coefficient of 0.95. The different behavior in widths for each wire feed 

speed is because the molten pool temperature with 12 m/min is influenced by the 

plasma process, which produces a reduction of the superficial tension of the molten 

pool, increasing the wettability of the weld bead and, therefore, the weld bead width. 

For 16 m/min, the plasma process has not had a strong influence in the molten pool 

temperature, due to the arc energy and temperature produced by the MIG process 

with this high wire feed speed, that overpasses the energy that the plasma process 

can supply. Similar explanation was described by Kanemaru et al. [13] with the 

hybrid TIG-MIG process, concluding that in configurations with MIG current superior 

than TIG current, the benefits of TIG process are not exploited. 

 

Comparing the cross sections in Figure 6.13 and geometric measurements Figure 

6.15, it is observed how relevant the plasma process is to the penetration in the weld 

bead, however, this one does not influence its reinforcement and width. This 

phenomenon is explained by the keyhole established by the plasma process, who 

removes material from the base material and it is placed behind of the plasma 

process molten pool, this removed material is after re-melted by the MIG arc and 

added finally to the molten pool (Figure 6.16). Therefore, the plasma process is 

digging with the keyhole while the MIG process is filling the hole, thus the 

Figure 6.15 – Influence of the plasma current on the weld bead width and 
reinforcement for 16 m/min and 12 m/min of wire feed speed.  

Einfluss des Plasmastroms auf die Schweißraupenbreite und -
überhöhung für 16 m/min und 12 m/min 
Drahtvorschubgeschwindigkeit. 
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reinforcement and width of the weld bead depend mainly on the MIG process and 

its wire feed speed. 

 

Analyzing the electrical signals of the MIG process, it is noticed that the voltage was 

not affected until 200 A of plasma current (Figure 9.6), with higher currents the 

interaction between the arcs became the MIG process unstable. On another hand, 

the MIG current signal was influenced by a 300 A of plasma current (Figure 6.17), 

showing erratic behavior and with a tendency to establish a rotating spray metal 

transfer.  

Figure 6.16 – Molten pool behavior of the hybrid process with a plasma 
current of 250 A and 16 m/min wire feed speed.  

Verhalten des Hybridprozesses im geschmolzenen Pool mit einem 
Plasmastrom von 250 A und einer Drahtvorschubgeschwindigkeit 
von 16 m/min. 
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As plasma current increased, the average MIG current was influenced, although 

only for wire feed speeds greater than 12 m/min (Figure 6.18). With a wire feed 

speed of 16 m/min, MIG current increased by 20 A in comparison with a single MIG 

process, following a linear tendency with a correlation coefficient of 0.63 and 

standard deviation of 13.7 A. For wire feed speeds of 12 m/min and 8 m/min, the 

correlation coefficients are 0.14 and 0.29 respectively, denoting a low linear 

adjustment or that the plasma current has not an influence on the MIG current for 

these levels of wire feed speeds. The average MIG voltage measurements for the 

different wire feed speeds show a low level of variability, 0.6 V (16 m/min), 0.4 V (12 

m/min) and 0.3 V (8 m/min) (Figure 9.7). 

Figure 6.17 - MIG current for different plasma currents. MIG wire feed 
speed: 16 m/min.  

MSG-Strom für verschiedene Plasmaströme. MSG-
Drahtvorschubgeschwindigkeit: 16 m/min. 
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The high speed video images with the influence of the plasma current on the hybrid 

process is shown in Figure 6.19, observing that as the plasma current rises, the arc 

length of the MIG process increases significantly. Measurements of the arc length 

are presented in Figure 6.20, showing a linear tendency to rise the MIG arc length 

when the plasma current increases. This behavior was also noticed by Wu et al [6], 

however, it was just to comment the phenomenon and not the complete relationship 

between the MIG arc length and the plasma current.  

The establishment of the current path between MIG and plasma arcs was noticed, 

which becomes stronger while the plasma current increases. However, the stability 

between the welding arcs is compromised when the plasma current is greater than 

200 A, observing a strong repulsion between both arcs. Similar behavior was 

commented by several authors [7, 11, 13, 14, 55] with paraxial hybrid plasma-MIG 

and TIG-MIG processes. Kanemaru et al. [13] and Han et al. [7] observed the 

instabilities when the plasma current is higher than MIG current, this happened also 

in the other way. In the situation of the TIG-MIG process, Kanemaru et al. [13] 

suggest that the TIG current needs to be greater than the MIG current for arc 

stability, then, increasing TIG current, increases the penetration depth. It is also 

observed that for plasma currents over 200 A the base material is being removed 

and placed beside the keyhole formed by the plasma process, this material is re-

Figure 6.18 – Influence of the plasma current on MIG process current.  

Einfluss des Plasmastroms auf den MSG-Prozessstrom. 
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melted again by the MIG process. For plasma current over 250 A was noticed that 

the material is expelled by the plasma arc due to the excessive arc pressure and 

the unstable interaction with the MIG arc.  

 

 

The self-regulation arc length of the MIG-Standard process is based in that while 

the distance between MIG torch and base material increases, MIG current 

decreases, however the voltage and the wire feed speed are keep constant, with 

Figure 6.19 – MIG process behavior for different plasma current. MIG wire 
feed speed: 16 m/min; torch distances: 20 mm.  

MSG-Prozessverhalten für unterschiedliche 
Plasmastromintensitäten. MSG-Drahtvorschubgeschwindigkeit: 16 
m/min; Brennerabstände: 20 mm. 

Figure 6.20 – MIG arc length for different plasma current. MIG wire feed 
speed: 16 m/min; torch distances: 20 mm.  

MSG-Lichtbogenlänge für unterschiedliche 
Plasmastromintensitäten. MSG-Drahtvorschubgeschwindigkeit: 16 
m/min; Brennerabstände: 20 mm. 
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which the wire feed speed becomes greater than the melt speed of the wire-

electrode. Then, the tip of the wire-electrode approaches the base material again, 

progressively reducing the arc length. This reduction is also followed by a 

progressive increase in the MIG current, returning to the original state before 

increasing the distance between the MIG torch and the base material [1]. However, 

in this investigation the behavior is completely different, the MIG current increases 

when the arc length is longer (Figure 6.18 and Figure 6.19). This behavior can be 

explained by the current path, which provides an extra current to the MIG process, 

while the voltage and wire feed speed are maintained constant (Figure 9.6). This 

means an increase in the melting speed of wire-electrode, causing an increment in 

the MIG arc length because the self-regulation system has reached a new 

equilibrium point. Figure 6.21 proposes a new way of understanding the behavior of 

the self-regulation arc length of the MIG process when it is coupled with the plasma 

process in hybrid form. The scheme explains that by increasing the plasma current 

from IP1 to IP2, the MIG current IM1 will be influenced by raising its value to IM2, 

whereby the melting speed of the wire-electrode will exceed the wire feeding speed, 

displacing the static curve of the MIG arc a1 towards position a2. For higher plasma 

current values (IP3), the behavior described above is stronger. This behavior is for 

constant wire feed speed and voltage. 

 

Figure 6.21 – Illustration of the phenomenon of internal control of MIG-
Standard process during the paraxial hybrid plasma-MIG 
welding process.  

Darstellung des Phänomens der internen Kontrolle des MSG-
Standard-Prozesses während des paraxialen Plasma-MSG-
Hybridschweißprozesses. 
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The Figure 6.22 shows the current-voltage characteristics curves of the MIG 

process, noticing that the MIG voltage does not change significantly when the 

plasma current increases, however, when both welding processes work with 

currents above 200 A, the excessive repulsion between the welding arcs causes 

strong instabilities in the hybrid welding processes. Furthermore, with higher current 

configured in both welding processes, more metal vapors are released in the 

shielding gas and, therefore, the MIG voltage has the tendency to decrease. In the 

simulation and experimental studies with the TIG-MIG hybrid process made by 

Kanemaru et al. [13, 14], it was demonstrated that during the interaction between 

the MIG and TIG arcs the current path is established, influencing the thermal 

efficiency of the hybrid welding process and inducing a voltage drop in the TIG 

process. However, no significant changes were evidenced in the MIG arc voltage, 

although, it is commented that it is not recommend working with high MIG currents 

values, due to the metal transfer tends to be unstable and will reach the rotating 

spray transfer [13, 14]. 

 

Analyzing the behavior of the plasma process voltage for different wire feed speeds; 

a strong drop in voltage is observed (Figure 6.23). This drop in the plasma voltage 

Figure 6.22 – Voltage-current characteristics of MIG process for different 
plasma currents.  Torch distances: 20 mm. 

Spannungs-Strom-Eigenschaften des MSG-Prozesses für 
unterschiedliche Plasma-Prozessströme. Brennerabstände: 20 
mm. 
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depends on the wire feed speed. Similar behavior was observed when the coupling 

between plasma and MIG process was studied. However, the voltage drop is 

diminished when the plasma current increases. The voltage drop is around 43% 

when a wire feed speed of 16 m/min is used, taking as reference the single plasma 

process with a current of 100 A (Figure 6.23). For wire feed speed of 8 m/min, the 

plasma voltage decreases by 23%. When plasma current is set up to 300 A, the 

plasma voltage drop decreases to 20%, with no large differences (standard 

deviation of 0.46 V) for different wire feed speeds. This behavior agrees with the 

explanation proposed by Kanemaru et al. [13][14], Han et al [9] and Guo et al. [11] 

where the main explanation is the increase in metal vapors, reducing the ionization 

potential and, therefore, the voltage required for maintaining the arc. The reduction 

of the differences in plasma voltage while the plasma current increases 

demonstrates that influence of the MIG process is lower while the plasma current 

intensity increases. 

 

Figure 6.23 – Voltage-current curve of the plasma process for different wire 
feed speed with MIG-Standard.  

Spannungs-Strom-Kurve des Plasmaprozesses für 
unterschiedliche Drahtvorschubgeschwindigkeiten mit MSG-
Standard. 
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6.2.1.2 MIG-Pulsed process 

When the plasma current is increased a similar behavior in the welding arc is 

observed on the MIG-pulsed and MIG-standard modes. Figure 6.24 shows voltage 

curves of the MIG-Pulsed process, noticing that for 300 A of plasma current the 

instability is significant. On the other hand, the MIG-Pulsed current signal presented 

some instabilities just for 300 A of plasma current, mainly because of the strong 

interaction between the arcs (Figure 9.8). 

 

The current signal histogram does not show a significant variation on its pulse and 

base periods when the plasma current increases, however, a defined base phase 

is not observed for 300 A of plasma current, indicating instability in the MIG process 

for that configuration (Figure 6.25b). On the other hand, the voltage histogram 

shows a significant variation for different plasma current, where the base period is 

the most influenced, with a tendency to decrease in value as the plasma current 

increases. This voltage behavior could mean that plasma current is influencing the 

arc length of the MIG process, especially in the base period, because MIG current 

is lower and susceptible to an arc deflection effect. Another possibility suggested, is 

Figure 6.24 – MIG-Pulsed voltage for different plasma currents. MIG wire 
feed speed: 16 m/min.  

MSG-Impuls Spannung für verschiedene 
Plasmastromintensitäten. MSG-Drahtvorschubgeschwindigkeit: 16 
m/min. 
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due to the quantity of metallic vapors produced by the hybrid process increases, 

influencing mainly the base period because the current is lower and, therefore, 

requiring less voltage to maintain the arc.  

 

(a)                                                                     (b) 

The average voltage of the MIG-Pulsed process for different plasma currents is 

shown in Figure 6.26, observing a constant behavior, with standard deviations of 

0.4 V (16 m/min) and 0.07 V (14 m/min). Similar pattern had the average current of 

the MIG-Pulsed process (Figure 6.27). This constant behavior may be due to the 

pulse period having a greater influence at the time of calculating the average values 

and, as was observed in the histograms, the pulse period had a more stable 

behavior than the base period. This suggests that the plasma process has no 

influence on the MIG-Pulsed process during the hybrid welding. 

Figure 6.25 – Histograms for (a) voltage and (b) current of the MIG-Pulsed 
for different plasma current. MIG wire feed speed: 16 m/min.  

Histogramme für (a) Spannung und (b) Strom des MSG-Impuls für 
verschiedene Plasmastromintensitäten. MSG-
Drahtvorschubgeschwindigkeit: 16 m/min. 
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Through the high-speed images presented in Figure 6.28, the establishment of the 

current path for all the plasma currents is observed. The repulsion between the 

welding arcs is visible, however, it weakens during the base periods of the MIG 

process, due to the lower current during this period. Figure 6.29 shows the arc length 

measurements for the MIG-Pulsed process, where there is no clear trend. This can 

be explained by the fact that during the base periods, the MIG process becomes 

unstable for high plasma currents, causing changes in the arc length and, therefore, 

influencing the final average length. 

Figure 6.26 - Influence of the plasma current on MIG process voltage.  

Einfluss des Plasmastroms auf die MSG-Prozessspannung. 

Figure 6.27 - Influence of the plasma current on MIG process current.  

Einfluss des Plasmastroms auf den MSG-Prozessstrom. 
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Figure 6.30 shows the cross sections for the paraxial hybrid plasma-MIG process 

when the plasma current increases and MIG-Pulsed is used. The penetration depth 

has no significant differences when the plasma current increases, the exception is 

for 300 A, where the penetration profile is irregular due to instability of the welding 

process. These instabilities appear when MIG current is configured with higher 

Figure 6.28 – MIG-Pulsed process behavior for different plasma currents. 
MIG wire feed speed: 14 m/min; torch distances: 20 mm.  

MSG-Impuls Prozessverhalten für unterschiedliche 
Plasmastromintensitäten. MSG-Drahtvorschubgeschwindigkeit: 14 
m/min; Brennerabstände: 20 mm. 

Figure 6.29 – MIG-Pulsed arc length for different plasma currents. MIG wire 
feed speed: 14 m/min; torch distances: 20 mm. 

MSG-Impuls Lichtbogenlänge für unterschiedliche 
Plasmastromintensitäten. MSG-Drahtvorschubgeschwindigkeit: 
14 m/min; Brennerabstände: 20 mm. 
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levels than plasma process, thus, the advantages of the hybrid process are lost [7, 

13]. Penetration measurements in Figure 6.31 show a maximum value of 14 mm 

with plasma current of 200 A. With higher plasma currents the penetration had the 

tendency to decrease, promoted by the instabilities between the arcs. Although the 

plasma current has a slight influence in the penetration with MIG-pulsed, the weld 

bead penetration is deeper than with MIG-Standard. This difference in penetration 

between pulsed and spray metal transfer is due to the high current reached in the 

pulse phase of the MIG-Pulsed, that is around 450 A, in comparison with the 367 A 

of the MIG-Standard. Although, the influence of plasma current was more significant 

with MIG-Standard. 

 

 

Weld beads width and reinforcement had a linear tendency without a significant 

influence of the plasma current, with a correlation coefficient of 0.35 and the 

Figure 6.30 - Weld bead cross sections for different plasma currents with 
16 m/min of wire feed speed with MIG-Pulsed.  

Schweißraupenquerschnitte für unterschiedliche Plasmaströme 
mit 16 m/min Drahtvorschubgeschwindigkeit mit MSG-Impuls. 

Figure 6.31 - Influence of the plasma current on the MIG-Pulsed process 
penetration with 16 m/min of wire feed speed.  

Einfluss des Plasmastroms auf die Einbrand des MSG-Impuls-
Prozesses auf 16 m/min Drahtvorschubgeschwindigkeit. 



Experimental Researchs and Discussions Page 75 

 

standard deviation is 1 mm (Figure 9.9). This behavior was similar as with MIG-

Standard, where the plasma current just influences in the weld bead penetration 

and not in the width and reinforcement. In this case, the high current at the pulse 

phase has a higher effect on the penetration, however, the plasma process influence 

is still noticed. 

Analyzing how the MIG-Pulsed process influences on the voltage-current curve of 

the plasma process, it is noticed that the maximum voltage drop is reached with 100 

A of plasma current and the wire feed speed has no influence in the intensity of the 

plasma voltage drop (Figure 6.32). This behavior was expected from the previous 

analysis of the voltage and current, where no significant changes in the electrical 

signals were noticed. The voltage drop in the plasma process had the same 

behavior as with the MIG-Standard (Figure 6.23) and, as was explained, the drop is 

mainly caused by the great amount of metallic vapor, reducing the ionization 

potential of the shielding gas.  

 

 

Figure 6.32 - Voltage-current curve of the plasma process for different wire 
feed speed with MIG-Pulsed.  

Spannungs-Strom-Kurve des Plasmaprozesses für 
unterschiedliche Drahtvorschubgeschwindigkeiten mit MSG-
Impuls. 
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6.2.2 Plasma alternating current 

6.2.2.1 MIG-Standard process 

In the paraxial hybrid plasma-MIG process configured with alternating current in the 

plasma process is observed that the influence on penetration depth is not as strong 

as with direct current. Figure 6.33 shows the weld bead cross sections and 

porosities are observed just for the sample of single MIG process. Penetration 

increases with higher levels of plasma-AC, however, it is not deeper than plasma-

DC. A comparison of the penetrations between plasma-AC and DC is presented in 

Figure 6.34, showing how the DC configuration achieves greater penetrations, 

although the tendency to decrease for high current plasma is the same for both.  

 

Figure 6.33 - Weld bead cross sections for different plasma alternating 
current intensities.  

Schweißraupenquerschnitte für unterschiedliche Plasma-
Wechselstromintensitäten. 
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Comparing the penetration behavior between 16 m/min and 14 m/min wire feed 

speeds with plasma-AC (Figure 6.35), it observed that just for 16 m/min there is a 

trend towards increased penetration. With wire feed speed of 14 m/min, the 

penetration has not a clear tendency to increase due to the strong arc deflection, 

this influence in the arc pressure of the plasma arc and the metal transfer of the MIG 

process (Figure 6.35). 

Figure 6.34 – Penetration comparison for paraxial hybrid plasma-MIG 
process with plasma-DC and plasma-AC. Wire feed speed: 16 
m/min. 
Vergleich der Einbrand für das paraxiale hybride Plasma-MIG-
Verfahren mit Plasma-DC und Plasma-AC. 
Drahtvorschubgeschwindigkeit: 16m/min. 
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Weld beads width for 16 m/min of wire feed speed have a direct correlation to 

increase with plasma-AC (Figure 6.36). With 14 m/min the weld beads width and 

reinforcement have not a clear tendency, mainly due to instabilities in the arc. For 

16 m/min the reinforcement is reduced when the plasma-AC is raised, this behavior 

is explained with the increase of the weld beads width, which is due to the increase 

in arc length caused by the current flow permitted by the current path between the 

welding processes. 

Figure 6.35 – Influence of the plasma-AC on the weld bead penetration for 
different wire feed speed.  

Einfluss des Plasma-AC auf die Einbrand bei unterschiedlicher 
Drahtvorschubgeschwindigkeit. 
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Analyzing the images obtained from high-speed videos (Figure 6.37), it can be 

observed how the arc length of the MIG-Standard process increases as the plasma-

AC rises. This behavior is the same as observed for plasma-DC. In addition, it is 

noticed how the current path during the polarity transition is practically extinguished, 

although due to the short period of time of this transition the effects on the arc 

continue (longer MIG arc length). The arc length measurements presented in Figure 

6.38 show that the increase is linear while the plasma current was rising. It 

happened due to the wire melting speed being superior to the wire feed speed and, 

therefore, the autoregulation arc length of the MIG-Standard process cannot work 

properly. The wire melting speed increase promoted by the current that flows by the 

current path, established between the welding arcs. 

Figure 6.36 - Influence of the plasma-AC on the weld bead width and 
reinforcement for wire feed speed of 16 m/min and 14 m/min. 

Einfluss des Plasma-Wechselstroms auf die Schweißraupenbreite 
und -überhöhung für Drahtvorschubgeschwindigkeiten von 16 
m/min und 14 m/min. 
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Comparing the high speed videos in Figure 6.19 and Figure 6.37 is observed that 

the molten pool is different with plasma-AC, the material removed is less than with 

plasma-DC, suggesting an explanation to the lower penetration reached by AC. 

Figure 6.39 shows the oscillograms for plasma-AC in different levels and it is 

Figure 6.37 - MIG-Standard process behavior for different plasma-AC 
intensities. MIG wire feed speed: 16 m/min; torch distances: 
20 mm. 

MSG-Standard-Prozessverhalten für unterschiedliche Plasma-
Wechselstromintensitäten. MSG-Drahtvorschubgeschwindigkeit: 
16 m/min; Brennerabstände: 20 mm. 

Figure 6.38 - MIG arc length for different plasma-AC intensities. MIG wire 
feed speed: 16 m/min; torch distances: 20 mm.  

MSG-Lichtbogenlänge für unterschiedliche Plasma-
Wechselstromintensitäten. MSG-Drahtvorschubgeschwindigkeit: 
16 m/min; Brennerabstände: 20 mm. 
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observed that in positive polarity the current is maintained in 50 A, while in negative 

polarity the current is increased as require to achieve the RMS level configured in 

the power source. In simulations made by Kanemaru et al. [13] on hybrid TIG-MIG 

process, it was found that for low TIG currents in the range from 50 to 200 A, they 

are insufficient for melting the base material. Then most of the current becomes in 

the current path, which does not contribute to the heat input of the base metal. Thus, 

according with exposed by Kanemaru et al. [13], during the positive polarity it is not 

melting base material, the plasma current during this polarity is just contributing to 

the current path formation, therefore, the responsible for the penetration is the 

negative polarity with current levels over 200 A, however, it is not enough to reach 

the penetration obtained with plasma process using direct current. 

 

The current and voltage signals of the MIG process for different plasma-AC intensity 

did not present significant differences, although it was noticed noise in the acquired 

signals (Figure 9.10). With plasma current of 250 A, the hybrid process turned 

Figure 6.39 – Oscillograms for plasma-AC process during hybrid welding. 
Wire feed speed: 16 m/mim; Torch distances: 20 mm. 

Oszillogramme für den Plasma-Wechselstromprozess beim 
Hybridschweißen. MSG-Drahtvorschubgeschwindigkeit: 16 m/min; 
Brennerabstände: 20 mm. 
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unstable mainly due to the strong arc deflection promoted by the alternating 

polarities of the plasma process. 

The Figure 6.40 shows the plasma-AC influencing the average MIG current, noticing 

a tendency to increase the MIG current for 16 m/min and 14 m/min, however, for 

this last wire feed speed the increase ratio is lower than for 16 m/min. The 

explanation for the lower influence of the plasma current on the average MIG current 

for wire feed speed of 14 m/min, is based on the low stability of the current path 

formation. With 14 m/min the increase in MIG current is around 8 A, while for 16 

m/min is 20 A and, as was discussed in chapters before, with higher plasma and 

MIG current, stronger is the current path and quantity of metallic vapors that 

influence the MIG current and voltage, promoting the current flow between the 

welding processes. 

 

The MIG average voltage had a drop around 1.5 V for 16 m/min in comparison with 

the single MIG process voltage (Figure 6.41). Although, with 14 m/min no influences 

were noticed. The drop voltage was also noticed by Han et al. [7] in the paraxial 

plasma-MIG process with alternating current, describing that the charged particles 

in the coupled region spread to the MIG arc region, replenish the lost charged 

Figure 6.40 - Influence of the plasma-AC on MIG process current for 
different wire feed speeds.  

Einfluss der Plasma-Wechselstromintensitäten auf den MSG-
Prozessstrom auf unterschiedliche 
Drahtvorschubgeschwindigkeiten. 
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particles and energy, and improve the electrical conductivity of the MIG arc. 

Therefore, the power supply compensation is correspondingly reduced and the MIG 

arc voltage is decreased. With increasing the plasma current, the temperature and 

metal vapor in the molten pool increases, which causes the MIG arc conductivity to 

improve and the arc voltage to decrease. 

 

The voltage-current characteristic curves of the MIG process during the hybrid 

process are presented in Figure 6.42, showing that for the same MIG current the 

voltage in the hybrid process is lower than the single process. Figure 2.8 presented 

the voltage-current characteristics obtained by Han et al. [7], it is observed a similar 

behavior in MIG voltage as in Figure 6.42. The main influence on the MIG voltage 

is observed just for low MIG currents, thus, the plasma process has a stronger 

influence on the MIG process in these conditions. While how higher the MIG current 

is, the less influence on the plasma process on the MIG process. This also was 

observed for the hybrid TIG-MIG process in the work of Kanemaru et al. [13]. 

Figure 6.41 - Influence of the plasma-AC on MIG-Standard process voltage.  

Einfluss des Plasma-Wechselstroms auf die MSG-Standard-
Prozessspannung. 
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Comparing the averages of the electrical signals of the MIG-Standard process for 

plasma-DC and AC, it is observed that with alternating current the tendency to 

increase the MIG current is constant, although, in both cases (DC and AC) the 

maximum current transferred to the MIG process is with 300 A of plasma current 

(Figure 6.43). On the other hand, the average voltage of the MIG process had a 

tendency to decrease while the plasma current (AC and DC) increased. Therefore, 

it is possible to conclude that the behavior of the electrical signals of the MIG-

Standard process are independent of the type of current the plasma process uses 

(AC or DC). 

Figure 6.42 – Voltage-current characteristics of the MIG arc for different 
plasma-AC.  

Spannungs-Strom-Eigenschaften des MSG-
Lichtbogenschweißens für unterschiedliche Plasma-
Wechselstromintensitäten. 
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6.2.2.2 MIG-Pulsed process 

The paraxial hybrid plasma-MIG process with pulsed metal transfer behaved stably 

until the plasma current reached 200 A. After this current level the interaction 

between the arcs was unstable as observed from the voltage curves in Figure 6.44. 

The current measurements did not present instabilities for plasma currents greater 

than 200 A (Figure 9.11). The histograms of Figure 6.45 show an increase of MIG 

current in the base period about 20 A, while in the pulse period no significant 

changes are observed. In the case of voltage signal, for plasma currents of 200 A 

the MIG voltage decreased approximately 2 V, while for 250 A the voltage of the 

base and pulse periods are not distinguished, therefore, an unstable metal transfer 

in the MIG process is expected.  

Figure 6.43 - Influence of the plasma process (AC/DC) on the MIG-Standard 
process electrical signals during the hybrid welding. Wire 
feed speed: 16 m/mim; Torch distances: 20 mm. 

Einfluss des Plasmaprozesses (AC/DC) auf die elektrischen 
Signale des MSG-Prozesses (Standard) während des 
Hybridschweißens. MSG-Drahtvorschubgeschwindigkeit: 16 
m/min; Brennerabstände: 20 mm. 
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The macro sections of the weld beads made by paraxial hybrid plasma-MIG process 

are presented in Figure 6.46 observing that plasma-AC had not a significant 

influence. Irregular profiles were noticed with 250 A due to the instability of the arcs 

Figure 6.44 – MIG-Pulsed voltage for different plasma-AC. MIG wire feed 
speed: 16 m/min.  

MSG-Impuls Spannung und Strom für verschiedene Plasma-
Wechselstromintensitäten. MSG-Drahtvorschubgeschwindigkeit: 
16 m/min. 

Figure 6.45 - Histograms for (a) voltage and (b) current of the MIG-Pulsed 
for different plasma-AC. MIG wire feed speed: 16 m/min.  

Histogramme für (a) Spannung und (b) Strom des MSG-Impuls für 
verschiedene Plasma-Wechselstromintensitäten. MSG-
Drahtvorschubgeschwindigkeit: 16 m/min. 
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interaction. Figure 6.47 shows the weld bead penetration measurements, noticing 

that plasma-AC intensity had no influence on MIG-Pulsed as it was with MIG-

Standard process (Figure 6.35). In addition, comparing with plasma-DC is observed 

that the penetration had no significant differences, mainly due to the low effect that 

plasma process has on the MIG-Pulsed process with AC configuration. 

 
  

 

Weld beads width had a slight increase to 250 A (Figure 6.48), however, at high 

current level the weld bead geometry is influenced by the welding arc interactions 

Figure 6.46 - Weld beads cross sections for different plasma-AC with 16 
m/min of wire feed speed with MIG-Pulsed.  

Schweißraupenquerschnitte für unterschiedliche Plasma-
Wechselstromintensitäten mit  16 m/min 
Drahtvorschubgeschwindigkeit bei MSG-Impuls. 

Figure 6.47 - Influence of the plasma-AC with MIG-Pulsed on the 
penetration to 16 m/min of wire feed speed.  

Einfluss der Plasma-Wechselstromintensitäten mit MSG-Impuls 
auf das Einbrand auf 16 m/min Drahtvorschubgeschwindigkeit. 



Page 88 Experimental Researchs and Discussions 

 

and stabilities, causing irregular geometries. The reinforcement had not a clear 

tendency, although the standard deviation was 0.4 mm. This behavior is strongly 

promoted by the arc deflection between arcs, provoking instabilities in the molten 

pool and influencing the weld bead geometry. 

 

Analyzing the average current of MIG-Pulsed is noticed a gain of 12 A when the 

plasma-AC was 200 A (Figure 6.49). The average voltage had not a clear tendency, 

specially influenced by the instabilities with plasma current over 200 A, causing a 

dispersion of 1.6 V. Comparing the averages values of the electrical signals for 

plasma-AC and DC, MIG voltage had the tendency to reduce its value when the 

plasma process current increases, this behavior is the same independent of the type 

of current that plasma process uses (Figure 6.50). However, the drop voltage is 

higher with MIG-Pulsed (around 2 V), possibly due to the base period where the 

current and voltage are lower and, therefore, more susceptible to arc deflection 

effect and the reduction of the voltage by metallic vapors. 

Figure 6.48 - Influence of the plasma-AC with MIG-Pulsed on weld beads 
width and reinforcement to 16 m/min of wire feed speed.  

Einfluss des Plasma-AC mit MSG-Impuls auf die 
Schweißraupenbreite und -überhöhung auf 16 m/min 
Drahtvorschubgeschwindigkeit. 
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The images of Figure 6.51 obtained by means of a high-speed camera, show that 

current path is established between the two welding arcs, however, during the 

transition periods between negative and positive polarity of plasma process, the 

Figure 6.49 - Influence of the plasma-AC on MIG process current and 
voltage with 16 m/min of wire feed speed.  

Einfluss der Plasma-Wechselstromintensitäten auf den Strom und 
die Spannung des MSG-Prozesses bei einer 
Drahtvorschubgeschwindigkeit von 16 m/min. 

Figure 6.50 - Influence of the plasma process (AC/DC) on the MIG-Pulsed 
process electrical signals during the hybrid welding. Wire 
feed speed: 16 m/mim; Torch distances: 20 mm. 

Einfluss des Plasmaprozesses (AC/DC) auf die elektrischen 
Signale des MSG-Prozesses (Impuls) während des 
Hybridschweißens. MSG-Drahtvorschubgeschwindigkeit: 16 
m/min; Brennerabstände: 20 mm. 
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current path is interrupted, influencing the behavior of the MIG-Pulsed process. 

Figure 6.52 shows the arc length measurements, observing a slight tendency to 

increase, although with a standard deviation of 0.7 mm. This behavior of the arc 

length is due to instability of the current path, which influenced the melting speed of 

the wire-electrode. The current path instability is due to the change of polarities on 

the plasma process, and the current flow between the welding processes is 

interrupted during the polarity transition, it provokes a non-constant melting speed 

of the wire-electrode and, therefore, an erratic change of the arc length in the MIG-

Pulsed process. As also discussed during the analysis of the electrical signals, the 

low currents in the MIG process during the base period contribute to the 

destabilization of the current path and therefore of the arc length. 

 

Figure 6.51 - MIG-Pulse process behavior for different plasma-AC. MIG wire 
feed speed: 16 m/min; torch distances: 20 mm.  

MSG-Impuls-Prozessverhalten für unterschiedliche Plasma-
Wechselstromintensitäten. MSG-Drahtvorschubgeschwindigkeit: 
16 m/min; Brennerabstände: 20 mm. 
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The Figure 6.53 shows the current-voltage curve for the plasma-AC process, 

noticing that the MIG-Pulsed caused a drop voltage about 5 V and the wire feed 

speed had not a significant influence. The behavior observed for 300 A of plasma 

current is a result of the strong instability between the welding arcs. 

 

Figure 6.52 - Arc length of the MIG-Pulsed welding process for different 
plasma-AC.  

Lichtbogenlänge des MSG-Impuls-Schweißprozesses für 
unterschiedliche Plasma-AC. 

Figure 6.53 - Voltage-current curve of the plasma process AC for different 
wire feed speeds with MIG-Pulsed.  

Spannungs-Strom-Kurve des Plasmaprozesses AC für 
unterschiedliche Drahtvorschubgeschwindigkeiten mit MSG-
Impuls. 
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6.2.3 Conclusions 

The paraxial hybrid plasma-MIG process demonstrates that it is capable to work 

with different metal transfer in the MIG process and with different polarities in the 

plasma process, achieving weld beads with low porosities and defects in general. 

The maximum penetration was obtained by the combination of plasma DC (200 A) 

and MIG-Pulsed process, however, single MIG process with the same configuration 

reached 12 mm of penetration, while paraxial hybrid plasma-MIG process reach 

13.7 mm, it mean that hybrid process obtained just a 14% more of penetration in its 

best welding condition. Therefore the best configuration for the paraxial hybrid 

plasma-MIG process is with the MIG-Pulsed and Plasma-DC processes because 

the hybrid arc between both processes is more stable (low interaction between 

them) and the plasma constrictor nozzle is not damaged. 

It is concluded that there is effectively an interaction between the welding arcs 

during coupling, which is intensified when one of them increases its energy. There 

is an increase in the current of the MIG-Standard process and a decrease in the 

voltage of the plasma process (with AC and DC configuration). In the case of the 

MIG-Pulse process there is no clear trend in the behavior of its electrical signals, 

which may be due to the low current level in its base period, which affects the 

formation and stability of the current path, the main medium for current flow between 

processes. This current flow influenced the wire melting rate of the MIG-Standard 

process, which increased the arc length in a linear manner as the plasma current 

(AC or DC) increased. In the case of the MIG-Pulsed process there was no clear 

tendency to increase. 

6.3 Relevance of MIG and plasma processes on the penetration of the hybrid 

welding 

The welding processes that compound the paraxial hybrid plasma-MIG process 

were studied separately in the last chapters, both showed an influence in the 

penetration and in the electrical signals of each other. However, it is relevant to know 

which one has the strongest influence in the penetration. The Figure 6.54 shows the 

comparison of the penetration reached by the paraxial plasma-MIG process in 

function of the arc power of both welding processes coupled. The first 2 curves on 

the left (dots and crosses) were obtained increasing the wire feed speed of the MIG 
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process and maintaining the plasma current constant in 100 A. On the right side of 

the same plot, it is observed 2 curves (square and triangle) that represent the 

penetration of the hybrid process when the plasma current (direct and alternating) 

is increased and the MIG wire feed speed is maintained constant in 16 m/min. From 

Figure 6.54 is concluded that changes in the wire feed speed has a stronger 

influence on the weld bead penetration than changes in the plasma current. 

Furthermore, it is observed that the hybrid process requires less energy when the 

plasma current is maintained low and the MIG process increases its current (curves 

with dots and crosses).  

 

Kanermaru et al. [13] studying the TIG-MIG hybrid process noticed that penetration 

depth was increased when TIG current was greater than MIG current. However, in 

the range of TIG current less than MIG current, the penetration depth was 

independent of TIG process, as was noticed with plasma process in Figure 6.54. 

The results obtained by Kanemaru et al. [13] suggest that plasma current needs to 

be greater than the MIG current for arc stability. Then, increased plasma current 

Figure 6.54 – Penetration comparison obtained by the paraxial hybrid 
plasma-MIG process with different arc power, depending on 
which welding process increases its current (MIG or plasma).  

Vergleich der Einbrand durch den paraxialen Plasma-MSG-
Hybridprozess mit unterschiedlichen 
Lichtbogenleistungsintensitäten, je nachdem welcher 
Schweißprozess seinen Strom erhöht (MSG oder Plasma). 
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increases the penetration depth. From the study of the TIG-MIG process it is 

possible to conclude that an energy balance is necessary between welding 

processes, deciding the specific task of each one. In the case of the paraxial hybrid 

plasma-MIG process, the penetration was mostly influenced by the MIG process, 

because its current was greater than plasma process, when the latter was 

maintained at 100 A. On the other hand, the plasma current is limited by the 

constrictor nozzle, which cannot work in currents greater than 300 A. Therefore, the 

plasma process cannot exceed the MIG process current, which with 16 m/min has 

a current of 380 A. Based on the results obtained in this study, it is suggested that 

in the paraxial hybrid plasma-MIG process, the plasma current should be low 

enough to maintain the stability of the hybrid process and provide a preheat on the 

base material, while the MIG process works with high current levels to reach deep 

penetrations. 

The behavior observed in the penetration obtained by the paraxial hybrid plasma-

MIG process in Figure 6.54, when plasma current increases, can be interpreted as 

a decrease in the efficiency of the process, which is caused by the formation of the 

current path, which is promoted mainly by the plasma process. As it was observed 

in Figure 6.19 when plasma current increases, the current path becomes more 

constant and stronger, which influences the melting rate of the wire-electrode, 

causing an increase in the MIG arc length, which in turn influences the final 

penetration achieved by the process [52]. Measurements of the efficiency of the 

TIG-MIG hybrid process show that it is 10% less efficient than its single versions 

[14], because part of the MIG current does not flow into the base metal due to the 

formation of the current path, which decreases the energy imposed on the base 

metal. Currently there is no bibliography on the efficiency of the plasma-MIG 

process, however, Figure 6.54 shows that by increasing the power of the hybrid 

process by increasing plasma current, penetration is not strongly influenced, turning 

the process inefficient in this term. 

The penetration achieved by the paraxial hybrid plasma-MIG process was superior 

to the single MIG process, as seen in Figure 6.54. This increase in penetration was 

around 20%, compared with a single MIG process with 16 m/min of wire feed speed. 

This is a significant value, if it is compared to the results obtained by Kanemaru et 
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al [13] for the TIG-MIG process, where it reduced the welding time by 17 to 44% 

compared to the single TIG process. Therefore, it is possible to conclude that the 

paraxial hybrid plasma-MIG process achieves greater penetration than the single 

Plasma and MIG processes. 

6.4 Commercial alternative: SuperMIG 

The SuperMIG equipment, a commercial alternative to the paraxial hybrid plasma-

MIG process, was tested according to conditions described in the sub-chapter 5.3. 

The analysis of the weld beads (Figure 9.12) and electrical signals (Figure 9.13 and 

Figure 9.14) show that there are no significant differences between the SuperMIG 

and the paraxial hybrid plasma-MIG process. The current path in the welding arcs 

was noticed in SuperMIG, following the same trend observed in the results observed 

in Chapter 6.2. Cross sections of the weld beads made by SuperMIG are presented 

in Figure 6.55, where it is noticed that increasing the plasma current increases the 

penetration, similar to the results obtained by the paraxial hybrid plasma-MIG 

process.  

 

The absence of differences between the weld beads obtained by the commercial 

version SuperMIG and the experimental version of the paraxial hybrid plasma-MIG 

process was expected, because the configuration between the torches is the same. 

However, the behavior of the electrical signals and the current path was expected 

to be different. In the next sub-chapter the influence of the parameter called 

Figure 6.55 – Weld bead cross sections for different plasma currents (a) 
100 A (b) 200 A (c) 300 A made by SuperMIG. MIG wire feed 
speed: 16 m/min; Magnetic level compensation: 40%.  

Schweißraupenquerschnitte für unterschiedliche Plasmaströme 
(a) 100 A (b) 200 A (c) 300 A von SuperMIG. MSG-
Drahtvorschubgeschwindigkeit: 16 m/min; 
Magnetpegelkompensation: 40%. 
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“magnetic compensation level” will be studied, which aims to stabilize the interaction 

between the coupled arcs by applying an external magnetic field between them. 

This parameter is expected to influence especially the electrical signals of the 

welding processes, because it should mainly affect the deflection of the arcs and 

the formation of the current path. 

6.4.1 Magnetic level compensation 

The SuperMIG is characterized by special electromagnets placed on the shielding 

gas nozzle end (Figure 4.3), which are designed to apply the required magnetic 

force to push the plasma back to the impingement spot and hold it in place during 

the welding process. The electromagnets create 2 forces and the direction is based 

on the interaction of two magnetic fields, one force keeps plasma in center, and the 

other one “returns” the plasma to counteract the MIG forces [8]. The electromagnets 

are controlled by SuperMIG display by means of the parameter named “Magnetic 

level compensation” and it has no unit of measurement, the intensity of this 

parameter is measured in percentages, starting from 5% until 70%.  

From the description given by Weldobot [8], it is possible to expect that the 

"Magnetic level compensation" induces in the plasma and MIG arcs a controlled 

deflection, which should increase when the intensity of the external magnetic fields 

exerted by the electromagnets increases. If the arcs approach each other it means 

a change in the length of the arcs, which would have a direct relation with the 

magnetic level compensation. Figure 6.56 shows the behavior of the SuperMIG arc 

when the external magnetic field intensity is increased, noticing that the current path 

is established between the arcs of the MIG and plasma processes. However, no 

significant changes were observed between the arcs for different intensities 

configured and the process stability was similar to the paraxial hybrid plasma-MIG 

process (Figure 6.19).  
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The voltage and current measurements of the plasma and MIG processes in 

SuperMIG do not show significant changes when the magnetic level compensation 

is increased (Figure 9.15) and, as observed in Figure 6.56, no significant deflections 

(attraction) were noticed in the arcs of each welding process. The current path 

behavior was the same for each external magnetic field intensity tested. This 

suggests that magnetic level compensation would have no influence in the weld 

bead, due to power and stability of the arcs did not change. 

The analysis of the weld beads made for different magnetic level compensation are 

presented in Figure 6.57, not observing significant differences between them. These 

observations are confirmed with the measurements made to the cross sections of 

the weld beads, not noticing differences in the penetration, width and reinforcement 

of the weld beads. Similar results were obtained by SLV München [3], where no 

influences were noticed on the weld bead appearance, quality and profile 

penetration with the same equipment on steel. 

Figure 6.56 – Comparison of arcs behavior of the SuperMIG when the 
magnetic level compensation increases for different plasma 
current polarities. MIG wire feed speed: 14 m/min; plasma 
current: 100 A.  

Vergleich des Lichtbogenverhaltens des SuperMIG bei 
zunehmender magnetischer Niveaukompensation für 
unterschiedliche Plasmastrompolaritäten. MSG-
Drahtvorschubgeschwindigkeit: 14 m/min; Plasmastrom: 100 A. 
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The measurements of the current and voltage of the electromagnets for different 

intensities of the magnetic level compensation are presented in Figure 6.58 and no 

significant changes are noticed in the electrical signals. The values of the voltage 

and current are considerably lower in comparison with the welding processes, in 

addition, there are no specifications about the coils in the electromagnet, therefore, 

it is not possible to estimate the intensity of the magnetic field produced by the 

currents and voltages measured. Simulations made by SLV München [3] on the 

influence of the external magnetic fields of 0 mT, 5 mT and 10 mT on the plasma 

and MIG arcs behavior, concluding that only a strong external magnetic field 

(superior than 5 mT) can significant influence the welding arcs. The model 

calculations cast doubt on whether a sufficiently strong magnetic field can be 
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Figure 6.57 – Weld beads cross sections and its measurements for 
different magnetic level percentages. MIG wire feed speed: 
14 m/min; plasma current: 100 A.  

Schweißraupenquerschnitte und deren Messungen für 
unterschiedliche Prozentsätze des Magnetpegels. MSG-
Drahtvorschubgeschwindigkeit: 14 m/min; Plasmastrom: 100 A. 
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generated with the installed coils in the electromagnets of the SuperMIG, in order to 

be able to influence the arcs of each process [3]. 

 

A Fast Fourier transform (FFT) analysis was made in the current signal of the 

electromagnet (Figure 9.16), with the objective to know if there is a patron or change 

in the frequency of the signals and no differences were noticed. All the curves have 

the same behavior in frequency and current intensity (Figure 9.17). Therefore, it is 

possible to conclude that there are no differences in set intensity of 10% or 70%. 

The electrical signals of the electromagnets were measured when the plasma 

current and the wire feed speed were increased, each parameter separately, in 

order to know if the SuperMIG equipment has a capacity to adapt changes in the 

intensity of the magnetic fields generated by the welding processes. Figure 6.59 

shows that there are no differences in the current and voltage of the electromagnets 

when the plasma current increases, which discarded the option of a self-adjustment 

of the magnetic field generated by the electromagnets. Furthermore, an increase in 

the voltage and current in the electromagnets is observed for plasma currents 

greater than 200 A, which coincides with the unstable behavior of the welding arcs 
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Figure 6.58 – Characterization of the magnetic level compensation 
intensities in RMS current and voltage. MIG wire feed speed: 
14 m/min; plasma current: 100 A.  

Charakterisierung der Magnetpegelkompensationsintensitäten in 
Effektivstrom und -spannung. MSG-
Drahtvorschubgeschwindigkeit: 14 m/min; Plasmastrom: 100 A. 
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studied in the previous chapters. This increase in current and voltage may be due 

to an induced current from the MIG and plasma arcs in the electromagnets. In the 

case of increasing the wire feed speed, there is a tendency to increase the intensity 

of the electric signals in the electromagnets, however, the variation is low, 

approximately 0.3 V and 0.06 A (Figure 6.60). In contrast, increasing the plasma 

current the variation of the voltage and current in the electromagnets was superior 

than for high levels of wire feed speed, this may be due to the position of the plasma 

process with respect to the electromagnets, which would increase the induction of 

current on them in comparison with MIG process (Figure 4.3).  
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Figure 6.59 – Influence of the plasma process on the electrical signals of the 
electromagnets. MIG wire feed speed: 14 m/min; magnetic 
level compensation: 40%.  

Einfluss des Plasmaprozesses auf die elektrischen Signale der 
Elektromagnete. MSG-Drahtvorschubgeschwindigkeit: 14 m / min; 
Magnetpegelkompensation: 40%. 
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6.4.2 Conclusions 

Analyzing the interaction between the arcs in the SuperMIG and their electrical 

signals, in addition to measuring the voltage and current of the electromagnets, it is 

not possible to conclude that the external magnetic field generated by the 

electromagnets is influential in the stability or behavior of the MIG and plasma arcs 

coupled. Other studies that used the SuperMIG equipment do not mention the 

magnetic level compensation in their studies, or the requirement of an external 

magnetic field to stabilize the interaction between the welding arcs [7, 11, 56]. 

Simulations and experiments made on the SuperMIG for steel as base material and 

wire-electrode demonstrate that the external magnetic field has not an influence in 

the quality, appearance and profile penetration of the weld beads [3]. Furthermore, 

the simulation concluded that coils in the SuperMIG torch would not have the 

capacity to generate a strong magnetic field to influence the arcs of each welding 

process. On the other hand, the studies made on the TIG-MIG hybrid welding 

process did not use external magnetic fields to achieve good stability and interaction 

between the arcs [13, 14, 53–55]. The interaction between the welding arcs 

observed in these studies were similar to obtained by SuperMIG or plasma-MIG 

paraxial process, specially the establishment of the current path between the arcs. 
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Figure 6.60 – Influence of the wire feed speed on the electrical signals of the 
electromagnets. MIG wire feed speed: 14 m/min; magnetic 
level compensation: 40%.  

Einfluss der Drahtvorschubgeschwindigkeit auf die elektrischen 
Signale der Elektromagnete. MSG-Drahtvorschubgeschwindigkeit: 
14 m/min; Magnetpegelkompensation: 40% 
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Comparing the results obtained by the paraxial hybrid plasma-MIG process with the 

SuperMIG, it is noticed that the quality of the weld bead and the stability of the arcs 

coupling do not depends on an external magnetic field. 

6.5 Application: Aluminum joints EN AW6060-T66 

The application of the paraxial hybrid plasma-MIG process on aluminum joints was 

done in two manners: in the first analysis 10 mm joints were compared using 

plasma-DC and AC; the second analysis is done on 15 mm thick joints where the 

paraxial hybrid process is compared with the single MIG process (Standard mode) 

and the SuperMIG. The goal of the study on 10 mm thick plates is to observe if there 

are differences in mechanical properties when using AC or DC in the plasma 

process when it is working coupled with the MIG process. While the study on 15 mm 

thick joints, the objective is to observe the limits of the hybrid process in comparison 

to a single process. 

The conditions to make the joints are described in Chapter 5. The parameters used 

were sought with the aim of achieving the highest possible welding speed, while the 

stability of the welding process was not compromised. 

6.5.1 Microstructures 

Tests on 10 mm joints show that there are no significant differences in the quality of 

joints made with plasma-DC or AC. Superficially no defects or undercuts are 

observed. The weld bead made with DC presents a smoother surface than the joint 

made with AC (Figure 9.18). In case of the joint roots there are no significant 

differences between both types of current, with total penetration (Figure 9.19). 

Analyzing the weld bead cross sections, total penetration without lack of fusion in 

the roots for both current types is observed (Figure 6.61). Large internal porosities 

or cracks are not observed. 
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The 15 mm thick joints without edge preparations (I-joint) and 2 mm gap were tested, 

total penetration was reached. Figure 6.62 shows a comparison between single 

MIG, SuperMIG and paraxial plasma-MIG process where all of them reach total 

penetration, however, the profile of the single MIG process was narrower than the 

other welding processes. The superficial appearance of the weld beads made by a 

single MIG process had an irregular surface (Figure 9.20), caused by the unstable 

metal transfer (rotative spray) due to high current used (around 400 A). The different 

penetration shape is due to the short arc of the single MIG process, causing an arc 

constriction and a reduction of the weld bead width. Furthermore, the high wire feed 

speed made the molten pool size bigger due to the excessive molten material 

coming from the wire-electrode and base material. It caused changes in the arc 

length by accumulation and lack of material in some areas of the weld bead (Figure 

9.20c). In contrast, the hybrid processes had smooth superficial appearance and 

good penetration shape due to the MIG arc length being higher, caused by the 

current path between the arcs. In addition, the extra power from the plasma process 

increases the molten pool temperature causing a reduction of the superficial tension 

of the liquid metal and, therefore, increases the weld bead width. 

Figure 6.61 – Joint comparison made by paraxial hybrid plasma-MIG 
process between plasma direct and alternating current. Butt 
joint 10 mm thickness without gap and 100 A as plasma 
current with 15 m/min of wire feed speed.  

Gemeinsamer Vergleich durch Plasma-MIG-Hybridverfahren 
zwischen Plasma-Gleich- und Wechselstrom. Stoßverbindung 10 
mm Dicke ohne Spalt und 100 A als Plasmastrom mit 15 m/min 
Drahtvorschubgeschwindigkeit. 
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Joints made with plasma-AC resulted in less oxygen content, especially in the face 

region of the weld bead (Figure 6.63). This result agrees with the study made by 

Cho et al. [57], where it was proved that a single plasma-AC process reduces the 

amount of oxygen in the weld bead, compared with welds made with DC. This 

reduction in the oxygen suggests a minor quantity of oxides inside of the weld beads. 

Magnesium and silicon have no significant changes in their amounts, discarding an 

influence of the plasma polarity in the diffusion of these alloys.  

Analyzing the microstructure of the joints of 10 mm thick, the weld metal (WM) is 

composed mainly by dendrites, where the joint made by plasma-AC shows a minor 

dendrite arm spacing (Figure 6.64a) in comparison with plasma-DC (Figure 6.65a). 

In Figure 6.66 is shown the SEM images of the WM and it is noticed the presences 

of micro-pores or interdendritic pores [25], who have two main formation 

mechanisms. One is the solidification shrinkage of liquid metal, and the other is due 

to gas formation. However, it is difficult to tell that those pores are caused by which 

mechanism. On the other hand, in Figure 6.66 is also noticed Al-Si structures in the 

interdendritic spaces of eutectic structures in the α-Al matrix, described by Liang et 

al. [53] and Nikseresh et al. [58]. In addition, the wire filler ER4043 enriched the Al-

Si structures found in the interdendritic spaces of the WM, due to the around 5% of 

silicon content. 

Figure 6.62 - Welding joints with 2 mm gap and without bevels (I-Joint) made 
by (a) paraxial plasma-MIG (b) SuperMIG (c) MIG. Aluminum 
joints 15 mm thick. Plasma-DC. 

Schweißverbindungen mit 2 mm Spalt und I-Stoß aus (a) Plasma-
MSG paraxial (b) SuperMIG (c) MSG. Aluminiumverbindung 15 mm 
dick. Plasma-DC. 
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Figure 6.63 - Distribution of oxygen, magnesium and silicon in the weld 
beads made by paraxial plasma-MIG process with different 
plasma polarity in joints of 10 mm thick.  

Verteilung von Sauerstoff, Magnesium und Silizium in den 
Schweißraupe, hergestellt durch ein paraxiales Plasma-MSG-
Verfahren mit unterschiedlicher Plasmapolarität in Verbindungen 
mit einer Dicke von 10 mm. 
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Figure 6.64 – Microstructures of weld beads made by paraxial plasma-MIG 
process with plasma AC. MIG wire feed: 15 m/min; plasma 
AC: 100 A. Aluminum joint 10 mm thick. 

Mikrostrukturen von Schweißraupen hergestellt im paraxialen 
Plasma-MSG-Verfahren mit Plasma-AC. MSG-Drahtvorschub: 15 
m/min; Plasma-AC: 100 A. Aluminiumverbindung 10 mm dick. 

Figure 6.65 - Microstructures of weld beads made by paraxial plasma-MIG 
process with plasma DC. MIG wire feed: 15 m/min; plasma 
DC: 100 A. Aluminum joint 10 mm thick  

Mikrostrukturen von Schweißraupen hergestellt in einem Plasma-
MSG-Paraxialprozess mit Plasma-DC. MSG-Drahtvorschub: 15 
m/min; Plasma DC: 100 A. Aluminiumverbindung 10 mm dick. 
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The region of the WM near to partially melted zone (PMZ) consist mainly of columnar 

dendrites and there were no significant differences observed between plasma-AC 

(Figure 6.64b) and plasma-DC (Figure 6.65b). The columnar dendrites grow 

perpendicularly from PMZ to the center of the WM, due to the high temperature 

gradient. The next microstructure observed is the PMZ, characterized by refined 

grains due to the cooling rate is fast, finer grains structure are obtained in this area 

than in the HAZ. While comparing the PMZ obtained by plasma-AC (Figure 6.64b) 

and DC (Figure 6.65b) it is difficult to tell which one is finer, however, it is noticed 

that the PMZ of the plasma-DC is wider. This behavior in the PMZ width is due to 

higher power of the hybrid process with plasma-DC, who increase the heat input, 

which results in longer high temperature period and slower cooling rate. Thus, the 

grains suffer considerable coarsening and the area of recrystallization increases. 

On the other hand, the HAZ for both types of current did not show significant 

differences. 

Comparing the microstructure of the face and root areas in the WM, regions A and 

D, it is noticed that grains in the root are finer, not observing differences between 

plasma-AC (Figure 6.64d) and plasma-DC (Figure 6.65d). The differences in grain 

size for same weld beads is due to the cooling rate being faster in the root than in 

the face region, mainly because the copper bar used as a backing increases the 

Figure 6.66 – SEM of weld metal made by paraxial hybrid Plasma-MIG 
process with (a) Plasma-AC (b) Plasma-DC. Aluminum joints 
10 mm thick. 

REM von Schweißgut hergestellt durch ein Plasma-MSG-
Paraxialverfahren mit (a) Plasma-AC (b) Plasma-DC. 
Aluminiumverbindung 10 mm dick. 
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cooling rate, in comparison with the face region where the hybrid arc is ignited and 

provides constant heat input. This behavior in the cooling rate also influences the 

PMZ in the root area, observing that there is not a clear definition of this zone, just 

noticing the WM and HAZ. Furthermore, no differences were observed in the PMZ 

in the root area for plasma-AC (Figure 6.64c) and plasma-DC (Figure 6.65c). 

As the aluminum alloy for the 15 mm thick joints is the same as for the previously 

analyzed 10 mm thick joints, the microstructure in the joints is the same (Figure 9.21 

and Figure 9.22). The main difference lies in the higher cooling rate due to the 

greater thickness of the 15 mm joints. Therefore, the microstructure is more refined. 

In addition, it was observed that the single MIG process (Figure 9.22) has more 

internal porosities than the hybrid processes (Figure 9.21), this because the single 

MIG process has less energy. 

6.5.2 Mechanical properties 

Microhardness tests were performed for the joints with 10 mm thickness, extracting 

3 samples for each joint. In Figure 6.67 the microhardness profile in the upper region 

of the joint is compared, 1 mm below the surface. The characteristically 

microhardness profile of the aluminum with a wide heat affected zone (HAZ) is 

observed. The behavior of the microhardness is similar for AC and DC, however, 

the joints made with plasma-DC are softer than AC, due to the higher power reached 

with plasma-DC. With higher power means higher heat input and, therefore, the 

width of the HAZ increases. Gürel et al. [24] mention that this behavior is especially 

true for the precipitation-hardenable aluminum alloys. On the other hand, it is 

observed that in the weld metal (WM) there is a slight difference in the 

microhardness being harder the WM made by plasma-AC due to finer grains in 

comparison with the obtained by plasma-DC (Figure 6.64). The PMZ is well defined 

and for plasma-DC has a lower value than for AC, as observed for the HAZ. The 

PMZ is a transition area between the WM and HAZ. Normally, a part of grains in 

PMZ are finer than those in HAZ and the other part of grains are similar to the grains 

of HAZ. However, the values of microhardness in PMZ decreases rapidly from a 

higher value to a lower value. Another reason is that the temperature in a part of 

PMZ (finer grains) is high enough to achieve the solution temperature, which causes 

the precipitates strengthening phase (Mg2Si) dissolving into the solid solution and 
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becoming a supersaturated solid solution. Then the re-precipitation does not occur 

due to the insufficient cooling time. 

 

The microhardness in the root region was also measured and the behavior of the 

profile has no significant differences between both types of currents (Figure 6.68). 

However, the PMZ is not well defined as in the face region mainly because the 

cooling rate in the root region is higher, influenced by the copper backing bar. 

Figure 6.67 - Microhardness profiles of the weld beads made by the paraxial 
hybrid plasma-MIG process with plasma AC and DC. 
Aluminum joint 10 mm thick. 

Mikrohärteprofile der Schweißraupen hergestellt nach dem 
paraxialen Plasma-MSG-Hybridverfahren mit Plasma-AC und DC. 
Aluminiumverbindung 10 mm dick. 
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The average microhardness for each region demonstrates that the hybrid process 

with plasma-AC is slightly harder than with plasma-DC, especially in the PMZ 

(Figure 6.69). Furthermore, the HAZ did not present significant differences for each 

type of current. On the other hand, it is observed that in the root area, the 

microhardness is greater in comparison to the face of the joint, which is due to the 

rapid cooling to which this zone is subjected, promoting grains finer and, therefore, 

increasing the microhardness of the area.  

Figure 6.68 - Microhardness profiles across the root weld beads made by 
the paraxial hybrid plasma-MIG process with alternating and 
direct current. Aluminum joints 10 mm thick. 

Mikrohärteprofile über den Schweißraupen, hergestellt nach dem 
Plasma-MSG-Paraxialverfahren mit Wechsel- und Gleichstrom. 
Aluminiumverbindung 10 mm dick. 
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Figure 6.70 compares the microhardness profiles for joints of 15 mm thick in the 

upper region of the joints and 1 mm below the surface. The weld beads made by 

the SuperMIG have the lowest microhardness, while the single MIG process and 

the plasma-MIG had similar microhardness values, however, the HAZ of the hybrid 

processes were wider than the single MIG process. The arc power of the SuperMIG 

arc was 16.2 kW, while the paraxial hybrid plasma-MIG process was 15.4 kW and 

the single MIG process was 9.5 kW. The arc power in the SuperMIG explains the 

lowest microhardness observed in the Figure 6.70, while the lowest arc power in the 

MIG process explains the narrower HAZ and higher microhardness. The PMZ is not 

noticed in the measurements, it suggests that temperature in the PMZ was not high 

enough to achieve the solution temperature and then to be strengthened by 

precipitation phases (Mg2Si). 

Figure 6.69 - Average microhardness and arc power for paraxial plasma-
MIG process with plasma-DC and AC. Aluminum joint 10 mm 
thick. 

Durchschnittliche Mikrohärte und Lichtbogenleistung für den 
paraxialen Plasma-MSG-Prozess mit Plasma-DC und AC. 
Aluminiumverbindung 10 mm dick. 
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The average microhardness for the different regions in the weld bead cross section 

show that WM in the root region is slightly harder than in the face area, this is due 

to finer grains obtained by the higher cooling speed (Figure 6.71). Comparing the 

welding processes, MIG single process has the higher microhardness, mainly 

because the low arc power promotes higher cooling speeds. 

 

 

Figure 6.70 - Microhardness profiles for joints with 15 mm thick. Plasma-DC. 

Mikrohärteprofile für Fugen mit 15 mm Dicke. Plasma-DC. 
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Tensile stress and elongation of the joints with 10 mm thick did not present 

significant differences as observed in the Figure 6.72, discarding an influence of the 

type of plasma current on the mechanical resistance of the joints. Figure 9.23 shows 

the samples after the tensile stress test. It can be seen that the joints are deformed 

and necking occurred before fracture. The fracture area is in HAZ, roughly 15-20 

mm from the center of the WM. The joint demonstrated relatively good deformation 

capability before fracture. Comparing the fracture position of the Figure 9.23 and the 

microhardness profile of the Figure 6.67 is noticed that the fracture occurs in the 

most softener area of the HAZ. This behavior was also noticed by Liang et al. [54] 

with the TIG-MIG hybrid process in the alloy 6061-T6. 

Figure 6.71 – Average microhardness and welding arc power comparison 
between different welding processes for a joint of 15 mm 
thickness. Plasma-DC. 

Vergleich der durchschnittlichen Mikrohärte und der 
Lichtbogenleistung zwischen verschiedenen Schweißprozessen 
für eine Verbindung mit einer Dicke von 15 mm. Plasma-DC. 
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Tensile stress tests for joints with 15 mm thick show that a single MIG process has 

around 20 MPa more of mechanical strength (Figure 6.73), while the elongation is 

lower in comparison with the joints made by hybrid processes. On the other hand, 

the SuperMIG process has the lowest strength resistance, mainly promoted by the 

higher arc power that produced the softener HAZ. Figure 9.24 shows the failure 

region of the tensile samples, noticing that fractures are located in the HAZ for all 

welding processes.  

 

Figure 6.72 - Stress of the welding joints for plasma-MIG paraxial hybrid 
process with plasma DC and AC. Aluminum joints 10 mm 
thick. 

Spannung der Schweißverbindungen für den paraxialen Plasma-
MSG-Hybridprozess mit Plasma-DC und -AC. 
Aluminiumverbindung 10 mm dick. 
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6.5.3 Hydrogen measurements 

Measurements of the amount of hydrogen in the face and in the root area were 

made as presented in Figure 6.74, showing that plasma-DC had a lower amount of 

hydrogen compared to AC. In addition, the highest concentrations of hydrogen were 

in the face region of the weld beads. The higher power of the hybrid process with 

plasma-DC could explain the lower amount of hydrogen in its joints, giving more 

time to the hydrogen to diffuse outside of the weld bead. Furthermore, the stability 

of the hybrid process with plasma DC would reduce the disturbance in the shielding 

gas, diminishing the quantity of air in contact with the molten pool. The face area 

had the highest concentration of hydrogen because is where the gases enter and 

exit from the molten pool. In addition, the hydrogen that diffuse from the root region, 

also diffuse towards the face region, making this area the most prone to gas 

concentrations. When the hydrogen amounts of the base material and the wire-

electrode are compared with the total amount in the weld beads, it is observed that 

the hydrogen increases in about 5 times.  

Figure 6.73 – Average tensile stress of 15 mm joints made by different 
welding processes. Plasma-DC. 

Durchschnittliche Zugspannung von 15 mm dicken 
Verbindungen, die durch unterschiedliche Schweißverfahren 
hergestellt wurden. Plasma-DC. 
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The X-ray images in the Figure 9.25 show internal porosities in the joint made with 

hybrid AC process, however, it is not possible to discard the presence of pores in 

the joint made with plasma-DC. Gürel et al. [24] mentioned that big pores are 

bubbles formed when during the cooling and solidification decreases the hydrogen 

solubility, specially a sharp drop at the solidification temperature between liquid and 

solid. Thus, if the bubbles cannot float out from the weld pool before solidification, 

they will form pores in the weld bead (Figure 9.25b). 

The Figure 6.75 shows the hydrogen amount in the joints of 15 mm thick, noticing 

that the paraxial plasma-MIG process had the higher amount, especially in the root 

region. Comparing the hydrogen distribution with the joints of 10 mm thickness, it is 

noticed that 15 mm thickness concentrated it mainly in the root region. This behavior 

could be promoted by the higher cooling rates, this cause that molten pool cool down 

faster and then the hydrogen bubbles have no time to diffuse from the root to the 

face of the weld bead. However, as observed in the cross sections in the Figure 

6.62, internal porosities are not noticed and mechanical properties were not 

influenced by the hydrogen content.  

Figure 6.74 - Average hydrogen content in the joints, base material and 
wire-electrode  for paraxial hybrid plasma-MIG process with 
plasma-DC and AC.  

Durchschnittlicher Wasserstoffgehalt in den Verbindungen, im 
Grundmaterial und in der Drahtelektrode für den paraxialen 
Plasma-MSG-Hybridprozess mit Plasma-DC und -AC. 
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6.5.4 Conclusions 

All joints made of 10 mm aluminum plates without joint preparation had total 

penetration, independent of the type of current in the plasma process. Although, the 

joints made with alternating current had a higher amount of hydrogen than those 

made with direct current. The tensile tests did not show significant differences, being 

able to conclude that there is no significant influence in the tensile stress when the 

hybrid process is configured with plasma-AC or DC. However, the hybrid process 

becomes more stable when working with plasma-DC. Furthermore, the tungsten 

electrode has a longer useful life with direct current, positively influencing the 

productivity of the welding process. 

The results also demonstrate that it is possible to make joints of 15 mm thickness in 

one pass with all the welding processes tested, however, the hybrid processes 

demonstrated are superior in weld bead appearance and arc stability. Furthermore, 

the differences between the SuperMIG and paraxial plasma-MIG process were not 

significant. The higher arc power of the hybrid process made the difference to reach 

a good penetration profile and contact angle in the reinforcement. Joints without 

gaps were not possible to make due to large amount of material provided to the 

molten pool by the higher wire feed speed, reducing the penetration and influencing 

the arc stability.  

Figure 6.75 – Hydrogen content in 15 mm thickness joints. Plasma-DC.  

Wasserstoffgehalt in 15 mm dicken Fugen. Plasma-DC. 
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7 Conclusions and Outlook 

This work presented the complex interaction between MIG and plasma processes 

when they are coupled in a tandem configuration to form a hybrid welding process, 

with the main objective to take advantage of the key characteristics of each one and 

in a synergic way to increase the productivity in the task of making welded joints. 

Furthermore, a direct comparison of both welding arcs with different types of static 

welding source characteristics was presented for the first time, which directly 

influences the behavior and stability of the hybrid welding process. 

The gradual hybridization between the plasma and MIG processes showed that 

there is a strong interaction between them from the 25 mm distance between the 

welding torches. From this distance both welding arcs establish a plasma or current 

path, which allows them to exchange electrically charged particles that affect the 

normal behavior of the electrical signals of the welding process. This interaction is 

reflected in a strong voltage drop in the plasma process and an increase in current 

in the MIG process. In addition, the stability of the MIG process is strongly affected 

and the welding parameters must be adjusted to establish a new point of stability 

between the two processes. 

Once the current path is established no significant differences in weld beads 

penetration were found for torch distances less than 25 mm. However, it was 

observed that the interaction of the welding arcs tends to be unstable when they are 

closer to each other. This instability is improved when the welding parameters are 

adapted, i.e. when an energy balance between them is established. This energy 

balance does not follow any particular criteria and only one study has proposed this 

parameter as an indicator of the stability of the hybrid process. However, it is 

recommended that one of the welding processes be the one with the highest energy. 

In the specific case of this study, it is recommended that the MIG process be the 

most energetic. 

The use of a MIG process with different metallic transfer (Spray and Pulsed) had a 

direct influence on the arc length behavior of the MIG process. The current path 

transfers current to the MIG process from the plasma process, which increases the 

melting rate of the wire-electrode and affects the self-regulation system of the arc 

length for welding sources with static characteristics of constant voltage. This 
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phenomenon intensifies as the plasma current increases, reaching a point where 

the contact tip of the MIG torch is melted. On the other hand, with a Pulsed metal 

transfer configured this does not happen, because the arc length is regulated by an 

internal control system of the welding source, therefore, the arc length tends to be 

constant as the plasma current increases. 

The use of alternating current in the plasma process to ensure cathodic cleaning in 

the aluminum joints proved not to be necessary. The MIG process performs the 

function of filling the joint and at the same time performing cathodic cleaning, while 

the plasma process establishes a keyhole or preheats the base material (depending 

on the configured current). In addition, the hybrid process proved to be more stable 

with direct current in the plasma process. 

Studying the commercial version of the hybrid plasma-MIG process (SuperMIG) no 

significant differences were found when compared to the results obtained by joining 

the torches of each welding process independently. This also rules out the need for 

an external magnetic field to stabilize the welding arcs. The results of the joints made 

by each welding process do not show significant differences in the tensile strength 

and hydrogen content inside the joints. From this application the single MIG process 

still proves to be competitive compared to the hybrid option, where for 15 mm joints 

plasma-MIG proves to have a slight advantage compared to the MIG process.  

Despite the acquired results and research in the hybrid processes, open tasks and 

unanswered questions remain. These are: determine the physical properties of the 

current path, measure metal vapors (by spectrometry) to estimate the minimum 

amount needed for current exchange, all this with the main objective of establishing 

a model of the current path. Also a study focusing on the deposition rate of the MIG 

process when influenced by the current path is recommended, as this would affect 

aspects such as vapor recoil pressure and the Marangoni effect in the molten pool. 

Based on the results obtained in this work, it is recommended to continue the 

research by changing the plasma process to the TIG process, because the latter 

can work with currents higher than 300 A, which would help to increase the 

productivity of the hybrid process in welding joint applications, reaching higher 

energy balances from those used in this work. 
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9 Appendix 

 

 

Figure 9.1 - Plasma current for different distances between torches. Plasma 
DC: 100 A; MIG wire feed speed: 16 m/min.  

Plasmastrom für unterschiedliche Brennerabstände. Plasma DC: 
100 A; MIG-Drahtvorschubgeschwindigkeit: 16 m/min. 

Figure 9.2 - Plasma alternating current for different distances between 
torches. Plasma AC: 150 A; MIG wire feed speed: 12 m/min.  

Plasma-Wechselstrom für unterschiedliche Brennerabstände. 
Plasma-Wechselstrom: 150 A; MIG-Drahtvorschubgeschwindigkeit: 
12 m/min. 
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Figure 9.3 - MIG voltage and current for different distances between 
torches. Plasma DC: 100 A; MIG wire feed speed: 16 m/min.  

MSG-Spannung und -Strom für unterschiedliche Abstände 
zwischen Brennern. Plasma DC: 100 A; MSG-
Drahtvorschubgeschwindigkeit: 16 m/min. 
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Figure 9.4 - MIG voltage and current for different distances between 
torches. Plasma AC: 150 A; MIG wire feed speed: 12 m/min.  

MSG-Spannung und -Strom für unterschiedliche Abstände 
zwischen Brennern. Plasma-AC: 150 A; MSG-
Drahtvorschubgeschwindigkeit: 12 m/min. 
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Figure 9.5 - Comparative histogram between plasma-AC powers for 
different distances between welding torches. Plasma-AC: 150 
A; MIG wire feed speed: 12 m/min.  

Vergleichendes Histogramm zwischen Plasma-
Wechselstromleistungen für unterschiedliche Abstände zwischen 
Schweißbrennern. Plasma-AC: 150 A; MSG-
Drahtvorschubgeschwindigkeit: 12 m/min. 

Figure 9.6 - MIG voltage for different plasma currents. MIG wire feed speed: 
16 m/min.  

MSG-Spannung für verschiedene Plasmaströme. MSG-
Drahtvorschubgeschwindigkeit: 16 m/min. 
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Figure 9.7 – Influence of the plasma current on MIG process voltage.  

Einfluss des Plasmastroms auf die MSG-Prozessspannung.  

Figure 9.8 - MIG-Pulsed current for different plasma current intensities. MIG 
wire feed speed: 16 m/min.  

MSG-Impuls Strom für verschiedene Plasmastromintensitäten. 
MSG-Drahtvorschubgeschwindigkeit: 16 m/min. 
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Figure 9.9 - Influence of the plasma current with MIG-Pulsed process in the 
width and reinforcement of the weld beads to 16 m/min of wire 
feed speed.  

Einfluss des Plasmastroms beim MSG-Impuls-Verfahren auf die 
Breite und Überhöhung der Schweißraupen auf 16 m/min 
Drahtvorschubgeschwindigkeit.  
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Figure 9.10 - MIG voltage and current for different plasma-AC intensities. 
MIG wire feed speed: 16 m/min.  

MSG-Spannung und -Strom  für verschiedene Plasma-
Wechselstromintensitäten. MSG-Drahtvorschubgeschwindigkeit: 
16 m/min.  
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Figure 9.11 - MIG-Pulsed current for different plasma-AC. MIG wire feed 
speed: 16 m/min.  

MSG-Impuls Strom für verschiedene Plasma-
Wechselstromintensitäten. MSG-Drahtvorschubgeschwindigkeit: 
16 m/min. 

Figure 9.12 - Penetration, width and reinforcement of the weld bead cross 
sections made by SuperMIG with different plasma currents. 
MIG wire feed speed: 16 m/min; Magnetic level 
compensation: 40%.  

Einbrand, Breite und Verstärkung der 
Schweißraupenquerschnitte von SuperMIG mit unterschiedlichen 
Plasmastromintensitäten. MSG-Drahtvorschubgeschwindigkeit: 
16 m/min; Magnetpegelkompensation: 40%.  
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Figure 9.13 - Average voltage and current of the MIG process when the 
plasma current is increased. SuperMIG equipment; MIG wire 
feed: 16 m/min; Magnetic level compensation: 40%.  

Durchschnittliche Spannung und Stromstärke des MSG-
Prozesses, wenn der Plasmastrom erhöht wird. SuperMIG-
Ausrüstung; MSG-Drahtvorschub: 16 m/min; 
Magnetpegelkompensation: 40%.  

Figure 9.14 - Average voltage and current of the plasma process when the 
wire feed speed is increased. SuperMIG equipment; plasma 
current: 100 A; Magnetic level compensation: 40%.  

Durchschnittliche Spannung und Stromstärke des 
Plasmaprozesses bei Erhöhung der 
Drahtvorschubgeschwindigkeit. SuperMIG-Ausrüstung; 
Plasmastrom: 100 A; Magnetpegelkompensation: 40%.  
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Figure 9.15 - Average current and voltage of MIG and plasma processes for 
different magnetic level intensities. MIG wire feed speed: 14 
m/min; plasma current: 100 A.  

Durchschnittlicher Strom und Spannung von MSG- und 
Plasmaprozessen für unterschiedliche Intensitäten des 
Magnetpegels. MSG-Drahtvorschubgeschwindigkeit: 14 m/min; 
Plasmastrom: 100 A.  
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Figure 9.16 - Current signals of the electromagnets for different magnetic 
level compensations. MIG wire feed speed: 14 m/min; plasma 
current: 100 A.  

Stromsignale der Elektromagnete für unterschiedliche 
Magnetpegelkompensationen. MSG-
Drahtvorschubgeschwindigkeit: 14 m/min; Plasmastrom: 100 A.  

Figure 9.17 - Fast Fourier transform (FFT) of the current signal in the 
electromagnets for different magnetic level compensation. 
MIG wire feed speed: 14 m/min; plasma current: 100 A.  

Schnelle Fourier-Transformation (FFT) des Stromsignals in den 
Elektromagneten für unterschiedliche 
Magnetpegelkompensationen. MSG-
Drahtvorschubgeschwindigkeit: 14 m/min; Plasmastrom: 100 A.  
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Figure 9.18 - Superficial appearance of the welding joints of 10 mm 
thickness aluminum AW6060-T66 with paraxial hybrid 
plasma-MIG process with (a) plasma-DC (b) plasma-AC.  

Oberflächliches Erscheinungsbild der Schweißverbindungen aus 
10 mm dickem Aluminium AW6060-T66 mit paraxialem Plasma-
MSG-Hybridverfahren (a) Plasma DC (b) Plasma AC.  

Figure 9.19 - Root appearance of the welding joints of 10 mm thickness 
aluminum AW6060-T66 with paraxial hybrid plasma-MIG 
process (a) plasma-DC (b) plasma-AC.  

Wurzel der Schweißverbindungen aus 10 mm dickem Aluminium 
AW6060-T66 mit paraxialem Plasma-MSG-Hybridverfahren (a) 
Plasma DC (b) Plasma AC.  
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Figure 9.20 - Superficial appearance of the 15 mm joint without edge 
preparation (I-joint) made by (a) SuperMIG (b) paraxial 
plasma-MIG (c) MIG.  

Oberflächliches Erscheinungsbild der 15-mm-Verbindung I-Stoß 
hergestellt durch (a) SuperMIG (b) Plasma-MSG-Paraxial (c) 
MSG.  

Figure 9.21 - Microstructures of weld beads made by SuperMIG. MIG wire 
feed: 18 m/min; plasma-DC: 200 A. Aluminum joints 15 mm 
thick. 

Mikrostrukturen von Schweißraupen von SuperMIG. MSG-
Drahtvorschub: 18 m/min; Plasma DC: 200 A. 
Aluminiumverbindung 15 mm dick.  
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Figure 9.22 - Microstructures of weld beads made by single MIG process. 
MIG wire feed: 18 m/min. Aluminum joints 15 mm thick. 

Mikrostrukturen von Schweißraupen im Einzel-MSG-Verfahren. 
MSG-Drahtvorschub: 18 m/min. Aluminiumverbindung 15 mm dick.  

Figure 9.23 - Welding joint samples used in the tensile test for paraxial 
hybrid plasma-MIG process with plasma (a) direct current (b) 
alternating current. Aluminum joints 10 mm thick. 

Schweißverbindungsproben, die im Zugversuch für das paraxiale 
Plasma-MSG-Hybridverfahren mit Plasma (a) DC (b) AC 
verwendet wurden. Aluminiumverbindung 10 mm dick.  
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Figure 9.24 - Tensile test samples for (a) SuperMIG (b) MIG (c) paraxial 
plasma-MIG process. Aluminum joint 15 mm thick. 

Zugversuchsproben für (a) SuperMIG (b) MSG (c) Plasma-MSG-
Paraxialprozess. Aluminiumverbindung 15 mm dick.  

Figure 9.25 - X-ray image for plasma-MIG paraxial process with plasma (a) 
DC (b) AC. Aluminum joints 10 mm thick.  

Röntgenbild für einen paraxialen Plasma-MSG-Prozess mit 
Plasma (a) DC (b) AC. Aluminiumverbindung 10 mm dick.  
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