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ABSTRACT 
 
Paul Kah  
 
 
Usability of laser–arc hybrid welding processes in industrial applications 
 
Lappeenranta 2011 
100 pages  

 
Acta Universitatis Lappeenrantaensis 434 
Diss. Lappeenranta University of Technology 
ISBN 978-952-265-099-3   
ISBN 978-952-265-100-6 (PDF) 
ISSN 1456-4491 
 
Metal industries producing thick sections have shown increasing interest in the laser–arc 
hybrid welding process because of its clear advantages compared with the individual 
processes of autogenous laser welding and arc welding. One major benefit of laser–arc 
hybrid welding is that joints with larger gaps can be welded with acceptable quality 
compared to autogenous laser welding. The laser-arc hybrid welding process has good 
potential to extend the field of applications of laser technology, and provide significant 
improvements in weld quality and process efficiency in manufacturing applications. The 
objective of this research is to present a parameter set-up for laser–arc hybrid welding 
processes, introduce a methodical comparison of the chosen parameters, and discuss how 
this technology may be adopted in industrial applications. The research describes the 
principles, means and applications of different types of laser–arc hybrid welding 
processes. Conducted experiment processing variables are presented and compared using 
an analytical model which can also be used for predictive simulations. 
 
The main argument in this thesis is that profound understanding of the advanced 
technology of laser-arc hybrid welding will help improve the productivity of welding in 
industrial applications. Based on a review of the current knowledge base, important areas 
for further research are also identified. 
 
This thesis consists of two parts.  The first part introduces the research topic and discusses 
laser–arc hybrid welding by characterizing its mechanism and most important variables. 
The second part comprises four research papers elaborating on the performance of laser–
arc hybrid welding in the joining of metals. The study uses quantitative and qualitative 
research methods which include in-depth, interpretive analyses of results from a number 
of research groups. In the interpretive analysis, the emphasis is placed on the relevance 
and usefulness of the investigative results drawn from other research publications.  
 
The results of this study contribute to research on laser–arc hybrid welding by increasing 
understanding of how old and new perspectives on laser–arc hybrid welding are evidenced 
in industry. The research methodology applied permits continued exploration of how 
laser–arc hybrid welding and various process factors influence the overall quality of the 
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weld. The study provides a good foundation for future research, creates improved 
awareness of the laser–arc hybrid welding process, and assists the metal industry to 
maximize welding productivity.  
 
Keywords: Laser–arc hybrid welding, synergistic effect, welding parameters, penetration 

depth, weld width, welding speed, process distance, distortions, industrial 
applications 
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Järeitä rakenteita valmistavat metalliteollisuuden alat ovat osoittaneet kasvavaa 
kiinnostusta laserhybridihitsausprosessia kohtaan, koska sillä on selkeitä etuja 
lisäaineettoman laserhitsauksen ja kaarihitsauksen erillisiin prosesseihin nähden. Yksi 
laserhybridihitsauksen merkittävä etu lisäaineettomaan laserhitsaukseen verrattuna on, että 
liitoksia, joissa on suurehkoja ilmarakoja, voidaan hitsata riittävän laadukkaasti. 
Laserhybridihitsausprosessi tarjoaa hyvän mahdollisuuden laajentaa laserteknologian 
sovellusaluetta ja tuo merkittäviä parannuksia hitsauksen laatuun ja prosessin 
tehokkuuteen valmistussovelluksissa. Tämän tutkimuksen tavoitteena on esittää 
laserhybridihitsausprosessien parametriasetukset, tehdä valittujen parametrien 
metodologinen vertailu ja pohtia laserhybridihitsausprosessin käyttömahdollisuuksia 
teollisissa sovelluksissa. Tutkimuksessa kuvaillaan erilaisten laserhybridihitsausprosessien 
periaatteet, keinot ja sovelluskohteet. Tieteellisessä tutkimuksessa käytetyt  
prosessimuuttujat on kerätty yhteen ja ne esitellään ja niitä vertaillaan analyysimallilla, 
jota voidaan käyttää myös ennustesimulaatioissa. 
 
Tämän tutkimuksen pääväite on, että laserhybridihitsauksen kehittyneen teknologian 
syvällinen ymmärtäminen auttaa parantamaan hitsauksen tuottavuutta teollisissa 
sovelluksissa. Tämänhetkiseen tutkimustietoon perustuvan katsauksen pohjalta osoitetaan 
myös tärkeitä aiheita lisätutkimusta varten. 
 
Väitöskirja koostuu kahdesta osasta. Ensimmäisessä osassa esitellään tutkimusaihe ja 
käsitellään laserhybridihitsausta luonnehtimalla sen mekanismia ja tärkeimpiä muuttujia. 
Toinen osa koostuu neljästä tutkimusartikkelista, joissa käsitellään laajemmin 
laserhybridihitsauksen toimivuutta metallien liittämisessä. Tutkimuksessa käytetään 
kvantitatiivisia ja kvalitatiivisia menetelmiä, joihin sisältyy perusteellisia tulkitsevia 
analyysejä useiden tutkimusryhmien tuloksista. Analyysin pääpaino on muista 
tutkimusjulkaisuista kerättyjen tutkimustulosten oleellisuudessa ja hyödyllisyydessä.  
 
Tämän työn tulokset edistävät osaltaan laserhybridihitsauksen tutkimusta laajentamalla 
käsitystä siitä, miten laserhybridihitsauksen vanhat ja uudet näkymät ilmenevät 
teollisuudessa. Tutkimusmenetelmän myötä on mahdollista tutkia syvällisemmin, miten 
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laserhybridihitsaus ja useat prosessin osatekijät vaikuttavat hitsin yleiseen laatuun. Työ 
tarjoaa hyvän pohjan tuleville tutkimuksille, lisää laserhybridihitsausprosessin tunnettuutta 
ja tukee metalliteollisuutta hitsauksen tuottavuuden maksimoinnissa.  
 
Avainsanat: Laserhybridihitsaus, synergistinen vaikutus, hitsauksen parametrit, 

tunkeuman syvyys, hitsin leveys, hitsausnopeus, prosessien välimatka, 
muodonmuutokset, teolliset sovellukset      
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1 INTRODUCTION  
 
 
1.1 Introduction to Laser-arc hybrid welding 
 
Laser–arc hybrid welding is a process (see Fig 1) in which the arc provides energy and molten 
metal (if filler wire is added) whilst the laser produces characteristics such as deep penetration, arc 
stability and extension of the root. It is, thus, possible to increase productivity and improve weld 
quality simultaneously (Abe & Hayashi, 2002) in comparison to welds produced with each process 
independently.  This combination of heat sources has been receiving considerable attention because 
it can offer many advantages. These advantages are, for example, deeper penetration, higher 
welding speeds, wider gap tolerance, better weld bead surface appearance, and reduced welding 
defects leading to a smaller amount of porosity, in addition to compensating the drawbacks of both 
individual processes. These potential benefits can only be achieved when the processes are correctly 
combined (Steen & E boo, 1979; Beyer et al., 1994; Abe et al., 1998; Tsuek & Suban, 1999 ; 
Kutsuna & Chen, 2002; Schubert et al., 2002; Beyer, 2003; Ishide et al., 2003; Naito et al., 2003; 
Petring et al., 2003; Naito et al., 2004; Uchiumi et al., 2004; Katayama, 2005; Staufer, 2005).  
 
 
1.1.1 Autogenous laser welding 
 
Laser welding has gained great popularity as a promising joining technology with its acknowledged 
advantages of high quality, precision, performance and speed, as well as good flexibility and low 
deformation or distortion. In addition, it is a valuable process in many industrial applications owing 
to its suitability for robot technology, reduced man-power needs compared with other welding 
forms, full automation, systematization and production lines (Katayama, 2005). Laser welding has 
undergone considerable development in the last 20 years and has become an established process in 
practice. The high-power laser types most commonly used, including the most proven laser systems 
for  hybrid  technology  development,  are  CW  CO2 and Nd:YAG lasers, mainly because of their 
prevalence in laboratory and industrial environments. However, disc, fibre and fibre-delivered high-
power diode lasers also meet all the requirements to act as primary heat sources, and it is expected 
that these laser types will increasingly be applied in future hybrid technology developments. Powers 
of up to 20 kW for CO2 lasers, and up to 6 kW for YAG lasers permit high-speed welding. Fibre 
and disc lasers are not only fibre deliverable with equal or higher powers but are much less 
intimidating for potential hybrid welding users. These lasers are eas ier to operate and maintain, 
robust, and relatively low-cost per kW. In spite of the wide applicat ion opportunities for lasers in 
joining, there are certain limitations, namely, the high cost of equipment and maintenance, as well 
as the demands imposed on joint preparation, welding positions and workpiece thickness. These 
limitations are encouraging the development of new solutions using different methods (Beyer et al., 
1994; Abe et al., 1998; Ishide et al., 2003; Petring et al., 2003; Staufer, 2005). 
 
 
1.1.2 Conventional arc welding processes 
 
Arc welding is the most widely used technology in joining applications because the machines are 
inexpensive and easy to operate, and the outcomes of the we lding processes are successful. 
Drawbacks are shallow penetration, and humping of weld beads in high-speed we lding, among 
others (Abe & Hayashi, 2002; Di lthey & Wieschemann, 1999). An arc can be unstable because it 
can deviate unpredictably between the wo rkpiece and t he electrode tip, resulting in an irregular 
weld. Under normal circumstances, the arc selects the route between the electrode and the 
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workpiece which has the smallest electrical resistance. For instance, welding of titanium by the 
MIG process is difficult because the arc cathode is not ‘‘stable’’ and drifts around on the weld bead, 
producing spatter. Combining as little as 200 W of laser power and a pulsed MIG helps with the 
weld puddle problem by locking the cathode location, which results in a regular weld bead (Shinm, 
2005).  
 
Arcs with consumable electrodes,  i.e.  gas metal  arcs,  or arcs with non-consumable electrodes,  i.e.  
gas tungsten or plasma tungsten arcs, can be chosen as secondary heat sources. An arc welding 
process with increased productivity, like tandem welding and SAW, has also been used as a 
secondary heat source. The essential criterion for the choice of the electrode type is usually the 
necessity of filler metal to solve a specific welding problem. If any addition of filler metal is 
required, standard or typical procedures with consumable electrodes should be applied, otherwise 
arcs with non-consumable electrodes are preferred. The specification of each particular process 
combination usually depends on the specific demands of the welding task. Considering the variety 
possible process regimes for each individual process, specification of appropriate processing 
parameters for laser–arc hybrid techniques has to be regarded as a challenging task. In most of the 
applications and research discussed below, the laser is the major contributor to the welding action, 
with the arc providing an assisting or modifying effect, leading to the commonly-used term arc 
augmentation. 
 
The main problem encountered in transferring laser–arc hybrid welding to industrial use has been 
the high capital cost of the laser equipment. The driving force for research in laser hybrid 
processing has, therefore, been the perceived need to find ways of reducing the laser power required 
for the application so that a lower power, and thus less expensive, laser could be used. In this 
context,  it  was thought that  if  the arc was used to preheat the workpiece prior to laser welding, a 
laser of reasonably low power could be used while still yielding the advantages of laser welding 
(Dilthey & Wieschemann, 2000; Katayama, 2005). 
 
 

 
 
Figure 1 Schematic representation of laser-arc hybrid welding process. 
 
 
1.2 Emphasis of the study 
 
The work presented in this dissertation gives a novel analysis of the different laser–arc hybrid 
processes. The process variables that influence these processes and the applicability of laser-arc 
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hybrid welding in industrial applications are studied. The different processes in hybrid welding are 
studied in four publications (I-IV). This study also aims to establish the productivity benefit of 
using laser–arc hybrid welding in welding thick sections of metal. The novelty in this study is that 
the approach created for studying laser–arc hybrid welding is based on an investigative 
reproduction of different variables. The viewpoint is centred on the correct presentation of variables 
and parameters related to welding of metals by the laser–arc hybrid process.  
 
The main research question concerns how hybrid welding can be effectively implemented in 
industry. This question is investigated in four parts, which are as follows: 
 
1. Laser–arc hybrid welding processes (Publication I) 

2. The relative location of the laser beam and arc in the hybrid welding process (Publication II) 

3. The effect of process gases in the laser–arc hybrid welding process (Publication III)  

4. The effect of process parameters in laser–arc hybrid welding (Publication IV) 

The information presented herein is based on a critical analysis of results published by various 
research groups in the field of laser–arc hybrid welding. The research approach has as its foundation 
discussions with experts in the field and the analytical process modelling of studies carried out in 
various scientific institutes and industries. 
 

1.2.1 Contribution of the thesis 
 
As mentioned previously, the significance of laser–arc welding processes is increasing because of 
its potential benefits. The research presented in this dissertation gives: 
 

- An overview of the general principles and practices of laser–arc hybrid welding in terms of 
the characteristics of the processes and external process variables.  

- A review of the development of laser–arc hybrid welding procedures for specific metals. 
- A comparison of processing data from various researchers. 
- An illustration of the application status of the processes with a number of industrial 

examples, drawing attention to areas in which future development can be expected. 
- An understanding of the efficiency of various laser–arc hybrid welding processes, which are 

evaluated through the welding of materials with varying thicknesses under different 
processing conditions and through theoretical assessments.  
 

The research in this dissertation is fundamental for laser–arc hybrid welding and can be used to 
estimate the productivity of the process. The results of this study can be used to assess the strengths 
and limitations of laser–arc hybrid welding relative to laser or arc welding of metals. Based on this 
assessment, procedures for optimizing the processing parameters for the welding of metals are 
studied.  
 
 
1.2.2 Motivation 
 
This study is motivated by recent interest in laser–arc hybrid welding in the metal industries, and it 
is the first of its kind to present laser–arc hybrid in this approach. Welding of metals using the 
laser–arc hybrid welding process has gained a lot of interest in recent years, and nowadays the 
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process is performed in a range of industries. Continuous research and developments in laser–arc 
hybrid welding have extended the scope of industrial laser–arc hybrid welding applications to weld 
thick sections. Conventional arc welding processes have long been the preferred option when 
welding metals because of their availability, well-known technology and low cost. On the other 
hand, the arc is often not stable, the welding is not fast enough, a wide HAZ is generated in the 
weld, and distortion is produced in the product. Generally, this study aims to make available a 
comprehensive review of the performance of the laser–arc hybrid welding process in the welding of 
metal and draw attention to the productivity benefits over laser or arc welding processes. 
Consequently, with these objectives in mind, the work in this dissertation is accomplished through a 
theoretical analysis of the main aspects of laser–arc hybrid welding in the welding of metals.  
 
 
1.2.3 Research objectives  
 
The objectives of this dissertation in the science and technology of welding in industrial 
applications are:  
 
1. To investigate the performance and productivity benefits of laser–arc hybrid in the welding of 

metals. 

2. To define factors which have an effect on the choice of process and its optimization for the 
attainment of high quality welds. 

3. To introduce a new and comprehensive way to classify laser–hybrid welding systems. 

This study brings together knowledge on laser–arc hybrid welding and takes into account special 
features of welding procedures which have not previously been presented in this way. The study 
will assist the welding industry maintain profitability and high productivity and help manufacturing 
companies make welded products using the laser–arc welding process in a more economical way.  
 
 
1.2.4 Structure of the thesis  
 
The thesis consists of two parts. The first part comprises six sections, the outline of which is 
presented in Table 1. The second part of the thesis comprises four research papers addressing the 
research questions given above.  
 
Table 1. Outline of Part I 
 

Chapter Aim of Chapter Output  
1. Introduction Introduction to the study 

Insight 
State of art, Comparison of processes 
Research objectives, research questions, 
research methods 
Selection of the process 
Future of the process 
Consideration of the process,  
Benefiting sectors 
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2. Theoretical 
background 

The context of research 
Schematic representation 
of welding apparatus 
Production cost  
considerations 

Plasma characteristics 
Synergistic effect of arc and laser 
Preheating mechanism 
Weld shape and design of the process 
Research methods of powers 
Set-ups with more than two sources 
Comparison of costs with other processes 

3. 
Applications 

Industrial application of 
the process 

Significant progress 
Opportunities of the process 

4. Further 
studies 

Point out gaps in the 
literature 

Summary of the most important findings 

5. Discussion 
and 
conclusions 

Summary of research and 
value of contribution to the 
research  

Limitations of the study 
Personal reflections on the study 

6. Summary of 
publications 

Summary of research 
papers 

Study performed and results obtained 

 
 
1. 3 State of art in laser-arc hybrid welding 
 
Laser-arc hybrid welding is not a new technology because the combination of laser light and an 
electrical arc in an amalgamated welding process dates back to the 1970s in the works of Steen and 
Eboo (Steen & Eboo, 1979; Steen, 1980) who combined a 2 kW CO2 laser and a TIG arc for 
welding and cutting applications. These early investigations already showed that the combination of 
a laser beam and an arc within a common process zone is more than a simple combination of the 
two heat sources. The laser beam creates a vapour capillary, due to its very high energy density of 
more than 106 W/cm², and the so-called keyhole enables a deep penetration welding effect where 
the beam energy is absorbed throughout the workpiece depth. An electric arc is created between the 
wire (the anode) and the workpiece (the cathode). The energy flow density of the freely burning arc 
is slightly more than 104 W/cm² in the case of MIG or TIG with wire addition, and this arc melts the 
filler wire. Droplets are detached and transferred to the workpiece to fill a joint gap, and to create 
the desired weld shape. TIG augmented laser welding was the first approach to be researched; 
MIG/MAG was the first commercial application and it is now commonly known as laser hybrid 
welding (Steen & Eboo, 1979; Tusek & Suban, 1999). Various laser-arc hybrid welding processes 
exist as defined by Kah et al. (2010) 

Laser beams (high energy density) and electric arcs (the acting area on the workpiece has low 
energy density typically suitable for welding in a heat conduction mode) are quite different welding 
heat sources but both work under a gaseous shielding atmosphere at an ambient pressure that makes 
it possible to combine these heat sources in a unique welding technique referred to as the laser–arc 
hybrid welding process. The term is based on the Latin word hybrid, which means a thing made by 
combining two different elements. In laser–arc welding processes, the laser beam as a high energy 
density heat source serves as the primary heat source enabling deep penetration mode welding, 
while the arc as a secondary heat source undertakes additional functions in order to improve overall 
productivity, lower production costs and offer more versatility than conventional welding processes, 
at the same time ensuring higher process stability, reliability, efficiency, as well as good quality of 
the resultant weld seam. In contrast to above definition, heat source combinations where the arc acts 
as the primary heat source are called laser-augmented or laser-supported arc welding processes. 
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When the laser–arc energy ratio of hybrid welding is changed, the interaction and energy addition 
between  the  two  heat  sources  are  influenced,  which  will  affect  energy  distribution  in  the  molten  
pool and consequently the shape and microstructure of the hybrid weld. This phenomenon is 
explained in section 2.1.4. 
 
As the two processes, laser-welding and arc-welding, are integrated in a single process zone during 
laser–arc hybrid welding, numerous process parameters must be controlled to ensure good quality 
welds. The parameters comprise those of the individual processes and those resulting from the 
combination of the processes (Hayashi et al., 2004; Hyatt et al., 2001; Sugino et al., 2005; Kim et 
al., 2003; Petring et al., 2003; Dilthey & Wieschemann, 1999). The chart in Figure 2 shows 
considerations that have to be taken into account when using a laser–arc hybrid welding process. It 
can be seen clearly that the capabilities of laser–arc hybrid welding are essentially determined by 
appropriate selection of the system set-up and the basic parameter configuration. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 2 Flow chart of process parameters in laser–arc hybrid welding. 

HYBRID WELDING 

Welding Equipment: 
Laser machine 
Arc machine 

Filler wire feeder 

 

  

Laser processes 
Laser power 
Focal point position 
Focal length 
Focal point diameter 
Laser wavelength 
Laser beam alignment 
Angle of incidence of 
laser beam 
Beam quality 

         Arc processes 
Arc power 
Filler wire type & 
diameter 
Effect of polarity 
Effect of electrode 
position  
Wire feed rate 
Metal vapor 
Torch angle and direction 
Metal transfer mode 

Combined parameters 
Welding position 
Welding speed 

Process distance 
Shielding gas composition & flow 

Seam tracking 

Material Parameters 
Materials & properties of materials 
Surface quality 
 

Design Parameters 
Material thickness, gap geometry 
Preparation of joint gap and 
accessibility for a seam tracking system 
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1.3.1. Comparison of main processes 
 
When comparing the weld pool geometry in different processes, a number of other important 
differences in the welds produced by the two processes can be found. Table 2 compares the 
properties of arc, laser and hybrid welds. These properties are important considerations when 
joining large and thick components. The benefits of the hybrid welding process mainly arise from 
the physical interaction of the two heat sources (Steen, 1980; Page et al., 2002; Joo et al., 2004; Ono 
et al., 2002; Hu & Ouden, 2005; Coutouly et al., 2006; Song et al., 2008). 
 

Table 2 Comparison of arc, laser and hybrid welding processes  
 

 Arc welding  Laser welding Hybrid welding 

Gap bridging Wide fusion zone 
Use of filler metal 
Good gap bridging  

Narrow fusion zone 
Poor gap bridging 

Wide fusion zone 
Good gap bridging if filler wire 
is used 

Residual stress 
and distortion 

High heat input per unit 
length 
High distortion 
Low residual stress 
(compared either with 
laser or hybrid welding)* 

Low heat input per unit 
length 
Low distortion 
High residual stress 
(compared either with arc or 
hybrid welding) *    

Low heat input per unit length 
 
Low  distortion 
High residual stress compared 
with arc welding 

Productivity Low welding speed 
Low productivity 

High welding speed 
High productivity 

Relatively high welding speed 
(compared either with arc or 
laser alone) 
High productivity 

Cracking 
propensity 

High propensity for 
solidification cracking (if 
correct parameters and 
materials are not well 
chosen) 

Formation of brittle phases 
Increased propensity for 
cracking 

Reduced amounts of residual 
stress 
Low propensity for cracking 

Cooling rate Low cooling rate 
Prevent brittle phase 
formation 

High cooling rates 
Relatively high amounts of 
porosity 

Relatively low cooling rates 
Reduced amounts of porosity 

Weld 
penetration 

Relatively shallow fusion 
zone 
Reduced penetration 
Multi-pass welding 

High energy density  
Deep weld pool  
Single pass welding of thick 
sections 
Multi-pass welding of 
thicker sections if external 
filler is used 

Relatively deep weld pool 
(compare either with arc or laser 
alone) 
Single pass welding of thick 
sections 
Multi-pass welding of thicker 
sections 

Stability Reduced arc stability at 
higher welding speeds 
leads to humping 

Keyhole instability Interaction between laser and 
arc stabilizes the arc (and 
introduces energy deep into the 
material) 

Wall plug  
efficiency 

High    Low (depend also on the 
efficiency per length of 
weld) 

High 

Reflective 
materials 

Weldable Difficult to weld Weldable 

Formation  
of welds 

Less porosity Porosity in  
deep penetration 

Less porosity  

       *refer to appendix 1 for brief explanation 
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Different laser–arc hybrid welding processes, old generation and new generations of the 
combination have been considered in Publication I. The arrangement of the arc relative to the laser 
beam axis (leading arc, trailing arc or coaxial processes, inclination and distance between the two 
processes) depends on the material to be welded and its surface properties, as elaborated in 
Publication II. Other important features are the type of joint, joint edge preparation and welding 
position. Together with the process-related features, like laser and arc power, laser focusing 
parameters and laser wavelength, and the metal transfer mode of the MIG/MAG process, non-
process features, like the accessibility of a seam tracking sensor, have a strong influence on the 
design of the hybrid process arrangement and equipment. In addition to the required laser power 
and beam quality, which both determine the achievable penetration depth and process performance, 
one main criterion for the selection of the primary laser beam heat source is the wavelength of the 
emitted radiation, which can restrict the choice of the usable shielding gas type. The different 
shielding gases that are used in laser–arc hybrid welding are described and their roles in the 
production of a weld explained in Publication III. The influence of various parameters on the 
penetration depth, welding speed, and bridging capability in laser–arc hybrid welding are explained 
in Publication IV.    
 
The laser can stabilize the arc (Dilthey & Wieschemann, 1999; Gao et al., 2008a, b). The reasons 
for this are the following:  
 
(i)  The laser creates a stable hot spot and can lead the arc into the laser keyhole, which provides a 

very stable anodic or cathodic spot for the arc and confines the arc and even brings it into the 
keyhole;  

(ii) Laser energy also makes the arc ignite more easily; 
(iii) The laser can compress the arc so that it becomes narrower; and 
(iv) The resistance of the laser-induced plasma is lower than that of the arc plasma. When they 

interact, the resistance of the arc decreases because a large amount of ionized particles in the 
laser plasma enter the arc. According to the minimum voltage principle, the arc current can be 
increased and the arc volume can be compressed dramatically. Moreover, heat radiation to the 
surroundings of the arc also decreases because of the shrinkage of the arc volume. 

 
On the other hand, for the majority of hybrid welding applications, the MIG/MAG assists (Steen, 

1980; Page et al., 2002; Page et al., 2002; Hayashi et al., 2004) the laser process by:  
 
(i) Addition of filler wire at an elevated temperature with little or no additional energy from the 

laser; 
(ii) Permitting welds to be made in joints with greater fit-up problems and gaps than can be 

normally welded by autogenous laser welding; and 
(iii) Sometimes changing the chemistry of the weld metal. 
(iv) Also, the strength and mechanical properties of the weld can be improved e.g. the energy 

introduced by arc welding results in tempering (short-time post heating) of the hard 
microstructure that may be produced by the laser beam alone.  

 
From the discussion above, it can be concluded that, with various welding parameters, the 
interaction between the two heat sources affects their respective energy transmission, and thus, the 
melting energy of laser-arc hybrid welding. 
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1.3.2 LAHW for the future 
 
One of the most important things to keep in mind regarding LAHW is that because the process is 
fully automated it will be possible for the welding industry to remain competitive in high-labour 
cost countries. LAHW is already gaining popularity in Europe. In addition to labour cost factors, 
one of the primary reasons for automatisation of the industry is the shortage of skilled labour in the 
European job market.  
 
The bleak outlook of a shortage of skilled labour in hybrid welding has already prompted some 
larger  companies  to  offer  higher  salaries  to  entry-level  welders  than  to  engineers  because  
competition in today's economy appears to be limited to either sending work offshore or investing 
in automation. Since the former option is, in many cases, simply not practical due to the high cost 
and the effect on companies’ core competence strategies, and perhaps even the inability to ship very 
large weldments across oceans, installing automation has now become almost mandatory.   
 
Industrial decision-makers, however, have reservations about the longevity of the technology, and 
many companies are skeptical of applying this technology in their production lines. This may be 
because the technology is expensive, skilled workers are needed, and there is a lack of reliable 
information. Undoubtedly, the technology will continue well in the future but it may be limited to 
some specific applications. Moreover, new types of lasers will certainly improve this technology in 
the future because of their high energy density, better beam quality and lower cost. However, the 
dynamic environment of the metal industry makes it hard to predict what will happen in the future. 
 
 
1.3.3 Main considerations 
 
Certain competitive factors must be considered before installing a laser–arc hybrid welding system. 
The  industry  in  which  the  company  competes  must  be  assessed  from  the  outset,  because  the  
dynamics of the industry drive all the other factors. LAHW is ideal for conditions where machined 
components, expensive fixtures and tooling are not practical. It works best with long, continuous 
welds  and  high-duty  cycles  (longer  operational  time).  It  is  very  suited  for  the  shipbuilding,  if  the  
shipbuilders improve fixturing and tolerances, and transportation vehicle industries, as well as 
industries manufacturing steel structures, and can be used for a wide variety of applications. 
 
Currently, LAHW is not very appropriate for customized built-to-order jobs or orders involving 
many small, complex parts with small features and tight areas, or complex 3D welding, even though 
this could change as technological research advances. Before considering the implementation of 
LAHW in a factory environment, it has to be ensured that upstream processes can deliver parts that 
are consistently of the quality necessary for automatic welding. LAHW also allows manufacturers 
to rethink their approach to designing and manufacturing steel structures in ways that will reduce 
both the amount of material and energy consumption, and achieve higher levels of automated 
fabrication and assembly. 
 
The most substantial obstacle to implementing LAHW for many applications is the cost of the 
equipment. The hybrid welding markets will mostly be in industries where conventional arc 
welding is currently in use. The cost for implementing LAHW varies widely and depends on many 
factors, such as the volume of production, the laser power required, the number and complexity of 
tooling and fixtures for the application, and the level of automation needed.  When deciding 
whether or not to invest in a hybrid welding system, the productivity and other benefits of the 
process  have  to  be  well  understood.  Fortunately,  as  with  most  technology,  the  cost  of  these  
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machines will drop over time as LAHW gains popularity and usage. Furthermore, because LAHW 
uses high energy density that provides low total energy use, users may actually save on energy 
costs.  Further  obstacles  to  overcome  prior  to  greater  utilization  of  the  process  are  the  physical  
limitations. The first limitation is the maximum thickness that can be welded such that the ability to 
produce a free-formed root bead will still be achieved. The limit today, in my view, is between 12 
mm and 15 mm for power level 10-12 kW, depending on the laser used. Higher power lasers having 
potential to deeper penetration up to 25-30 mm are actually not able to reach this penetration due to 
root quality. Secondly, the hybrid process allows greater fit-up variation than normally possible for 
autogenous laser welding of thinner material; whereas, as the thickness increases, the limitation of 
the hybrid welding process will require industries to reduce (or improve) their fit-up tolerances over 
what is currently achieved for the arc process. The cost for this expansion will have to be factored 
against the profits of the hybrid welding process. 
 
Any material that can be welded with a conventional laser or arc process can be welded using 
hybrid welding technology. Thus far, most applications have focused on steel and aluminium, 
where reduced distortion, increased welding speeds, and improved weld quality are some of the 
benefits  that  have  been  reported.  Successful  development  programs  have  been  carried  out  for  
applications with steel, aluminium, copper and titanium to date. This is governed by material 
thickness and the requirements of individual application. Laser–TIG and laser–PAW tend to be used 
more often for thinner sheet metal applications (< 3 mm) while laser–MIG/MAG, is generally used 
for  welding  thicker  sections  (  3  mm),  although  it  has  been  used  on  automotive  sheet  metal  
applications as well. 
 
 
1.3.4 Areas benefiting from laser–arc hybrid welding 
 
The automotive and shipbuilding industries were among the first industrial sectors to adopt this 
technology. However, many others have followed suit or are currently evaluating the process, such 
as vessel fabrication, pipe welding (orbital up to 6 mm wall thickness), as well as the aerospace and 
energy sectors. Hybrid welding is increasingly being considered because new laser sources allow 
the use of robots and have lower ownership costs. A number of research institutes are assisting in 
the development and implementation of this process, e.g. Lappeenranta University Technology 
(LUT) in Finland, Osaka University in Japan, Bremen Institute for Applied Beam Technology 
(BIAS) in Germany, The Welding and Joining Institute (ISF) of RWTH Aachen University in 
Germany, The Welding Institute (TWI) in England, FORCE Technology in Denmark, Edison 
Welding Institute in USA.  
 
Manufacture design is really the key to successful implementation of hybrid laser–arc welding. 
Joint access, joint configuration, and part tolerances all play a part in improving the chances for 
success. The process will benefit more if the product is designed so that the joint and the fit-up are 
suitable for the process. Too often manufacturers have component designs that have been around 
for 10 or 20 years and they try to achieve improvements by just replacing the process and keeping 
the design as it is. This does not necessarily work in the best possible way. However, it is not the 
fault  of  the  process  but  of  the  component,  which  was  designed  to  be  manufactured  with  a  totally  
different manufacturing process. 
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2 THEORETICAL BACKGROUND 
 
 
2.1 Characteristics of laser–arc hybrid welding 
 
In order to expand the range of applications for hybrid welding and to optimize the process for its 
current applications, the mechanisms governing the physical processes in hybrid welding must be 
better understood. There are several factors originating from both processes and combined effects. 
They have an effect on plasma characteristics since the heat distribution inside plasma differs from 
those of both sources separately thus having a synergetic effects on process. Another effect is the 
preheating mechanisms depending on the order of the processes and their separation from each 
other. All of these features have an effect to the process and the properties like shape of the weld 
produced. Due to various things different research groups have also taken into use different set-ups 
for the process. A brief critical assessment is presented here to increase understanding of the hybrid 
welding process. 
 
 
2.1.1 Plasma characteristics 
 
The interaction of the laser and arc is a highly complex physical process in which metal vapour 
generated by the laser can greatly affect the electrical and thermal conductivity of the arc plasma 
and the behaviour of the arc column. The interaction of the two heat sources significantly affects the 
resulting weldment properties (Hu & Ouden, 2005; Page et al., 2002).    
 
Since hybrid welding is often performed using a high-power laser operating in the keyhole mode, 
the  laser  energy  is  absorbed  through  multiple  reflections  of  the  laser  in  the  keyhole  (DebRoy  &  
David, 1995; Cho & Na, 2006). A plasma phase is formed by the interaction between the high 
power density of the laser beam, the shielding gas and the metal vapour formed by the laser–
material interaction. The plasma phase absorbs a portion of the laser energy (Lancaster, 1986; 
Boyden & Zhang, 2006; Cho & Na, 2006; Seyffarth, 2002; Gao et al., 2008a,b; Tani et al., 2007; 
Fellman & Kujanpaa, 2006). The plasma phase is also formed by the interaction of the arc and the 
surrounding atmosphere. The size of the arc plasma often depends on the distance between the heat 
sources and the arc current density, arc length and voltage. It has also been observed that the laser 
and arc plasmas interact, and the transmission of the laser through the plasma results in additional 
laser attenuation (Steen, 1980; Bagger & Olsen, 2005; Hu & Ouden, 2005).  
 
During hybrid welding, the arc undergoes contraction, in which its width is nearly the same size as 
the beam of the laser (Steen, 1980; Hu & Ouden, 2005; Ribic et al., 2008; Chen et al., 2006). This 
has been reported to be due to the presence of the laser-induced plasma, which causes the arc 
resistance and radius to decrease. Lower arc resistance and enhanced arc stabilization in the 
presence of a laser is shown in the arc current and voltage data in Figure 3. Figure 3a shows a 
decrease in arc column resistance due to laser presence in welding of 3.0 mm thick mild steel at the 
speed of 22.5 mm/s. Figure 3b shows the stabilization of an unstable arc due to laser presence in the 
welding of 2.0 mm thick mild steel at the speed of 45.0 mm/s. The influence of laser-induced 
plasma on arc resistivity and stability can be explained by two phenomena. First, a small part of the 
laser energy is absorbed by the arc plasma, further ionizing the arc plasma and reducing its 
electrical resistance (Ribic et al., 2008; Hu & Ouden, 2005; Chen et al., 2006). 
 
Second, significant vaporization of the workpiece material occurs at the location where the laser 
impinges on the surface of the workpiece (DebRoy & David, 1995; Miller & DebRoy, 1990), and 
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metal vapour is then transported into the arc plasma. Since the metal atoms have a much lower 
ionization  potential  than  the  shielding  gas,  the  effective  ionization  potential  of  the  plasma  is  
reduced, and a more conductive, stable plasma channel for the arc root and column is obtained. The 
metal vapour enhances current conduction and reduces arc voltage (El Rayes et al., 2004). Since the 
arc follows the path of least electrical resistance, the arc tends to bend, and the arc root forms within 
close proximity to the keyhole. It has been observed that the arc voltage decreases after switching 
on the laser beam. The reason might lie in the metal vapour produced when the laser beam is 
initiated.  
 

       
       a)                                                                                b) 
 
Figure 3 Characteristics of current and voltage during arc and hybrid welding: a) arc resistance 
decrease due to the presence of the laser; b) laser stabilization of fluctuations in arc voltage and 
current (Steen, 1980). 
 
It  has  been  observed  by  several  authors  that  the  maximum  penetration  depth  occurs  at  some  
intermediate distance where the heat source interaction is optimized (Steen, 1980; Hu & Ouden, 
2005; Song et al., 2005). Figure 4 is a schematic illustration of how the hybrid welding penetration 
depth and weld pool geometry change for various process distances between the heat sources 
(Kutsuna & Chen, 2002; Naito et al., 2002). 
 
 

 
Figure 4 Effect of process distance on weld geometry and penetration. A, B, C, D and E indicate the 
change in the relative position of the arc and laser in the weld pool (images above workpiece) and 
their corresponding weld bead geometry (Kutsuna & Chen, 2002). 
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The interaction between the laser beam and arc plasma has been researched (Steen, 1980; Hu & 
Ouden, 2005; Shinn et al., 2005), and the investigation results present three key features: arc plasma 
preheats the base metal and enhances the absorption of the laser beam by the metal, especially in the 
case  of  CO2 laser; the arc plasma dilutes the laser-induced plasma and reduces the focal point 
position for the laser beam, and the laser beam stabilizes arc plasma. (The position of the focal point 
has an important influence on the welding process and quality. An adequate weld could be obtained 
for a focal position on or 1–2 mm under the surface, depending on the thickness of the workpiece.); 
since high-power laser beams are used, the physical characteristic of laser welding are hardly 
changed, so it is simply considered that the preheating effect on the base metal is the main effect of 
the arc plasma on the laser beam material interaction.  
 
When the process distance is significantly longer than the arc plasma radius, the laser and arc 
plasmas are separate. In contrast, when the process distance between them is less than the arc 
plasma radius or approximately the same, the two plasmas interact (Kutsuna & Chen, 2002; Naito et 
al., 2002). Therefore, the interaction of the laser beam and the arc plasma strongly depends on the 
distance between the heat sources, arc radius and arc plasma radius (Steen, 1980; Bagger & Olsen, 
2004; Hu & Ouden, 2005). Furthermore, when the arc and laser are in close proximity, calculations 
show that the arc radius must be decreased to achieve the observed hybrid weld depth. The arc 
radius increases significantly beyond the process distance due to the lack of metal vapour entering 
the arc plasma, and the energy density of the arc decreases. This is due to the fact that the processes 
are now acting as two separate processes, i.e. as a tandem process. Hence, the cooling rate 
decreases with increasing process distance. Tandem welding occurs when the distance between the 
heat sources is significantly longer than the arc plasma radius, usually a process distance of 5–8 
mm. In tandem welding, the arc and laser act separately on the workpiece. A quantitative 
understanding of the process distance and its relationship with welding parameters will lead to a 
significant improvement in process control (Ribic et al., 2009).  
 
 
2.1.2 Synergistic effect of the welding arc and laser beam 
 
When the action of the welding arc and the laser beam are combined, the temperature of the anode 
spot and cathode spot increases greatly, leading to greater ionization. This is particularly noticeable 
in welding with electrode positive since the cathode spot is located on the workpiece and its relative 
motion compared to the joint is less intensive and limited to a much smaller area than in classical 
arc welding, for example, TIG and PAW welding. A second very important feature is arc 
contraction. It is generally accepted that the greater the temperature difference between the arc 
centre  and  the  environment,  the  stronger  is  the  welding  arc  contraction.  The  arc  welding  process  
performance is improved with small process distance which greatly increases the temperature in the 
arc center, while the temperature of the environment does not change. Similarly, the interaction of 
the arc and laser often leads to improved laser welding characteristics. Some metals strongly reflect 
laser light, which renders initiation of melting difficult. The welding arc, however, heats up the 
surface at the welding spot and permits the laser beam to transfer all its energy to the workpiece 
(Rui et al., 1990; Siemroth et al., 1990). Molten metal forms around the beam and is constrained by 
the equilibrium between surface tension and electromagnetism (in the case of arc or hybrid 
welding). The cessation of high energy beam action results in solidification of the molten pool in 
the weld as a result of cohesive and other forces. 
 
The synergistic action of the laser beam and welding arc shows that when arc current intensities are 
low, the laser beam affects ionization, reduces arc resistance, and increases the number of carriers 
of the electric current. This influence is understandably reduced when using higher current 
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intensities. It is, however, not known which property of the laser beam contributes the most to the 
higher ionization, whether it is the higher concentration of heat energy alone or to some extent the 
presence of electromagnetic waves with short wavelength. The difference in the influences exerted 
by CO2 (wavelength 10.6 µm) and Nd:YAG (wavelength 1.064 µm) lasers on the degree of 
ionization in the welding arc is also not evident from the literature.  
 
The synergistic effects of the heat source combination are maximized when the laser beam is 
located between the arc centre and droplet detachment of the arc electrode. It is understood that the 
final bead shape in hybrid welding is influenced by the volume of the molten pool before the 
impingement  of  the  laser  beam.  This  means  that  the  critical  depth  of  the  molten  pool  must  form  
before the irradiation of the laser beam to maximize the coupling effect of the heat sources (Kim et 
al., 2006). Abe et al. (1998, 2002) observed that as the distance between the laser and arc increases, 
the molten metal from the arc does not mix as thoroughly as in the case of laser welding. The 
optimum process distance in different process variations can be summarized as 1–5 mm. This 
suggests that the electric pole of the arc moves up as the distance between the laser and arc 
increases. Thus, if the process distance is short, the laser leads the electric pole of the arc into 
deeper parts of the groove when an air gap exists. If the process separation increases, the interaction 
between the arc and laser weakens, causing the pole to move upwards toward the top of the groove.  
 
 
2.1.3 Preheating mechanism 
 
The arc can preheat the workpiece surface before laser irradiation and form a shallow melting zone, 
which reduces the reflectivity of the workpiece. Consequently, the laser energy absorbed by the 
workpiece is increased, especially in the case of CO2 lasers. The interaction of the laser-induced 
plasma and arc plasma is brought about by firstly diluting the laser-induced plasma with the arc 
plasma. The laser-induced plasma is very different from the arc plasma in terms of characteristics 
and it has much higher temperature and particle density. When plasmas encounter spatially, the 
particles  of  the  laser-induced  plasma enter  the  arc  plasma.  As  a  result,  the  particle  density  of  the  
laser-induced plasma is diluted and reduced. This reduces the plasma effect for the laser and 
enhances the laser energy effectively absorbed by the workpiece (Hayashi et al., 2004; Gao et al., 
2006; Rao et al., 2011) 
 
The larger the heat source interaction is, the greater the change of the melting energy. Therefore, the 
interaction between the two heat sources can be discussed in terms of a quantitative analysis of the 
changes in melting energy by various welding parameters. (Naito et al., 2003; Uchiumi et al., 2004; 
Chen et al., 2003; Hu & Ouden, 2005; Steen, 1980; Page et al., 2002).  The  role  of  different  
mechanisms in heat source interaction requires further study.  
 
Compared with the total melting energy of autogenous laser welding and gas metal arc welding, the 
melting energy can be increased by up to 23% using an optimal combination of parameters in laser–
arc hybrid welding (Gao et al., 2006).  
 
 
2.1.4 Weld shape of laser–arc hybrid welding 
 
The shape of the laser–arc hybrid weld resembles a wine glass and can be divided into two parts, as 
shown in Figure 5; the upper wide part is the arc zone and the narrow part below is the laser zone. 
This weld shape characteristic demonstrates that during laser–MIG/MAG hybrid welding the 
energy distributions of the laser and arc are different in the molten pool. The arc energy mainly acts 
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on the upper part to shape the wide arc zone and the laser energy enters the bottom part of the 
workpiece through the keyhole and is the principal factor producing the laser zone with obvious 
deep penetration welding characteristics (Gao et al., 2006).  
 
It is clear that the dimensions of the arc zone and the laser zone can be changed by the laser–arc 
energy ratio effecting the energy distribution in the molten pool of hybrid welding. In other words, a 
decrease in the ERLA can reduce the difference of width and height between the two zones and 
change the wine-cup shape of the hybrid weld. In MIG/MAG welding, the higher the arc current, 
the bigger the arc pressure and the impinging force of the melted droplet on the molten pool. So the 
higher arc current with higher arc force can drive more melted metal towards the weld root, which 
means that more heat enters the bottom part of the weld to increase the HA and more substrate at 
the laser zone is melted to increase the WL. On the other hand, this phenomenon can also reduce the 
accumulation of the heating effect of the arc energy in the arc zone, which decreases the WA. As a 
consequence, the dimension difference between the laser zone and arc zone reduces with decreasing 
ERLA (Gao et al., 2008a,b). When hybrid welding has a high ratio of laser power, the process is 
more like laser welding and may obtain a harder microstructure, such as martensite or bainite, and 
fine grain in the weld. When hybrid welding has a low ratio of laser power, the process is more like 
arc welding and only obtains coarse grain and pearlite with relatively low hardness (Kujanpää, 
2009).  
 
The increase in arc power mainly depends on the increase in the wire feeding rate and also the 
voltage of the arc, so the increase of the volume of molten metal leads to an increase in the weld fill 
height if the joint dimensions remain constant. The weld widths depend on the arc power but their 
ratios differ. With increasing arc power, the increased increase of the weld width is lower than that 
of the weld fill height, because the area heated by the MIG/MAG arc cannot enlarge directly 
proportional to the arc power. 
 
The laser energy has some influence on the weld fill and reinforcement-to-width ratio of the hybrid 
weld with the variation of laser power, laser–arc distance and the location of the laser focus, the arc 
power and welding speed (Qin et al., 2007). The ratio between the depth of the laser zone and that 
of the arc zone can vary considerably, depending on laser power, edge preparation, the welding 
process, welding parameters and type of material. The weld shape in hybrid welding also depends 
on welding factors such as the gap condition, leading heat source, motion of the molten metal in the 
gap and preheating effects (Kim et al., 2006). 
 

 
 
Figure 5 Weld macrostructure and shape of laser–arc hybrid welding (Gao et al., 2008a). 
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The areas of the weld cross-section have been computed using a special computer program in the 
work of Gao et al. (2006). In the work, numerous nodes at the weld boundary were chosen to ensure 
accurate simulation of the weld shape and precision of the weld area computed. Figure 6 presents 
some real images, processed images and area values of the weld cross-section in MIG/MAG 
welding, laser welding and hybrid welding using the same parameters. 
 
The metal transfer mode of the arc process affects the heat input and fluid flow of the weld pool due 
to droplet energy and momentum transfer. Depending upon the metal transfer mode, metal droplet 
size and droplet frequency, filler metal can increase the volume of the weld pool and the amount of 
heat input from the arc heat source (Kutsuna & Chen, 2002; Moore et al., 2004; El Rayes et al., 
2004; Zhou et al., 2003). Spray transfer, because of its high heat input per unit length and ability to 
reduce spatter, is often the most appropriate metal transfer mode for laser–MIG/MAG hybrid 
welding. The result is a relatively wider weld bead with good surface finish. Short circuit transfer is 
not often preferred due to instabilities generated in the molten pool (Campana et al., 2007; Kutsuna 
& Chen, 2002). On the other hand, spray transfer mode is not very suitable for welding of thin 
metal sheets because it would introduce too much heat. 
  

 
 

Figure 6 Real images, simulated images and area size of the weld cross-section with different 
processes. (Material - medium carbon steel plates; process – arc leading welding; process distance 
(DLA) – 2 mm; wire extension of the weld torch – 11 mm; torch angle – 60o) (Gao et al., 2008a). 
 
 
2.2 Basic set-up of heat sources 
 
Specification of set-ups for the laser–arc hybrid process involves the choice of at least one primary 
and one secondary heat source, as well as determination of the geometrical relations in the 
arrangement of these heat sources. The geometrical arrangement of the chosen heat sources plays 
the  most  important  role  for  the  capability  and  efficiency  of  the  hybrid  process,  as  well  as  for  the  
properties of the generated joints. It is important to distinguish between techniques with common 
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and separated operation points. Realizing a common operation point means that the arc root and the 
laser beam spot centre are directed into the same location on the material being welded. This is 
accomplished by a coaxial configuration of the laser beam and the electric arc. Technical 
realizations  of  such  an  arrangement  comprise,  for  example,  (i)  the  use  of  a  special  mirror  system 
that focuses the laser radiation around a coaxially placed electrode (Steen, 1979), (ii) the use of a set 
of several rod electrodes on a cylindrical insulator that allows the beam to be focused throughout 
and (iii) the direct use of ring-shaped or hollow electrodes. Although those coaxial solutions are 
technically interesting, the majority of practically realized lasers–arc hybrid combinations have used 
arrangements where a conventional welding torch and electrode are inclined in relation to the 
incident laser beam (Randers-Pehrson et al., 2009).  
 
By combining the arc and the laser beam in an optimal way, the same welding penetration was 
achieved with reduced laser power, or, alternatively, an increase of the welding speed is possible in 
hybrid welding processes. A variant with a transversely inclined welding torch has been applied for 
welding of blanks, i.e. plates with different thicknesses, where the combined impact of both heat 
sources (i) reduced the edge preparation requirements, (ii) increased the volume of the molten 
material, (iii) improved the weld appearance with a smooth transition zone between the sheets 
because the arc was burning preferably to the edge of the thicker plate, and (iv) increased the 
process efficiency resulting in significantly higher welding speeds compared with the laser welding 
process alone (Kutsuna & Chen, 2002; Moore et al., 2004; El Rayes et al., 2004; Campana et al., 
2007) 
 
Development has been carried out using the laser and arc source directed onto the same side of the 
workpiece and also on opposite sides. The former arrangement is preferred in most industrial 
applications because the design of an integrated and compact welding head is more straightforward 
(Fig.1). The key application feature is that the electric arc is rooted to the approximate point of 
impingement of the laser beam on the workpiece surface. 
 
A schematic diagram of the TIG arc augmented laser welding system, which first appeared in 1979, 
is shown in Figure 7. The arc torch was mounted either above or below the substrate. In the work of 
Steen (1979), the tungsten electrode was always kept negative while the working piece was 
positive.  
 

   
 

Figure 7 Laser–arc welding system which first appeared in 1979 (Steen, 1979). 
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Since then, Steen’s idea has been developed by many researchers and welding engineers, and 
various laser–arc combinations have been examined and developed (e.g. Beyer et al., 1994; Maier, 
1995; Ono et al., 2002; Wieschemann et al., 2003; Graf & Staufer, 2002; Graf & Staufer 2003; 
Song et al., 2005; Staufer, 2005). Combinations have involved set-ups with a common process 
zone, arrangements where the laser and arc act separately, as well as set-ups with more than two 
sources.  
 
Another possibility for hybrid welding with the two energy sources is to use the tandem technique 
(Fig. 8), in which each energy source acts independently but makes a joint weld pool. The strongest 
effect is achieved if the laser beam is used to produce the root pass, and arc welding with a 
consumable electrode is used for filling the passes. The arc process to be used for filling passes 
depends on the type of material and thickness of the workpiece. For the welding of nonferrous 
metals and high alloy steels, the MIG or TIG process with an additional hot or cold wire should be 
used. For the welding of low alloy and micro-alloyed steels the gas metal arc welding (GMAW) or 
submerged arc welding (SAW) process should be used (Tusek & Suban, 1999). 
 

 
 

Figure 8 Process combination of laser and arc processes (Dilthey & Wieschemann, 1999). 
 
The development of arc-augmented laser welding continued throughout the 1980s. In this period 
laser metal inert gas (MIG) welding was reported (Siemroth & Scheibe, 1990; Matsuda et al., 
1988). Various authors reported several advantages of the synergistic action of the welding arc and 
the laser beam. Figure 9 shows a device for welding with a MIG arc combined with a laser and an 
additional shielding gas nozzle. This is most often applied with the CO2 laser (Maier et al., 1995; 
Walduck & Biffin, 1994; Seyfarth et al., 1994; Decker et al., 1995). Development in this field has 
continued in recent years but with similar set-ups. The literature reports not only general findings 
but also some practical applications.  
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Figure 9 Schematic representation of laser welding apparatus (Tusek & Suban, 1999). 
 
Staufer (2005) reported the combination of the laser and tandem process in one process zone, shown 
in Figure 10. The great penetration of the laser beam allows welding of thicker sections than is 
possible or normal in arc welding, with little distortion.  

 
 
 
 

 
 

 
 

 
 
 
 
 
 

 
Figure 10 Illustration of laser–tandem arc hybrid welding (Staufer, 2005) 
 
In  hybrid  welding,  the  arc  torch  has  to  be  oriented  with  a  flatter  angle  than  conventional  arc  
welding. This is due to the fact that the laser beam may impinge the gas nozzle if the arc torch is too 
close to the laser beam. Consequently, in most hybrid welding heads, the torch makes a 30° angle to 
the perpendicular position, which is not normally the case in conventional arc welding. Since in 
hybrid welding the arc process influences the shape of the upper side of the weld seam, arc stability 
must be taken into careful consideration.  
 
A new laser–arc hybrid plus tandem arc process has been developed. The process is achieved by 
combining a tandem arc with a laser–arc hybrid welding process. Figure 11a shows a schematic 
diagram of the laser–arc hybrid plus tandem welding process. The laser–MAG hybrid plus tandem 
welding head shown in Figure 11b was developed by Fronius International GmbH. 
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     a)                                                                               b) 
 
Figure 11 Schematic outline: a) laser hybrid welding process with three arcs (laser–arc hybrid + 
tandem), b) laser–arc hybrid + tandem welding head (Schweissen & Schneiden, 2005).  
 
An important aspect of the use of laser–arc hybrid welding in general and laser–arc hybrid + 
tandem, in particular, is to ensure that configuration used has positive effects on the weld metal 
metallurgical properties. For this reason; the laser beam is inclined under a tilt angle of ~ 5° leading. 
Precisely adjusted to the laser, the first (single wire) arc is positioned under an inclination of ~ 30°, 
followed then by the MIG/MAG tandem torch. The spatial distance between both the single and 
tandem  wire  depends  on  the  objectives  to  be  achieved.  As  the  MIG/MAG  is  intended  to  be  
enhanced, the tandem wire process needs to be spaced further apart from the laser–arc hybrid 
process. One of the major advantages in operating the processes in this way is improved weld bead 
control obtained by a beneficial energy distribution across the weld pool area. The above-mentioned 
hybrid tandem welding is particularly suitable for the welding of metals with high thermal 
conductivity, such as aluminum and copper (Staufer, 2005).  
 
Recently, in order to join thicker plates and obtain deeper weld penetration, much attention has been 
paid to laser–MIG hybrid welding. Deployment of the first industrial laser–MIG hybrid system at 
the factory of an oil tank manufacturer by Fraunhofer ILT in 2000 triggered changes in the welding 
industry and various hybrid systems were installed in the automotive, shipbuilding and tube 
production industries (Dilthey & Wieschemann, 1999). All the examples described so far have the 
arc and laser both consisting of two independent welding heads. Coaxial combined welding heads 
have been investigated only in laser–TIG or laser plasma arc hybrid welding have been realized, 
which makes them applicable to 3D joints and a more compact welding head (Tong et al., 2003). 
ILT has developed a hybrid welding head to be used for CO2 laser and an arc welding head, and 
Nd:YAG laser–arc welding head as shown in Figure 12 (Petring et al., 2003), as well as a robotic 
laser–arc hybrid welding system. The welding head was constructed in such a way that the TIG arc 
formed a 45o angle with the laser beam. This hybrid welding head was a ‘‘fixed” weld head. The 
parameters, such as the angle between the laser beam and TIG torch and so on, concerning the 
laser–arc hybrid welding head, cannot be changed. These process variables have been successfully 
tested with various arc sources, CO2 laser and Nd:YAG laser sources (Fig. 12) (Petring et al., 2003). 
 
Normally, the smallest possible arc inclination is desired, that is, angles in the range of 15° to 30° 
relative to the laser axis. Because of the difference in the wavelength, Nd:YAG laser radiation 
allows a closer approach to the arc than CO2 laser radiation because much less radiation is absorbed 
by the arc plasma. Nevertheless, with the standard approach of combining a discrete arc torch in 
off-axis configuration with a laser-focusing head, there are certain limitations with the possible 
position  and  orientation  of  the  arc.  In  order  to  prevent  the  torch  nozzle  from interfering  with  the  
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laser beam, it has to be positioned at a sufficient distance and inclination. Another problem with this 
off-axis configuration approach is that it promotes entrainment of air into the weld by the Venturi 
effect. To address these problems, Fraunhofer ILT has designed a welding head where the laser 
beam and arc are surrounded by a common water-cooled nozzle device with an integrated contact 
tube, as shown in Figure 12. This arrangement, called the Integrated Hybrid Welding Nozzle, 
enables the closest laser and arc proximity. The process gas flows out of an annular channel into the 
nozzle throat nearly coaxial to the laser beam. A diffusing aperture within the channel enables a 
homogeneously distributed stream of assist gas into the welding zone. In this way, a transverse 
suction  of  air  (the  Venturi  effect)  is  avoided  and  effective  protection  of  the  weld  area  is  ensured.  
Moreover, because a minimal but sufficient leakage of gas flows in the upward direction, process 
gas contamination by air in the beam line is prevented. A common nozzle for the laser and arc 
enables a slim design suitable for complex 3D applications. Accordingly, in addition to the more or 
less universal standard version, special solutions, from heavy-duty up to slim 3D versions, shown in 
Figure 12, have been developed. Figure 13 shows typical examples of the hybrid welding head for 
robot applications (Graf and Staufer, 2003; Petring et al., 2003: Cloos.com.2010). 
 

 
      a)                                                                                      b) 
 
Figure 12 a) Principle of the integrated hybrid welding nozzle b) Standard and customized hybrid 
welding heads with the integrated nozzle design (Petring & Fuhrman, 2004). 
 

                     
        a)                                                                                                     b) 
 
Figure 13 a) Laser–arc hybrid welding head for a robot from Fronius (Graf and Staufer, 2002) and 
b) welding head developed by Cloos (Cloos, 2010). 
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The combination of laser welding and submerged arc welding is a completely new process and 
suitable for producing welded joints containing Y welds. Figure 14a shows a schematic 
representation of welding apparatus for the hybrid welding with laser and submerged arc in a 
tandem technique. It is possible to weld comparatively thick workpieces in this way with a single 
pass and with a high welding speed of up to 2.5 m/min. Thicker workpieces of 12–20 mm can be 
single pass-welded with the apparatus shown schematically in Figure 14b. Welding speeds of up to 
5 m/min can be achieved by using appropriate welding fluxes and optimum parameters with ac 
phase  displacement  in  wires  (Siemroth  &  Scheibe,  1990).  Welding  with  a  laser  and  a  twin  wire  
electrode is also a process that will likely find various applications in practice. 
 

            
a)                                                                              b) 
                                                         
Figure 14 Schematic representations of welding apparatus: a) for hybrid welding with laser and 
submerged arc in tandem technique; b) for combined laser and submerged arc welding with three 
welding heads (Siemroth & Scheibe, 1990). 
 
One example of a combined welding method with coaxial laser and arc is the configuration 
developed by Ishide et al. (2001) in which the laser beam is split into two. This avoids aiming 
problems and size of the TIG or MIG torch as laser beams are focused immediately below the arc 
(Figure 15a). Since, in this method, the beam quality of the laser is impaired, it is not suitable for 
deep penetration welding of thick plates. If, as in Figure 15 (b), it is a coaxial structure in which the 
laser beam is passed along the hollow cathode TIG central axis, it is possible to use a laser beam of 
high quality to form a deep keyhole. Additionally, since the plasma flow is reduced and the outward 
convection currents are inhibited by the hollow cathode, it is anticipated that an inward convection 
current will be formed in the molten pool by a small inward drive (for example, by the 
electromagnetic force j × B, generated in the arc current channel concentration due to the metal 
vaporization of the laser plume) and there is a possibility of a dramatically increased penetration. 
Effects of these actions are listed below (Doi, 2010): 
 
i) Since the current concentration is moderated at the cathode tip and the plasma flow is reduced, 
the drive force of outward-directed convection flow in the molten pool is reduced, making inward 
convection flow more readily induced. 
(ii) Since the arc pressure is reduced due to the reduction in the plasma flow, it is possible to slow 
down humping bead formation by increasing the current and speed of the welding process. 
(iii) The arc pressure can be regulated by the inner gas type and flow, and the penetration shape of 
the molten pool can thus be optimized. 
(iv) By directing a high beam quality laser onto the centre of the molten pool from directly above, 
the arc anode region is constricted, and inward-directed convection currents are induced by electric 
current concentration. 
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Different laser–TIG hybrid configurations exist. A sketch of laser–arc hybrid welding is given in 
Figure 15a with Argon shielding gas supplied for the laser and TIG arc. Laser–arc hybrid welding 
differs from coaxial hybrid welding (Chen et al., 2004) in that with laser–arc hybrid welding the 
effect of the current on the hybrid arc and weld penetration is consistent, but the maximal 
penetration achieved with coaxial hybrid welding is 20% deeper than in the case of laser–arc hybrid 
welding with similar heat input, as reported by Chen et al. (1995). Moreover, the critical current of 
the transition of the welding mechanisms, i.e. droplet to spray mode, is much higher in coaxial 
hybrid welding than in laser–arc hybrid welding. The reason is probably that while the laser 
traverses the whole arc in laser–arc hybrid welding, especially at a high current, the energy 
absorption or defocusing of the laser by the TIG arc is more severe, which reduces the energy 
density of the heat source acting on the workpiece, especially in the case of a CO2 laser and TIG 
arc. However, in coaxial hybrid welding, the distribution of current density takes on opening of the 
arc centre by the hollow tungsten electrode, and the focus point of the laser is likewise rather small. 
Furthermore, YAG laser–TIG hybrid welding can obtain deeper penetration compared with CO2 
laser–TIG hybrid welding at the same laser power (Chen et al., 1995). 
 

           
                a)                                                                                             b) 
 
Figure 15 Schematic illustrations: a) Sketch of laser–arc hybrid welding, Ar shielding gas was 
supplied to the laser and TIG arc (Chen et al., 1995); b) the coaxial hybrid process with hollow TIG 
and laser (Doi, 2010). 
 
The effect of the set-up conditions of a laser beam and wire and the laser beam parameters on wire 
melting phenomena and gap tolerance in butt joints have been investigated by different authors 
(Jokinen et al. 2003; Nilsson  et al. 2003; Wang et al. 2007). The studies include hybrid welding 
with either CW YAG laser (wavelength 1064 nm) or fiber laser (wavelength 1520–1610 nm). For a 
fiber laser combined with a pulsed MIG arc for an aluminum alloy, it was reported by Wang et al. 
(2009) that, in order to obtain a deeper penetration, the laser beam should be separated from the 
wire by a process distance at which there is no direct interaction between the laser beam and the 
droplet during its transfer (Fig. 16a). On the other hand, in order to join a wider gap, for example, 
for a butt joint, it was found better for the laser beam to be set to cross with a wire (Fig. 16b) for 
more  than  2  mm  so  that  the  laser  beam  could  directly  irradiate  the  wire  surface  to  melt  it.  As  a  
result, the arc current could be decreased so that the molten pool size formed by MIG is increased 
efficiently and the gap tolerance increased (Wang et al., 2009). From the viewpoint of laser 
absorption by the wire or the molten droplet, according to the approach reported by Wang et al. 
(2009), about 10% of the laser energy is absorbed in the wire during hybrid welding when the laser 
beam is directly irradiated on the wire surface.  
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 a)                                                                                   b) 
 
Figure 16 Schematic set-ups of laser beam and wire: a) laser separated from wire, b) laser crossed 
with wire (Wang et al., 2009). 
 
The industrial application of the laser hybrid welding process also depends on which arc process is 
used. The TIG process can be operated either with or without filler metal addition. The use of the 
TIG process together with a CO2 or Nd:YAG laser welding process finds use mainly in thin sheet 
applications. It has been reported that the TIG arc cannot transfer a lot of filler metal (if filler wire is 
used) to the process because part of the heat of the arc is used to melt the filler wire. Plasma arc 
welding can be used together with the laser beam process in such a way that the laser beam is 
surrounded by a concentric plasma arc. The heat of the plasma arc introduces heat treatment which 
reduces the cooling rate and decreases the weld hardness and development of residual stress states. 
Therefore, it is possible to tailor the microstructure of the weld and HAZ to the application at hand. 
A further option is to use MIG/MAG together with laser beam welding. By using the MIG/MAG 
(continuous or pulsed arc) process as the arc process in laser hybrid welding, the gap bridging 
ability can be increased as the addition of filler metal is more controlled and its volume can be 
higher if compared to cold wire feed used together with plasma and the TIG arc. (Dilthey & 
Wieschemann, 1999; Wang et al., 2009) 
 
Steen (1980) reports  with the laser and TIG on opposite sides of the workpiece, a 300% increase in 
speed was obtained for an arc current of 25 A on 2 mm thick mild steel, and with the laser and arc 
on the same side of the workpiece. A 100% increase in speed at the same arc current was achieved 
on 0.8 mm thick titanium and on 2 mm thick mild steel. Furthermore, with the laser and arc on the 
same side of the workpiece, it was also observed that the undercutting, typical of high welding 
speeds, was absent. Mazumder (1982) reported that the resulting welds had many of the 
characteristics of an autogenous laser weld, but tended to have a wider fusion zone at the top due to 
the influence of the broader arc, as well as a wider HAZ. 
 
Previous studies on the hybrid weld shape have mainly been carried out with bead-on-plate 
welding, and generally the welds were not fully penetrated, which does not align with the needs of 
most industrial applications and are not equivalent with results observed with butt joint welding. It 
is reported in many studies that further investigation of the effects of the laser–arc energy ratio and 
groove parameters on the weld shape and on the microstructure in hybrid welding is required to 
deepen understanding of this process and aid in choosing suitable welding parameters.  
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2.3 Effect of hybrid welding on cost 
 
The use of laser-arc hybrid welding processes can lower the costs of production considerably e.g. 
no need for sophisticated joint fixture. The competitiveness of welded products could be improved 
as non value adding production costs (e.g. straightening work) may be avoided and welding times 
may be reduced. One very important aspect of hybrid welding is the good and consistent weld 
quality achieved. Typically, in metal industry manufacturing large products, welding production is 
now performed using traditional arc welding processes, which have a high energy input into 
structures, causing residual stresses and distortions that must be straightened after welding. It is 
estimated that in some cases the straightening of structures after welding may consume almost half 
of the total welding production time and require skilled professionals.  
 
In 1994 a German group of researchers at Institute of Welding and Joining Technology (ISF), 
RWTH Aachen published some of their work on hybrid welding processes (Beyer et al., 1996) 
discussing the specific process efficiencies of individual and combined processes together with 
aspect  ratios  and  cost  calculations.  For  a  2  kW  Nd:YAG  laser  combined  with  a  ~  2  kW  TIG  
process, they estimated a price reduction of up to 50%, up to 50% higher process efficiency, and a 
reduction in necessary joint edge preparation and control of seam width in comparison with the 
autogenous laser welding process. 
 
When using a hybrid combination, the investment cost for energy is significantly less and the 
electrical efficiency higher in comparison to arc or laser welding. The hybrid process makes it 
possible to reduce the power of the laser beam, thereby greatly reducing energy consumption of the 
laser source. In other words, a reduction of 1 kW in the laser beam power impacting upon the 
workpiece leads to a reduction of approximately 35 kVA in electricity power consumed. A laser 
beam apparatus costs approximately €56,000 per kilowatt of laser beam power. When utilization of 
the hybrid process makes it possible to use a 3 kW laser instead of one with 4 kW of beam power, 
investments of €56,000 are saved. However, costs will be incurred of approximately €40,000 for the 
additional MSG equipment and the welding head (Graf & Staufer, 2003). 
 
A direct comparison of costs between LAHW and conventional SAW was undertaken in order to 
determine the savings achievable with LAHW. Welding process costs are compared for 4.8 mm 
thick steel plate with plasma-cut edges. Labour (welding time), filler metal, gas or flux shielding, 
laser consumables and electrical energy consumption were considered in the cost determination. 
The  LAHW  process  costs  were  projected  to  be  2.5  times  less  than  those  of  SAW.  The  welding  
process cost savings of the hybrid process are driven by reducing weld time and consumable costs. 
The labour cost for LAHW is based on a laser power of 4.5 kW; however, higher laser powers are 
commercially available, allowing increased welding speeds and reduced welding costs. Process cost 
improvements afforded by LAHW are modest in comparison with the potential for reducing costs 
associated with weld distortion (Kelly et al., 2009). Appendix 2 presents some prices for lasers and 
accessories quoted by different sources. 
 
The cost of the whole system depends, among other factors, on the system concept, size of the 
workpieces to be welded and capacity demand. The price of a standard system is much lower 
compared to a special machine tailored for some special product. Robot systems are the most 
commonly used concept in laser welding when solid state lasers and fiber optical system are used 
and when the workpieces vary. In CO2 laser welding the most common concept is the portal/gantry 
system.   
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Whenever it is possible to do the job with laser only, it is not reasonable to use hybrid welding. In 
most applications, however, material handling and other set-up work take so much time that the 
benefit from an increased welding speed is lost when using autogenous laser welding.  However, in 
most cases arc augmentation is needed to get the job done, poor joint quality and material 
requirements being the most common reasons for this requirement. However, if the increase in 
welding speed can be fully utilized in production, the laser–arc hybrid system is more profitable 
compared to arc welding. Additionally, it should be noted that the arc torch needs much more 
maintenance work than the laser welding head.  
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3 APPLICATIONS 
 
As a result of its apparent advantages, hybrid laser–arc welding technology has become more and 
more attractive in recent years and has strong industrial application prospects in many fields, such 
as the aerospace, automotive, off-road vehicle, shipbuilding, oil and pressure vessel industries (Graf 
& Staufer, 2003; Kaierle et al.,  2000; Jokinen & Kujanpää, 2003; Moore et al., 2004, Defalco, 
2007). Research on improving the weldability of materials by this process, mainly involving laser–
TIG, (Moore et al., 2004), laser–MIG (Qin et al., 2007) and laser–PAW hybrid welding, has 
achieved some success, but studies of the effects of the welding parameters on the microstructure of 
the weld and the mechanical performance of the process are still few. Interest in its application in 
industrial production continues to increase.  
 
HYBLAS, a European project funded by the RFCS, studied process methods for laser-MAG hybrid 
welding of thick steels with yield strengths of up to 690 MPA. The project partners carried out 
extensive investigations using CO2 lasers of up to 20 kW power level and Nd:YAG lasers up to 7.2 
kW in order to expand the capability of the techniques regarding thickness capability (25 mm in one 
pass), bridgeable gaps (over 1.5 mm), hot crack prevention and fatigue properties (Webster et al., 
2008). Using double MAG–laser hybrid welding to define the upper process limit, high strength 
structural steel of 30 mm thickness was laser hybrid welded with a single pass from both sides 
simultaneously with two MAG power sources developed by the Fraunhofer ILT. One MAG source 
was placed on the opposite side of the steel. This is obviously a viable technique when 
manufacturing conditions permit. Figure 17 presents the observed thickness limits for equipment 
used at FORCE Technology (a Rofin Sinar SR 170 17 kW CO2 laser combined with a Fronius 
TPS330 arc welding power source). 
 

 
  
Figure 17 Observed thickness limits for equipment used at FORCE Technology (Webster et al., 
2008). 
 
Compared to results from the literature for multi-kW CO2 laser hybrid welds of 20 mm thick plates, 
it could be demonstrated that the welding speed achievable with a fibre laser can be 50% to 200% 
higher due to the wavelength and better absorption. One even bigger advantage is the potential to 
weld in PA with 20 mm penetration, which is not possible with the CO2 laser hybrid process. The 
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CO2 laser hybrid process is limited to welding in the horizontal welding position PC when using 20 
mm thick plates (Wieschemann et al., 2003). 
 
Another popular application of laser hybrid welding is the welding of containers, tanks and tubes. 
Figure 18a shows an application of the hybrid welding of single-pass longitudinal joints of 
AISI304/304L stainless steel tubes. The wall thicknesses in the application vary between 2.4 and 
14.4 mm. The CO2 laser–MAG (pulsed) hybrid welding process creates a smooth and regular bead 
with a sound root. The welding speed achieved is 10 times higher than the one used by the 
conventional welding process, even though joint manufacturing is in both cases carried out as shear 
cut edge preparation (Petring et al., 2003). The cross-section of a hybrid MAG–laser weld in S355 
15 mm structural steel with various initial gaps is shown in Figure 18b (Webster et al., 2008). 
Figure 19 shows the hybrid welding of steel and stainless steel (Ream, 2008). In most instances, 
hybrid welding offers 10 to 40% improvement in productivity compared to autogenous laser 
welding. Further improvements of up to 49% are possible with a higher power laser or pre-
machined fittings (Kelly, 2008). 
 

    
      a)                                                                           b) 
 
Figure 18 a) CO2 laser–MAG hybrid welding of stainless steel tubes and weld cross-sections 
(Petring et al., 2003),  b) cross-section of hybrid MAG–laser weld in S355 15 mm structural steel 
with initial gaps i) 0.0 mm initial gap; ii) 0.5 mm initial gap; iii) 0.8 mm initial gap; iv) 1.0 mm 
initial gap (Webster et al., 2008). 
 

   
  a)                                             b)                                            c) 
 
Figure 19 Examples of the hybrid welding of steel and stainless steel: a) steel and stainless steel, b) 
fillet welds of steel, and c) single pass welding of steel (Ream, 2008). 
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The automotive industry has numerous applications for hybrid welding, for example, in joining 
tailored blanks and lap joints in the car body. In tailored blank welding it is possible to achieve a 
smoother junction between plates of varying thickness particularly if filler metal is used. The 
demands for edge preparation and clamping can be reduced compared to autogenous laser welding. 
In automotive applications, the driving forces for the use of hybrid welding are the higher welding 
speed, low energy input and reduced distortion (Petring et al., 2003). Volkswagen and Audi are two 
well known examples that have adopted the laser-arc hybrid process in the production lines (Graf 
and Staufer, 2003; (Beyer et al., 1996; Brettschneider, 2003). 
 
Laser–arc hybrid welding is a relatively tolerant process, as far as welding parameters and their 
selection  are  concerned.  With  ordinary  steels,  which  are  easy  to  weld  with  conventional  or  laser  
welding methods, hybrid laser welding has no major problems. Mechanical properties can be 
maintained in the acceptable range in most cases. The most challenging materials are high or ultra-
high strength steels, where attention needs to be paid to welding conditions and welding parameters 
to guarantee acceptable properties. Hybrid welding is a potential process for steels and aluminium 
alloys for most applications (Blomquist, 2002). Productivity is improved through increased welding 
speed. For sheet material it is possible to get a 40% enhancement of the welding speed compared to 
conventional autogenous laser welding. Substantial improvement in process stability has been 
reported by Ream (2008) in the welding of aluminium using laser-assisted MIG. The arc provides a 
smoother weld face, and the laser reduces convexity and improves toe angles. The hybrid process 
shows true synergy, with travel speeds of up to 4m/min and an acceptance for crack sensitive alloys. 
Figure 20 shows laser-assisted MIG of aluminium (Ream, 2008). 
 

 
        a) 

 
        b) 

 
        c) 
 
Figure 20 Laser-assisted MIG of aluminium, a) laser with filler wire, 6061, b) MIG, 6061, c) 
hybrid, 6061 (Ream, 2008). 
 
An air gap in the joint is advantageous for laser hybrid welding because its presence appears to 
increase  the  maximum  penetration.  In  the  case  of  welding  of  plates  with  a  greater  than  4  mm  
thickness, the maximum bridgeable air gap width is smaller than with thinner plates (Wieschemann 
et  al.,  2003).  When  a  0.4  mm  air  gap  was  created  in  an  8  mm  thick  butt  joint  of  mild  steel,  the  
maximum welding speed was increased by 12.5% when compared with a joint without an air gap. If 
the plates are shear-cut, the groove has a minor V shape, and it is possible to increase the welding 
speed by approximately 60% with CO2 laser–MAG hybrid welding (Nilsson et al., 2003). Abe et al. 
(1997)  observed  that  the  welding  of  thick  plates  becomes  possible  with  a  Y-shaped  groove.  The  
penetration depth achieved was deeper and the welding speed higher than with the autogenous laser 
welding process. The arc process supplies the molten metal filling the gap and groove (Abe et al., 
1997b).  
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Figure 21 presents a comparison of hybrid welding with other welding processes. In the figure, the 
welding speed is given relative to the fusion power, which describes the weight of the molten filler 
material per hour. The fusion power of hybrid welding is lower than other methods due to the fact 
that narrow grooves are usually used and there is no need to melt a large volume of filler material 
(Schmidt, 2005). 
 

 
 

Figure 21 Comparison of tandem welding with other welding processes (Schmidt, 2005). 
 
Metalwork in shipbuilding often suffers from a lot of deformations caused by thermal cutting and/or 
heat input by welding. The deformations need to be straightened to achieve flat sections. Although 
methods are known how to reduce distortions caused by heat input, nevertheless, distortions are 
more or less unavoidable. Distortion can be reduced by decreasing the heat input by using lower 
heat input processes for cutting and welding. For this reason, laser welding and more recently laser-
arc hybrid welding are receiving greater attention in European commercial shipyards. MEYER in 
Germany, STX Finland in Finland, FINCANTIERI in Italy and Odense steel shipyard in Denmark 
are examples of shipyards using laser processing. Laser–MIG/MAG hybrid welding allows for the 
possibility of further modifying the weld bead shape, eliminating undercut, increasing gap 
bridgeability and reducing the propensity for cracking and porosity compared to autogenous laser 
welding. (Tusek & Suban, 1999; Bagger & Olsen, 2005; Qin et al, 2007; Chen et al, 2006; 
Kristensen et al, 2010). As reported by Kristensen (2002), “the major motivation in shipbuilding is 
reduced distortion as it is estimated that between 20 and 30 percent of the man-hours used in 
shipbuilding is due to reworking caused by welding distortion.” Figure 22 illustrates this problem 
very convincingly. The advantages of laser processes have been shown on a number of occasions by 
researchers through direct comparisons with conventional arc welding processes. 
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Figure 22 Typical arc-welded deck panels for a passenger ship—note the distortions (Kristensen, 
2002).  
 
In order to increase productivity and production capacities, shipyard industries have adopted laser–
arc hybrid welding in their production lines. In particular, cruise and passenger ships are well suited 
for this application as the steel work is dominated by the large amount of deck structures needed, 
which typically are made in 5–8 mm plate thickness. Probably the most well-known user of laser 
hybrid welding is the Meyer Werft shipyard in Pappenburg, Germany, where CO2 laser–MIG 
hybrid welding is used for joining plates together in butt configurations, and for joining of stiffeners 
to plates using T-fillet joint configurations. After adopting hybrid welding in ship hull production, 
the total time for hull production has been reduced by 40% (Roland et al., 2002; Defalco, 2007). 
 
Laser–arc hybrid welding has been used widely in the welding of steel, aluminum and other alloys, 
in which greater than 1.5 kW laser beams (Mahrle & Beyer, 2006) are typically used. However,, 
there is a serious problem of energy waste in the process of welding magnesium alloys because of 
the low photoelectric transformation efficiency of the laser (Graf & Staufer, 2003), considerable 
reflection of laser energy in the welding of some non-ferrous metals (Haferkamp et al., 2002), and 
the absorption and defocusing effects of the laser beam when it penetrates the arc plasma (Chen et 
al., 2003). In studies of magnesium alloys, it was found that when a low-power laser beam is 
coupled with a TIG arc, the weld penetrations of hybrid welding can double that of the penetration 
of TIG welding alone, and the weld joint shows good mechanical properties. Therefore, low-power 
laser–arc hybrid welding technology in which the laser power used is less than 400 W has been 
proposed for welding of magnesium alloys, (Mahrle & Beyer, 2006). 
 
New materials have been adopted and new power sources have been developed in laser and hybrid 
welding processes of boilers. Tight wall panels for boilers are constructed based on welding the two 
sides of a pipe made with flat connections (Figure 23). In the study by Well (2006), Welding of 
tight wall panels was performed based on the hybrid technique with a fibre laser, using the MAG 
method, in an active gas shroud 82% Ar + 18% CO2 and with a leading laser beam inclination of 
58° in the opposite welding direction for pipes (S235JRG2 20 × 5 mm) and flat workpieces 
arranged for welding in the horizontal rolled position (I position). 
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Figure 23 Tight wall made at Energoinstal S.A (Adamiec et al., 2010). 
 
Compared to laser welding, laser–arc hybrid welding can provide a more desirable geometric shape 
of the weld, that is, better width-to-penetration depth proportions (b/h). The most advantageous 
properties  of  tight  wall  panel  joints,  that  is,  the  geometric  shape  and  b/h  ratio  of  the  weld,  were  
obtained during the fibre–MAG hybrid welding tests with initial preheating of up to approximately 
150°C. Additionally, about four times the efficiency was attained with laser-arc hybrid welding 
compared to currently obtained efficiencies for tight wall welding with an electrode. Pipe-flat butt 
joints are possible in the I welding position using laser–MAG hybrid welding (Adamiec et al., 
2010). 
 
Laser–MAG hybrid welding technology is not currently in use in the power industry. Improvements 
in lasers and the significant decrease in their price have improved their application advantages. 
However, amendments to currently used standards and technical guidelines are necessary in order to 
implement this technology in the manufacture of pressure elements for the power industry. 
(Adamiec et al., 2010). 
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4 SUGGESTIONS FOR FURTHER STUDY 
 
 
Laser–arc hybrid welding involves numerous process parameters and, therefore, raises numerous 
topics of study. Key issues include laser power, joint type and materials. The wide and growing 
range of laser sources currently available opens a wide area of study. High beam quality, shorter 
wavelength (absorptivity is higher for steel) and more easily controllable power level certainly have 
a great effect on process behaviour. Arc equipment from different manufacturers is different as 
regards its capabilities, characteristics and metal transfer modes. One interesting starting point for 
further study would be issues pertaining to the temperature distribution in the arc and the thermal 
cycle in the workpiece when both energy sources are in operation. 
 
While fundamental analyses of the hybrid welding process have been performed, including research 
on the laser–arc arrangement, process distance and shielding gas, only relatively few specific 
situations have been studied. Therefore, further extensive tests on the microstructures and 
mechanical properties of welded joints, as well as different types of simulation and modelling, 
should be carried out in the near future to provide relevant, specific information necessary to spur 
industrial applications. For further, novel applications of laser–arc hybrid welding, more 
information and technical data on the joint performance the laser and arc are essential. 
 
An important focal point for development is suitable arc sources for laser hybrid welding. Existing 
sources are designed for arc welding and not specifically for laser hybrid welding, thus the wire 
feed rate capacity ,for example, is not high enough for optimal laser hybrid welding. 
 
A common limitation with much of the research which effects comparison of different parameters 
and results is that very many experiments have been performed for bead-on-plate and butt joint 
welding without an air gap. These tests give different results from welding a real joint with a 
specific joint preparation and, in practice, always with a small air gap.  
 
One of the main factors affecting the widespread implementation of laser–arc hybrid welding is the 
significant initial capital investment required to purchase the laser system. Despite this significant 
cost barrier, hybrid welding is being applied across a number of different fields, including 
shipbuilding, automotive welding, pipelines and railcar industries, primarily in Europe and Asia. Its 
potential expanded application in the joining of important alloys, including stainless steels, 
advanced high strength steels, titanium and aluminium alloys, will require considerable research, 
rigorous characterization and systematic cost analysis. The above-mentioned alloys often require 
different filler and base metal combinations, which will have to be determined for various hybrid 
welding conditions in order to obtain optimum weld properties. Significant research also needs to 
be done to understand the correlation between welding conditions and the resulting weldment 
structure and properties for each alloy. Providing a detailed characterization of the structure and 
properties for each alloy remains a major task. 
 
Although hybrid welding has enjoyed growing acceptance in recent years, many important 
questions about its underlying scientific principles remain unanswered. For example, although the 
laser–arc interactions have been examined and increased arc stability and bending of the arc 
towards the laser-generated keyhole noted, the origin of the synergistic interaction that occurs 
between the arc and laser-generated plasmas for various welding conditions is not well understood. 
Spectroscopic investigations of the optical emissions may provide a better understanding of the 
laser–arc interactions from the spatial and temporal distributions of electron temperatures and 
densities in the plasma for various welding conditions. A better understanding of the origins of 
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keyhole stability under the conditions of hybrid welding through experimental and theoretical 
research would also be useful since collapse of the keyhole is believed to play an important role in 
porosity formation in laser welds. Computational modelling of the heat transfer and fluid flow will 
enable understanding of the weld pool geometry and cooling rates both within the weld pool and the 
HAZ. In addition, computed cooling rates at all locations within the weldment can be helpful in 
understanding the evolution of weld microstructures. Cooling rate data can also be used to help to 
avoid cracking, brittle phase formation and thermal distortion. Better sensing and process control of 
the hybrid welding process would also be helpful in expanding its applications.  
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5 CONCLUSIONS AND SUMMARY 
 
 
A number of simultaneously occurring physical processes have been identified as contributing to 
the unique properties obtained during hybrid welding. However, physical understanding of these 
interactions is still evolving. This review critically analyzes recent advances in the fundamental 
understanding of hybrid welding processes with emphasis on the physical interaction between the 
arc and laser and the effect of the combined arc–laser heat source on the welding process. Important 
areas for further research are also identified. 
 
It has been acknowledged in this study that the different laser–arc hybrid welding processes, the 
relative set-up of the process distance, the parameter set-up, and the shielding gas play a very 
important role in the performance and resulting weld quality. The use of laser–arc hybrid welding 
processes for welding of metals offer merit that the rate of welding, reduced post-weld re-working 
costs are gain.  
 
Laser- arc hybrid welding is designed to overcome problems commonly encountered during either 
laser or arc welding, such as cracking, brittle phase formation and porosity. When placed in close 
contact with each other, the two heat sources interact to produce a single high intensity energy 
source. This synergistic interaction of the two heat sources has been proven to alleviate problems 
commonly encountered in each individual welding process. It allows increased gap tolerances, 
compared to laser welding, while retaining the high weld speed and penetration necessary for 
efficient welding of thicker workpieces. 
  
As a result of a considerable extension of the field of industrial applications and the efficiency of 
the combined process it is possible to reduce investment costs, manufacturing time and fabrication 
costs, as well increase productivity compared to autogenous laser welding. In most instances, hybrid 
welding offers 10 to 40% improvement in productivity compared to autogenous laser welding. 
Improvement of productivity can be increase with a higher power laser and machined fitting. 
 
From the present research it might be concluded that the combination of the laser beam and electric 
arc is ideal for fusion welding of thick workpieces, materials with high heat conductivity, and 
specially shaped structures and welded joints. However, some inherent limitations and deficiencies 
should be taken into consideration such as the set-up of various variables and the cost of the 
equipment. Based on the literature and known expertise on the welding arc and its properties and on 
the laser beam, it can nevertheless be stated that the combination of both heat sources certainly 
eliminates some of the deficiencies of each individual heat source, such as low efficiency of energy 
transfer to the weld. 
 
Further  obstacles  to  overcome  prior  to  greater  utilization  of  the  hybrid  welding  process  are  the  
physical limitations. The first limitation is the maximum thickness that can be welded such that the 
ability to produce a free-formed root bead will still be achieved. In my view, the limit is between 12 
mm and 15 mm for power level 10-12 kW, depending on the laser typeused. Higher power lasers 
having potential to deeper penetration up to 25-30 mm are actually not able to reach this penetration 
due to root quality. Secondly, the hybrid process allows greater fit-up variation than normally 
possible for autogenous laser welding of thinner material; whereas, as the thickness increases, the 
limitation  of  the  hybrid  welding  process  will  require  industries  to  improve  their  fit-up  tolerances  
over what is currently achieved for the arc process. The cost for this expansion will have to be 
factored against the profits of the hybrid welding process. 
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The geometrical arrangement of the chosen heat sources plays the most important role for the 
capability and efficiency of the hybrid process, as well as for the properties of the generated joints. 
Distinguishing between techniques with common and separated operation points is important. 
Realizing a common operation point means that the arc root and the laser beam spot centre are 
directed into the same location on the material being welded. 
 
It is clear from the development that has taken place over the years that laser and laser–arc hybrid 
welding have applications within shipbuilding, the pipeline and aircraft industries, and land 
transportation. Compared with CO2 laser–TIG arc hybrid welding, solid state laser (e.g. Nd:YAG 
laser, fiber laser and disc laser) + MIG/MAG arc hybrid welding will have wider applications in the 
future because of the flexibility, automatisation and robotisation of the process.  

However, this technology is experiencing only slow growth in today’s industries. Some reasons for 
this slow acceptance are the high cost of the investment and the complexity of the process resulting 
from the large number of parameters involved. Set-up of the processing parameters requires a high 
degree of skill and accuracy, and these imperatives, added to an incomplete knowledge of the 
process, are limiting factors for industrial applications. 
 
The “hybrid age” may have been slow in coming but has accelerated in the last few years. This 
acceleration has been motivated by enhancement in lasers, especially high brightness lasers. These 
new lasers have allowed for easier integration into systems and lower ownership cost which have 
positively impacted on the process. In addition, as new standards become available, there is a 
potential for the technology to be accepted and implemented. Also, the promotion of hybrid welding 
process by one of the world’s largest arc welding companies (Lincoln electric Corporation and IPG 
Photonics) for the development of laser-arc hybrid welding systems suggests a positive shift in how 
industries view the process.   
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6 SUMMARY OF PUBLICATIONS 
 
This summary introduces the appended research papers that constitute the second part of this thesis. 
Table 3 presents the research papers and their research problems. 
 
Table 3 Researches papers and their research problems 
  

 
 
6.1 Publication I   
 
 
Laser–arc hybrid welding processes (Review) 
 
This study deals with the different types of hybrid welding processes, describing current methods 
and approaches, and the principles and applications of various combinations of a laser and welding 
arc. The processes are analyzed on the basis of the parameters involved and the type and thickness 
of the base material. This study looks into the productivity, economy and quality of laser hybrid 
welding and provides fundamental considerations of the set-up of laser hybrid welding parameters. 
The effects of the parameters and set-up can be seen in the analysis; thus, the economic feasibility 
and quality management factors as the basis of analysis can be assessed. 
 
 
6.2 Publication II  
 
The effect of the relative location of laser beam with arc in different hybrid welding processes 
 
Laser–arc hybrid welding is a promising technique for the welding of heavy sections. To achieve 
high weld quality with these processes requires several parameters to be properly adjusted. The 
selection of suitable parameters partly depends on the results desired whether it be gap bridging, 
penetration depth, welding speed, melting efficiency, process stability, control of the weld width, 
porosity reduction, or weld appearance. This paper studies how the position of the different sources 
in laser–arc hybrid welding influences overall weld quality. The aim of the assessment is to ease the 
choice of an appropriate relative position for a specific metal.  

Research paper Research problem 

Publication I The principles and applications of different laser-arc 
hybrid welding processes in the welding of steels 
and aluminium alloys relevant to industrial 
applications.  

Publication II The interaction and effect of the relative location of 
the laser beam with arc in different laser-arc hybrid 
welding processes in the welding of steels. 

Publication III The different categories of process gas combinations 
for different laser-arc hybrid welding. 

Publication IV The effects  on weld quality of different 
configurations and the most important process 
variables in laser-arc hybrid welding  in industrial 
applications  
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The study is based on a critical literature analysis of the results of a variety of publications prepared 
by  several  research  groups.  The  effects  of  the  parameters  and  set-up  are  detailed  in  the  analysis.  
Especially economic feasibility and quality management factors as the basis of analysis can be 
assessed. 
 
 
6.3 Publication III 
 
The analysis of shielding gases in laser–arc hybrid welding processes 
 
Acceptable quality laser–arc hybrid welds can be produced with many different process gas 
compositions, but if the objective is to achieve good productivity, low gas costs, a reliable process 
and the best quality, the shielding gas composition makes a remarkable difference in laser–arc 
hybrid welding with steels or aluminium alloys. The gas type used in such processes has a 
significant influence upon plasma formation, stability and the weld bead shape. In this paper, 
different process gases have been studied in various laser–arc hybrid welding processes. The aim of 
the study is to assess the influence of shielding gases in the production of a weld. It was concluded 
from the study that there should be an optimal combination and composition of types of shielding 
gases for a specific combination of the laser beam and arc sources. The flow rate of the shielding 
gas must change the laser-induced plasma plume in order to attain a high coupling coefficient 
between the laser and the material. The study is based on a critical literature analysis of the results 
from a variety of studies carried out by several research groups. The effects of parameters and set-
up are detailed in the analysis, which assesses the economic feasibility and quality management 
factors. 
 
 
6.4 Publication IV 
 
Influence of parameters on penetration, speed and bridging in laser hybrid welding 
 
Increasing interest has been expressed in the application of the laser hybrid welding process by 
metal industries producing thick sections because the process possesses advantages compared with 
laser welding alone. One major benefit is that larger joint gaps can be accommodated. For the 
successful implementation of laser hybrid welding technology in high quality welds in industrial 
applications, the parameters that influence the penetration depth, the welding speed and the 
bridgeability gap should be studied.  
 
The study was based on a literature review of the results of a variety of publications prepared by 
several research groups. This review concentrates on specific factors penetration, welding speed and 
bridging capabilities of the laser hybrid welding process. The large number of parameters enables 
use of the process in various applications by adjusting the parameters case by case, which can be 
seen as an advantage. Thus, it has been noticed that process distance plays an important role in 
achieving deeper penetration and synergy between the processes. The penetration depth is mainly 
affected by the laser power and the welding speed, whereas the bridgeability of the air gap is mostly 
influenced by the voltage and the wire feeding and travel speeds. This study provides a good 
foundation for future research and creates awareness among the metal industries of approaches to 
maximizing their productivity and quality in the field of laser hybrid welding. 
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APPENDICES  
 
 
Appendix 1 
 
 
Wide weld (MIG/MAG)                                                         Narrow weld (LW) 
 
 

  
  

3<< 1, 2                                                                                                                                          3~ 2 
                                                           Von Mises criterion        

max= 1~ yield stress                                                                                                                         max >> yield stress    
 
 

Equivalent stress:                           eq =   
 
 
Plasticity:        eq = yield stress    
 
In general, the residual stresses in laser welding joints are greater than those in MIG/MAG joints; 
on the other hand distortion of laser joints is less than in MIG/MAG joints.  
 
When comparing the heat input of the process and autogenous laser welding, it is mostly better to 
use MIG/MAG welding. With laser welding the hardness value increases due to the high heat input 
of the laser. 
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Appendix 2 
 
 
Laser 
Type 

Power 
(kW) 

Cost (€) Weldin
g optics 
(€) 

Bending 
mirror 
(block) (€) 

Sources Other notes 

CO2 6 350 000 7,500–
15,000/
pc 

2,500/pc Apricon 10 kW does not exist; Prices 
include a chiller and fine 
adjustment stand. CO2 lasers 
(TruFlow lasers) 8 kW or less are 
for cutting and 12 kW–20 kW are 
only for welding due to beam 
quality. 

8 430 000 

12 550 000 

Solid 
state 
(Disk): 

6.6 
(TD66
02) 

360,000 15–
25,000 

Chiller €25,000; LLK 0x D 30 m, 
€7,500; In solid state side there 
are three series of beam qualities 
in this field of products. Lasers 
are for cutting in 01series (4 mm 
mrad) and for welding in 02 
series (with 8 mm mrad) and 03 
series (12 mm mrad). The laser 
controller is a crucial part of the 
laser device and without it the 
laser will not work. It is always 
included in the basic device 

 10 
(TD10
002) 

570 000 

 10 
(TD10
003) 

520 000 

 12 
(TD12
002) 

660,000 

 12 
(TD12
003) 

600,000 

Fibre 6 280 000 Chiller 
15,500 

2-way 
beam 
switch 
€25,000,  
4-way 
beam 
switch: 
€40,000 

IPG 
Photonics 

The laser pricing for fibre lasers 
follows almost a linear scale. It is 
apparently due to power 
generation in laser modules 
including pump diodes and fibre 
blocks. For higher laser power, 
the number of modules has to be 
increased. 
Fibre process 30 m long about 
€5,500, welding head YW52 
90°bended: €15,500. 

8 360,000 Chiller 
20,500 

10 440 000 

12 510 000 Chiller 
24,500 
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LASER-ARC HYBRID WELDING PROCESSES (Review)

P. KAH1, A. SALMINEN1, 2 and J. MARTIKAINEN1

1Laboratory of Welding Technology and Laser Processing, Lappeenranta University of Technology, Lappeenranta, Finland
2Machine Technology Centre Turku Ltd, Turku, Finland

This study deals with the different types of hybrid welding processes in addition to describing the means and situation
today regarding the principles and applications of various combinations of laser with welding arc. The processes are
analyzed regarding their parameters involved and the type and thickness of the base material. This study looks into the
productivity, economy and quality of laser hybrid welding and provides some fundamentals of the set-up of its parameters.
The effects of parameters and set-up can be seen in the analysis, thus, the economic feasibility and quality management
factors as the basis of analysis can be assessed.

K e y w o r d s :  laser-MIG/MAG welding, laser-TIG welding,
laser-plasma arc welding, laser-tandem welding, laser-sub-
merged arc welding, hybrid welding process

The laser-arc hybrid welding process has been inves-
tigated since 1978, when Steen and co-workers in the
UK published their first paper about TIG augmented
laser welding [1]. Nowadays, the lasers used in hybrid
welding include the older generation lasers like the
CO2, Nd:YAG and diode laser, and the new disc and
fiber laser. The CO2 laser was the firstly and normally
used laser in hybrid welding [2—6]. The Nd:YAG laser
was also used in hybrid process for welding of alumi-
num or materials of high reflectance and steel because
of its short wavelength, which guarantees much higher
absorption [7]. One reason to use Nd:YAG laser has
been the possibility to use optical fiber for beam trans-
portation.

Hybrid welding combines the energy of two dif-
ferent energy sources in a common process zone. Typi-
cally the focused laser beam is aimed to a joint per-
pendicular to the plate surface, whereas the arc torch
is tilted to a suitable angle and aimed close to the
interaction point of the laser beam and material. Typi-
cally this means that the laser beam with its high
energy density and the electric arc with high energy
efficiency interact at the same time in the same process
area (plasma and weld pool) and mutually influence
and assist each other. In the hybrid welding process,
the number of variables grows through coupling the
processes. The resultant mutual influence of the proc-
esses can have different intensities and characteristics
depending on the arc and laser process used and on
the process parameters applied [5—9]. A wide variety
of hybrid processes exist, depending on the laser source
(CO2, Nd:YAG, diode, fiber or disc laser) and the arc
welding process (MIG/MAG, TIG, plasma arc weld-
ing (PAW), tandem, submerged arc welding (SAW)
with which it is combined. It is also possible to use
special heads, in which the laser beam is surrounded
by electric or plasma arc [9, 10].

With hybrid welding processes the potentials are
fundamentally resolved by the appropriate selection

of the method set-up and the basic parameter configu-
rations adapted to the demand of material, structure
and manufacturing conditions. If the boundary con-
ditions are well chosen, hybrid welding proves to be
a really stable, efficient, profitable and flexible tech-
nology.

Various studies have revealed that through cou-
pling the processes synergistic effects are achieved and
the disadvantages of the individual process can be
compensated for, e.g. the typical narrow weld of laser
welding leads in some cases to metallurgical and fit-up
problems, and the higher heat input of arc welding
increases distortion and subsequent rework cost. The
advantages mainly come from:

• the gap bridgeability of the process to control
the air gap caused by inaccurate groove manufacture
and fixturing tolerances;

• the increase penetration and the welding speed
above the sum of the single speed, thus, keeping the
heat input and thermal distortions to the minimum;

• the increased regularity of the weld bead;
• a significantly wider range of applications adap-

ted to the demands of material, structure and manu-
facturing conditions;

• the lower investment costs by saving laser power.
Metallurgical property improvements using filler

material and diminished porosity due to the promoted
escaping of gas out of the enlarged molten pool are
also noted especially in the case of partial penetration
welds [2, 3, 10—12]. However, in hybrid welding, the
arc is stable because the arc cathode spot is located
in the thermal action area by the laser radiation, which
occurred in the keyhole. Therefore, the results ob-
served with high speed camera show that the plasma
generated by the laser was observed to play a vital
role in arc stability [13, 14].

Hybrid welding has mainly been introduced in ap-
plications, in which plate thicknesses allow single pass
welding, and thus also experimental work has been
focused on single pass welding. A limiting factor with
regard to plate thickness in single pass welding is the
power of the laser. Naturally, with high power lasers,
it is possible to weld thicknesses of up to 30 mm with
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a single pass. But also with medium power lasers, the
welding of very thick steel plates is possible by using
a gap between the plates to be welded and the multi-
pass welding technique. Hybrid welding gives excel-
lent opportunity to use medium power lasers for
thicker sections, like in laser welding with a filler
wire. In this case laser does not have to be very po-
werful, and this means a reduction in the investment
cost and still more effective welding can be done.
Apart from the square butt preparation, also V- and
Y-groove can be used which are partially a result of
blanking without any further edge preparation.

Application fields in laser-arc hybrid welding have
been expanding in a variety of workshops and indus-
tries (for example, shipbuilding, automotive industry,
vessel manufacturing) [9—11, 15, 16], as well as being
an extensively studied method for a variety of mate-
rials. It is owing to a number of advantages of hybrid
welding compared with individual processes.

The distance between the laser beam position and
the arc (process distance) is an important parameter
of hybrid welding as has been shown in [17]. If the
distance is too long, the laser and arc plasmas will be
apart from each other resulting in an unstable arc,
since the laser plasma and heated material are no
longer supporting the generation and maintenance of
the arc [18]. According to some researchers, when the
separation of the processes is 5 mm or more, the proc-
esses are acting independently [18, 19]. Of course this
value depends, for example, on the welding speed,
laser and arc powers and the material used.

Laser-MIG/MAG welding process. The funda-
mentals of the coupled process (Figure 1) are nearly
the same for both the CO2- and the solid-state lasers.
The laser and arc processes have a common process
zone and weld pool. The process can be controlled in
such a way that the MIG/MAG welding part provides
the appropriate amount of molten filler material to
bridge the gap or fill the groove, while the laser is
generating a keyhole within the molten pool to ensure
the desired penetration depth. This can be reached at
high speed. By combining the laser beam and the
MIG/MAG arc, a larger molten pool is formed com-
pared to the laser beam welding process [10].

The microstructure and mechanical properties of
the weld metal can be improved by controlling its
chemical composition by using proper filler material.
In this case, the wire feeding elements should distrib-

ute homogeneously all over the weld metal to attain
a homogeneous microstructure. It is not easy, however,
to attain homogeneous distribution in narrow and deep
penetration hybrid welds. The hot crack affinity of
extrusion compound alloys is another reason to use
filler material. With regard to those applications, the
largest potential of the laser-arc hybrid welding tech-
nique is expected to be in the area of using additional
filler material and thus the combination of laser-
MIG/MAG hybrid welding process which is cur-
rently the most preferred laser-arc hybrid welding
process [3—10]. This process has been reported to close
gaps between 0.6 mm (with 2.7 kW [20]) and 1 mm
(with 2.0 [18] and 5.7 kW [15]).

As with any other welding process, also the capa-
bilities of laser-MIG/MAG hybrid welding are es-
sentially determined by the appropriate selection of
the system set-up and the basic parameter configura-
tion. In that case, the parameters of laser and
MIG/MAG welding can be varied freely in a rather
wide range in order to adjust the welding process to
the required performance regarding depth, gap bridg-
ing, weld shape and metallurgical properties [5].

If we compare the penetration characteristics of
laser, MIG/MAG and hybrid welding, it shows that
the laser weld has bead concavity, whereas the
MIG/MAG-welded seam has extreme weld support
and hybrid welding has extreme reinforcement and
high weld width with the same penetration depth and
the same welding speed as in laser welding. A typical
example of such welds can be seen in Figure 2, which
somewhat exaggerates the difference, since the weld-
ing is performed in bead-on-plate configuration, but
still represents the situation.

The penetration depth is mainly determined by the
laser beam power and shaping, whereas the weld width
is mainly determined by the arc, in particular, by the

Figure 1. Schematic representation of laser hybrid welding with leading laser and leading arc arrangements: 1 – arc; 2 – filler material;
3 – melt pool; 4 – weld metal; 5 – workpiece; 6 – keyhole; 7 – metal vapour; 8 – shielding gas; 9 – laser; 10 – cross jet

Figure 2. Weld macrosections in laser (a), MAG (b) and laser-MAG
hybrid welding [21]
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voltage. If there is no air gap, the maximum welding
speed achieving full penetration for CO2 laser-
MIG/MAG hybrid welding is lower than for CO2

laser welding. This is caused by the extra material on
top of the workpiece that requires to be penetrated
and the fact that the focal point position is diverted
from the set-up value. The welding speed can, how-
ever, be increased with an increase in the air gap
width. Air gaps of up to 1.5 mm in width can be
bridged, but at this maximum width the process is
quite unstable and produces spatters. The welds pro-
duced by hybrid welding have also typically lower
hardness in comparison to that in arc welding [22].

According to an experiment carried out to inves-
tigate the stability of the condition of a hybrid CO2

laser-MIG/MAG process by analyzing the influence
of several process parameters, it was shown that the
optimum process distance depends on the metal trans-
fer mode in shielded-gas metal arc welding. The base
metal transfer mode is important in order to achieve
a stable and repeatable process. It has been reported
in many papers that arc parameters giving the
pulsed/spray arc should be preferred to the
short/globular arc [10, 23]. Nd:YAG laser radiation,
due to a lower interaction with the arc plasma, allows
a closer approach to the arc than CO2 laser radiation.
The focal point should, in most cases, be set below
the workpiece surface to maximize penetration [9].

Normally, the smallest possible arc inclination is de-
sired. Angles in the range of 15 to 30° relative to the
laser axis work with technically acceptable effort.

Lui et al. [24] studied the process parameters of
laser-MAG hybrid welding of HSLA-590 steel using
a 2.4 kW CO2 laser with MAG welding. They found
that the arc-leading hybrid bead was not as smooth
as the laser-leading bead. Considering the bead ap-
pearance, the laser-leading process is better than the
arc-leading hybrid process. It was also examined that
the hybrid weld metal had a higher toughness than
the laser weld metal even at higher welding speed.

Hardness measurements in MIG-laser hybrid weld-
ing were made on butt welds with a zero gap and the
maximum possible welding speeds resulting in sound
welds. Figure 3 shows that the maximum values are
HV1 400, 258 and 268 for the laser, MIG and hybrid
processes, respectively. This corresponds to 2.5, 1.7
and 1.75 times the base material values, respectively.
Despite the higher value in the center of the hybrid
weld as compared to the MIG weld, the hardness
values of the hybrid weld are generally HV1 20—
50 lower than those of the MIG weld. This also results
in a 40 % reduction of the size of the HAZ, from 8.6
to 5.2 mm2, measured with the aid of digital image
processing. The bainite is completely avoided in MIG-
laser hybrid welding where acicular ferrite is formed
in the HAZ. This also explains the considerable re-
duction in the hardness of the weld metal [25].

The effect of the gap distance in butt welding can
be visualized by plotting the maximum welding speed
to the ability to bridge gaps (Figure 4). The laser
welding process displays a clear drop in the welding
speed at a gap wider than 0.1 mm. For the MIG weld-
ing, no change is evident at variable gap distances.
For the hybrid welding, only a small decrease in the
maximum welding speed is observed at increasing
gaps. With a gap size of 0.6 mm, a reduction in speed
of only 22 % (from 4.5 to 3.5 m/min) is seen [25].

Different joint configurations, materials and ma-
terial thickness have been investigated in hybrid weld-
ing by different research groups. Figure 5 shows ex-
cellent misalignment tolerances reported in [15] on

Figure 4. Effect of gap width h on maximum speed vmax of laser (1), MIG (2) and hybrid (3) welding of 2.13 mm CMn alloy 250 using
2250 W CO2 laser and 9 kW MIG arc [25]

Figure 3. Hardness HV1 of weld metals at MIG-laser hybrid weld-
ing without gap of 2.13 mm CMn alloy 250 using 2250 W CO2
laser and 9 kW MIG arc at maximum speed of laser (1 – 4.4),
MIG (2 – 2.2) and hybrid (3 – 4.5 m/min) welding [25]: l –
distance from weld center, mm
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hybrid welding of 10 mm pipeline steel X52 with 10°
single V-groove and 1 mm root face, using CO2 laser
of 10.5 kW, MIG pulse arc, filler wire G3Si1 of di-
ameter 1.2 mm and assist gas argon—helium mixture
at wire feed rate of 5.2 m/min. Hybrid welding is
superior to the laser welding in respect of this joint
preparation fault.

Hybrid welding has also shown a very good weld
bead reinforcement junction to the base material of
different joint configurations (Figure 6) [26]. Accord-
ing to the description, a 3 kW Nd:YAG laser using a
0.6 mm fiber or a 6 kW CO2 laser were used. The
welds were crack- and pore-free welds of sufficient
strength, and produced at very high speeds.

A study was recently conducted in Fraunhofer-In-
stitut fuer Lasertechnik (ILT) [3] to expand the pre-
vious state of the art of laser-MAG hybrid welding of
high strength structural steels. The majority of the
welds were carried out with an incorporated nozzle
for hybrid welding fabricated by ILT. The results
shown that the laser beam power and the welding
speed have to be regulated to the plate thickness and
the gap width for butt joints in the downhand and
side position. It was noticed in the same experiment
that thicknesses ranging up to 25 mm can be welded
(Figure 7) without any hot cracks, and if they exist,
with only few small pores. V- or Y-groove preparation
in the range of 4—8° full angle and suitable welding
speed mutually with the right energy input per unit
length are the vital points to be considered.

Figure 5. Macrosections of the pipeline steel X52 welded joints 10 mm thick at speed of hybrid welding of 1.0 (a) and 0.8 (b, c) m/min
[15]

Figure 6. Macrosections of the different configuration hybrid-welded joints for 6—8 mm heavy section steel (a—e) and 2 mm thin sheet
steel (f) [26]

Figure 7. Cross-sections of optimized hybrid welds used for me-
chanical and technological tests [3]
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The differences between the CO2 and the Nd:YAG
laser in hybrid welding come as a result of their wave-
lengths. The CO2 laser is more economical and offers
a higher speed than the Nd:YAG laser if the available
higher power is utilized. But the laser beam delivering
system is more complex for the CO2 laser than for the
Nd:YAG laser with a shorter wavelength that can be
delivered through an optic fiber. This offers higher
absorption especially in the case of welding aluminum.
However, both the CO2 and lamp-pumped Nd:YAG
laser have significant drawbacks. The first one is the
relatively low wall plug efficiency at much less than
10 %. This means that the systems not only require
large amounts of energy to operate but that they also
require chiller equipment to extract waste heat [13,
16, 17, 27].

The choice of process gas (shielding gas) parame-
ters is an important factor in hybrid welding. With
Nd:YAG lasers the selection of process gas can be
determined according to the arc stability demands and
bead shielding properties; for MIG/MAG welding
also droplet detachment and spatter-free metal trans-
fer have to be considered. In this case argon will con-
stitute the dominant portion of the gas used. Small
additions of oxygen promote droplet detachment and
reduce spatter. Mixtures of helium lead to higher arc
voltage and the corresponding power increase results
in wider welds, but also destabilize the arc. Neverthe-
less, using CO2 lasers, a helium mixture is often used
to avoid plasma shielding. Fortunately, the presence
of the laser beam enables acceptable arc stability even
with a significant helium portion [27].

Within the automotive industry, Volkswagen and
Audi are two particularly well-known examples of
companies convinced by the benefits of hybrid laser-
MIG welding. In the shipbuilding industries the tech-
nique is slowly gaining a firmly established acceptance
for a wall thickness of 15 mm [6, 9, 15, 28].

Laser-TIG welding process. When a TIG arc is
operated simultaneously with a laser beam, a heat

condition is established in which it is theorized that
laser absorption is improved. The absorption of the
laser energy into the base material is enhanced in this
heated region [5]. This combination creates a moving
common melt pool along the weld pass. A typical
schematic diagram of laser-TIG welding is presented
in Figure 8.

Steen and Eboo [1] conducted their experiments
with CO2 laser and TIG arc. It was found that com-
bining a TIG arc with the laser meant serious advan-
tages to the process: firstly, the arc root remained
stable in the hot spot generated by the laser so that
the arc, even of low current, can be performed with
high welding speed without instability, and, secondly,
the arc root is narrowed in the combined process which
appears to avoid some of the undercutting normally
associated with high speed arc welding especially of
aluminum alloys. The absorptivity of the weld metal
increases with an increase in temperature in the case
of a 10,600 nm wavelength [1, 15, 30]. It is also
reported that both the CO2 laser and the TIG welding
processes greatly depend on the shielding gas and its
protecting method used [6].

 Lui and Zhao [31] have studied the welded joint
of magnesium alloy and steel by using different joining
techniques. They found that due to the high energy
intensity and the fast stir action in the molten pool,
it is possible to weld magnesium alloy and steel by
laser-TIG hybrid welding, which is almost impossible
with conventional fusion welding processes, with the
following parameters: laser power of 400 W, welding
speed v = 15 mm/s), TIG welding current I = 80 A,
process distance of 1 mm, laser focus position of 1 mm,
diameter of the tungsten electrode of 3.2 mm, angle
between the electrode from the workpiece and welding
direction of 50°, and the argon flow rate of 0.5 l/s.
Moreover, the laser pulse frequency was 39 Hz.

One of the defects of laser welding is porosity due
to the high power density and deep penetration espe-
cially in the case of partial penetration. A great chal-
lenge is to avoid or decrease the number of weld pores
when welding aluminum. The set-backs are porosity
due to the evaporation of alloying elements such as
magnesium. Cracks can also appear if the welding
parameters are not suitable [6, 14]. However, porosity
formation in weld metal depends on the TIG welding
current and the composition of the shielding gas in
laser-TIG hybrid welding.

Laser-TIG hybrid welding has proven to be a prom-
ising technique to weld very thin austenitic stainless
steel sheets (0.4—0.8 mm) in a butt joint configuration.
The molten pool generated by laser stabilizes the TIG
arc allowing welding speeds as high as 15 m/min
with the laser trailing. The combination of both the
laser and TIG arc is able to produce full-penetrated
welds with enough width to absorb small cut edge
defects or misalignments between the two sheets. In
order to avoid thermal distortions and excess fusion,

Figure 8. Schematic set-up of hybrid CO2 laser-TIG welding [29]:
1 – TIG welding torch; 2 – workpiece; 3 – weld pool; 4 –
laser beam; D – laser—arc distance
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the TIG welding current has to be minimized and the
use of additional shielding gas is necessary [32].

It is also noted by other researchers that the pene-
tration in the hybrid welding process does not depend
on the arc current but on the laser power in CO2
laser-MAG hybrid welding and Nd:YAG laser-TIG
hybrid welding [26, 33]. Figure 9, a shows the cross-
section of the 304 type stainless steel welds subjected
to YAG laser and YAG laser-TIG hybrid welding at
various laser powers. In all of the welds, the penetra-
tion of hybrid welds was deeper than that of YAG
laser welds when the TIG welding current was kept
at a constant value. However, in the cases of different
TIG welding currents and constant laser power, the
penetration remained the same, but the weld width
grew with the increase of TIG welding power as shown
in Figure 9, b [12].

Laser-PAW process. In a process for laser-plasma
hybrid welding to weld workpieces, the laser beam
and the plasma jet are brought together in the process
region close to the workpiece (Figure 10) [34]. In
operation, the plasma torch is positioned at an angle
of approximately 45° to the laser beam. A free micro-
wave-induced plasma jet is generated in a high-fre-
quency microwave source and guided in a hollow
waveguide. The process gas is introduced into the mi-
crowave-transparent tube through the gas inlet open-
ing and plasma is generated by an electrode-free ig-
nition of the process gas [34—36]. The main arc initia-
tion is via a low amperage pilot arc formed between
the tip of the electrode and the nozzle. When the pilot
arc is switched on, it produces sufficient heat to ionize
the air gap between the nozzle and the workpiece. An
additional advantage from the tungsten electrode is
that the electrode is placed behind the nozzle that
provides the characteristic jetting effect of the plasma
gas. Stable arc operations are maintained without de-
teriorating the electrode for relatively long periods

since the tip of the electrode is not exposed to impu-
rities [35].

By using a hybrid laser-plasma welding process,
the arc heat source is introduced which can be used
as a heat treatment tool to increase cooling rates after
welding. In this way the presence of a brittle micro-
structure, which is susceptible to failure during ser-
vice, can be reduced. In addition, by using hybrid
laser-plasma welding as an integrated welding and
heat treatment system, the production time can be
significantly reduced [35].

The process offers significant advantages when
used for laser-plasma welding including a stiff, high-
temperature, columnar arc with good directional prop-
erties which permit greater tolerance compared with
laser welding to disparity and comparable poor fit-up
conditions. Furthermore, for a relatively small capital
increase this process offers commercial advantages and
potential for multiple applications of lasers in the
manufacturing industry. At present, there are only a

Figure 9. Cross-sections of 304 type stainless steel 5 mm thick in YAG laser and hybrid laser-TIG welding at various laser
power (a) and arc current (b) [12]: a, b – v = 10 mm/s, α = 55°, h = 2 mm, d = 2 mm, Ia = 100 A, Ar as shielding gas
(5⋅10—4 m3/s); b – P = 1.7 kW

Figure 10. Experimental arrangement of plasma arc augmented
laser welding system: 1 – plasma torch; 2 – plasma arc; 3 –
workpiece; 4 – keyhole; 5 – weld pool; 6 – laser beam
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few hybrid laser-plasma systems installed in industrial
applications but this will most likely change in the
future due to the great potential of the process. In
order to stimulate the use of hybrid laser-plasma sys-
tems, a thorough scientific understanding of the proc-
ess and investigation of its industrial feasibility are
required [34].

Early tests on the laser-augmented PAW process
[34] were carried out using a 400 W CO2 laser and a
50 A arc current. In the experiment a wide variety of
different materials were tested which included mild
steel, stainless steel, titanium and aluminum in various
thicknesses from 0.6 to 2.0 mm. It was noted that the
combined process can suppress humping in high speed
welding with thin sheets. In plasma arc-laser welding,
a higher tolerance to beam—gap misalignment (0.15—
0.5 mm at 2 m/min and 50 A) has been noted.

It was reported [37] that the laser-assisted PAW
process eliminates hot cracking in the fusion zone for
aluminum alloys 6061 and 6111 when using a continu-
ous power arc instead of the pulsed arc. Fusion zone
dimensions for both stainless steel and aluminum were
found to be wider than laser welds. It was also noticed
that the laser-plasma welds did not appear as shiny
as with pulsed Nd:YAG laser welding. The laser-
plasma hybrid welding process was also experienced
to be a very stable process, a phenomenon that has
earlier been described for laser-GMA welding.

Laser tandem-MIG welding process. The laser
tandem-MIG process is combinations of laser welding
and the arc processes with only one molten zone. The
process principle of laser tandem-MIG hybrid welding
is outlined in Figure 11 [9]. The laser beam is set at
approximately 90° to the workpiece and is used for
welding the root. Both of the other trailing arcs have
a pushing tilt angle and are used for increasing the
ability to bridge root openings and increase throat
thickness. The process uses three different power out-

puts, thus the outputs can be set, depending on what
welding result is desired. The welded joint geometry,
the preferred joints overfill, and the welding speed
can be selected by means of suitable power output for
the tandem process. Also, by regulating the welding
speed, focal point diameter and laser power, the depth
of the root can be adjusted in the course of bevel
preparation. Moreover, two different filler metals
with various compositions can be used to attain the
desired metallurgical properties [9].

By selecting favorable process parameters the weld
metal properties such as geometry and structural con-
stitution can be purposefully influenced. The arc weld-
ing processes increase the gap bridging ability by the
amount of the filler material added. It also determines
the weld width and thus decreases the requirements
of weld preparations. Process efficiency can be con-
siderably increased by the interactions of the proc-
esses.

Reported mostly by Staufer [9, 38], the vital ad-
vantage of combining processes in this manner is the
fact that as the filler metal melts off, it generates an
arc pressure, which does not act on the workpiece but
is distributed across separate arc roots. In the laser
tandem-MIG hybrid process the control of the laser
power, the power of the arc and the arc lengths is
possible separately which is claimed to result in better
drop detachment, more stable arcs and fewer spatters.
Moreover, with this process it is also possible to use
laser-MIG/MAG hybrid welding with a single arc.
The laser tandem hybrid process has been investigated
by Staufer [38] for a structural steel pipe, which com-
plies with the standard EN 10149-2 for a pipe with a
wall thickness of 8 mm and an inner diameter of
500 mm. It was reported that by using a Y-groove
preparation, a full penetration weld can be achieved.

Laser-SAW process. The laser-MIG/MAG hy-
brid welding process met problems in some applica-
tions with regard to pores at the root of the sheet
when more than 12 mm thick plate is welded with
partial penetration. This was attributed to the insuffi-
cient degasification possibility of deep and narrow laser
welds. To prevent this, the molten pool has to be main-
tained for a longer period [39]. This was the reason for
experimenting with maintaining the molten pool for a
longer time by using the laser-SAW hybrid process and
thus creating more favorable degasification possibilities.
Here both processes are moved as close as possible (13—
15 mm) into one process zone [28].

The coupling of the processes, both the laser beam
welding and the SAW process in one process zone
proved to be a problem, since the flux had been falling
into the keyhole of the laser beam and the laser ra-
diation had been absorbed by the flux and not by the
component. For that reason, a device which impeded
this «falling forward» of the flux had been designed
and built. One starting point is the separating plate
(patented by RWTH, Aachen University), which is

Figure 11. Schematic sketch of laser tandem-arc welding [9]: 1 –
workpiece; 2 – keyhole; 3 – shielding gas cloud; 4 – laser-in-
duced plasma; 5 – laser beam; 6 – electrode; 7 – arc; 8 – weld
bead; 9 – molten pool
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mounted between the laser beam and the flux feeder
(Figure 12).

As far as previous investigations are concerned, the
spatial distance of both processes and the separation of
the weld into two regions, namely, the laser-welded and
SA-welded region, has been noticeable. The distance
must be chosen to be short enough to ensure that the
smallest possible quantities of the flux are falling for-
ward and large enough that the slag running ahead of
the process does not jam to the sheet. The inclination
angle of the separating plate is also most important. If
the inclination angle is too large, the separating plate
may be captured by the laser beam, and if it is too small,
the arc might burn between the separating plate and the
filler wire. Those areas have not shown any mixing of
the weld material. It has just been the preheating,
brought in the laser beam welding process which resulted
in the synergy effect of increasing the welding speed of
the SAW process [21, 40].

So, it is established that hybrid laser-SAW is
the most attractive variation of laser-arc hybrid
welding. The industry shows interest in hybrid la-
ser-SAW and a possible practical application. This
will be further increased through the use of less
expensive, more robust and more flexible laser
power sources. Further development of this process
and a wider field of application are to be expected
from the use of solid-state lasers. Particularly ad-
vantageous is the reduced risk of plasma shielding.
It is easier to couple the shorter wavelength of the
solid-state laser into the material to be processed.
The flexibility of the equipment would also improve
with a shorter wavelength, since the complicated
beam guidance via mirror optics can be dispensed
with and the laser beam can be guided via optical
fiber into the processing optics [28].

For achieving better degasification and a weld, if
it has a pore quantity which is as low as possible, or
a pore-free weld, the solution may lie in the expansion
or stabilization of the vapour capillary. One possibility
for this would be welding and testing with adapted
oscillating optics.

The addition of shielding gas and/or process gas
is another process parameter, which has to be tested
for further work in this field. If efficient solid-state
lasers, e.g. fiber lasers, can be used, the shielding gas
could be dispensed with and a compressed air jet could
be used, for cleaning of the weld surface would be
reduced this way and the method would become even
more economically viable [28].

Laser-SAW hybrid process improved degassing
through the covering of the molten metal by the
slag, good gap bridging ability, increased welding
possibilities compared to laser welding thick plate
by using different diameters of wire. Large potential
expected through application of suitable wire/flux
combinations, new fields of application of the laser
technology [28].

CONCLUSIONS

From the study to assess the different types of laser-arc
hybrid welding, it came out that the process is in-
volved in a growing number of industrial applications
due to the economic and technical advantages of this
technology. Some important superior features, com-
pared to laser welding, are listed below:

• this disruptive technology has the potential to
dramatically change construction methods, accepted
production paradigms and business economics. Manu-
facturers who embrace this technology stand to make
significant gains over their competitors;

• hybrid welding requires an appropriate selection
of the system set-up and basic parameter configura-
tions. If these boundary conditions are well chosen,
hybrid process proves to be a really stable, efficient
and flexible technology. Thus, if they are not properly
set, there will be defects in the weld;

• productivity is improved through an increased
welding speed. For sheet material it is possible to get
a 40 % enhancement of the speed compared to con-
ventional laser welding;

• when using hybrid welding, the investment cost
for the laser power source is significantly less and the
electrical efficiency is much higher;

• with 20 mm thick it is now considered as the
state of the art to weld joints with gaps in the range
of 0 to 1 mm in a flat position and using an I-, V- or
Y-edge preparation with high strength structural
steel. Thus, laser-MIG/MAG hybrid welding has the
capability of single-pass full penetration and is con-
firmed for an increased thickness range;

• another practical consideration in introducing
the hybrid process in industrial applications is the
ability to produce quality welds in the face of a chang-
ing joint gap for welding thicker sections by allowing
achievable edge preparation;

• in an industrial application, it is conceivable that
the gap would vary throughout the weld, and it is
desirable to develop a single set of processing condi-

Figure 12. Schematic representation of laser-submerged arc hybrid
welding [28]: 1 – laser beam; 2 – separation plate; 3 – metal
vapour plasma; 4 – liquid slag; 5 – keyhole; 6 – base metal;
7 – weld cavity with arc; 8 – consumable electrode wire; 9 –
molten pool; 10 – weld metal; 11 – solid slag; 12 – flux; 13 –
contact tube; 14 – flux hopper
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tions to accommodate this condition, so that expensive
sensor feedback and real-time parameter adjustment
is not required;

• nevertheless, this technology is recognizing only
a slow growth in today’s industries. Some explana-
tions for this slow acceptance are the high investment
costs and the complexity of the process due to its large
number of parameters. The set-up of the processing
parameters requires a high degree of skill and accu-
racy, and these imperatives added to an incomplete
knowledge of the process are the limiting factors for
its wider industrial application.
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1. Introduction 
 

Laser-arc hybrid welding is a combination proc-
ess utilizing laser beam (e.g. CO2, Nd:YAG or solid state 
lasers) and conventional arc (MIG/MAG, TIG, PAW, tan-
dem, submerged) welding processes `1-4] or arc-
augmented laser welding. In hybrid welding (Fig. 1) the 
two processes are coupled and works as one process inter-
acting simultaneously in one zone and mutually influenc-
ing each other. The resultant processes have several varia-
tions by the arc process, the laser type used and the process 
parameters. The technique was originally developed by the 
group of Prof. Steen at Liverpool University in the late 
1970s [2]. At the moment the process is called either laser-
arc hybrid or arc-laser hybrid process. The first process 
mentioned signifies higher power. 

The potential from a combination is to increase 
weld penetration, the bridgeability gap, welding speed, 
melting efficiency and process stability, to improve metal-
lurgy and to reach features impossible to either process 
alone. The resulting process is a new, more complicated 
process, which still widens the area of suitable applications 

for laser welding. 
The main weld characteristics in a hybrid welding 

process are the order of processes with either laser or arc 
leading. Moreover, the distance between the laser beam 
spot and the filler wire tip (subsequently named process 
distance) is among the most important parameters to con-
trol in laser-arc/arc-laser hybrid welding. The choice de-
pends on several effects, e.g., the base material, material 
surface quality, joint type and preparation, welding posi-
tion and the shielding gas arrangement. Other important 
parameters are laser and arc power, the laser beam focus 
and wavelength and the metal-transfer mode of the arc 
welding process used (MIG/MAG). For practical reasons 
and joint conditions, the use of a seam tracking sensor can 
also be crucial. 

In this paper, different hybrid welding processes 
have been studied on the effect of the relative location of 
laser beam with the arc. It becomes aware that the choice 
of the order of processes is made case by case and the 
choice should be based on the outcome of each process and 
the system and accessories available.  
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Fig. 1 Schematic representation of hybrid welding with leading arc and leading laser arrangement 

2. Order of power sources in hybrid welding 
 

A wide variety of hybrid processes exist, depend-
ing on the laser source used and the arc welding with 
which it is combined [3]. The two basic configurations 
used are the laser leading hybrid process (the laser beam 
precedes the arc) [5-7] and the arc leading hybrid process 
(the arc precedes the laser beam) [8-10]. The arrangement 
of the two welding processes in the welding direction 
(Fig. 1) is of significant importance in the hybrid welding 
process.  
 
2.1. Order of the processes 
 

The laser leading position is often used in the hy-

oxide layer prior arc welding, resulting in a significantly 
more stable process [7]. The information about parameter 
selection in hybrid welding has only occasionally been 
published, and the literature lacks comparisons between 
the different hybrid processes. The laser leading process 
was found to be superior regarding the bead appearance, 
because the assist gas flow does not affect the molten pool 
created by the arc, whereas in the leading arc arrangement 
the shape of the bead surface is disrupted by the assist gas 
blowing into the molten pool. Still, it was reported that the 
arc leading arrangement gives a more stable arc [1]. This is 
reached within a relatively wide range of process distances. 
The leading arc process gives deeper penetration, probably 
due to the fact that the laser beam impinges the hot weld 
pool with better absorption than a solid surface and the 

brid welding of aluminium, since this set-up removes the energy losses from laser through heat conduction is re-
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duced (Fig. 2, a) [11-14]. 
In case of high strength steel, MAG laser (2 kW 

CO2 laser) hybrid welding gave a similar weld bead as 
normal a

ere tested on 590 MPa high tensile strength 
steel of t

rc welding; this is due to the fact that the laser 
beam makes the keyhole first and then the MAG arc forms 
the weld bead [15]. Another factor affecting this was natu-
rally the fact that the arc power used was higher than the 
laser power. However, it was reported that with 17 kW 
CO2 laser MAG hybrid welding on 12 mm thick C-Mn 
steel, the leading laser showed a 10% penetration increase 
and a smoother weld bead with a process distance of 1-
2 mm [8].  

The effects of MAG-leading and YAG-leading 
processes w

hickness 2.6 mm on bead-on-plate welding [16]. 
The tests showed that the bead widths of MAG–YAG 
welds were narrower than those of YAG–MAG welds. The 
penetration depths of MAG–YAG weld beads were much 
deeper than those of YAG or YAG–MAG welds at any 
welding speed (Fig. 2) [16]. Fig. 2, a shows the macro-
sections of weld geometry, whereas Fig. 2, b shows the 

graph of penetration depth versus welding speed. These 
results show the effect of base material temperature on the 
absorption which is increased with temperature only in 
case of CO2 laser wavelength. The deepest penetration 
could be obtained in MAG–YAG hybrid welding at low 
speeds with the following parameters: laser power 2.6 kW, 
defocused distance fd = 0 mm, arc current Ia = 200 A, an-
gles α = 60º of the welding torch from the work piece, 
process distance d = 2 mm, and welding speed v = 3 or 
5 m/s. A deeper penetration reached with the leading arc 
can be explained by the fact that since the arc is already 
melting the work piece surface, the laser beam strikes mol-
ten material with higher absorptive capacity, and power is 
utilized more efficiently enabling deeper penetration. Spat-
ter disturbed laser beam irradiation in YAG–MAG hybrid 
welding. This phenomenon was observed using a high 
speed video camera at the side of the experiment. It was 
concluded in the report that MAG arc-YAG laser hybrid 
welding was favourable to the welding of higher tensile 
strength steel. 

 

                             
 a      b  

ig. 2 Effect of the processes as sh n by a) a macro-section of weld geometry and b  on penetration, with shielding 

The effect of welding orders on the distribution of 
wire fee

ly, the distribution of al-
loying el

powders.  

F ow ) speed

gas Ar + CO 2 (20%), I = 200 A (pulsed MAG), laser power  2.6 kW and 590 MPa high strength steel    

ding elements was investigated in CO2 laser and 
pulsed GMA hybrid welding. The molten metal flows for 
the leading arc and leading laser processes have be sche-
matically drawn in Fig. 3 [17]. When arc is leading, the 
molten metal flows from the bottom to the top surface be-
hind the keyhole and to the rear end on the pool surface as 
shown in Fig. 3,a namely, the flow is outward. By contrast, 
in an inward flow typical of a leading laser arrangement as 
in Fig. 3, b the molten metal flows from the rear end to the 
keyhole on the pool surface and then goes down just be-
hind the keyhole. During hybrid welding, the molten wire 
is fed on the pool surface. Then, if the fluid flow is inward, 
the wire feeding elements can easily distribute to the bot-
tom of the penetration and attain a homogeneous distribu-
tion. This is why a leading laser arrangement improves the 
homogeneity of the weld metal. 

As mentioned previous
ements must be affected by the molten metal flow. 

To understand the mechanism, the molten metal flow was 
observed on the pool surface and inside the sample. The 
fluid flow was visualized by the movement of alumina 

 

            a                                            b 
Fig. 3 Schematic diagram of fluid flow in hybrid welding

a) 

e behaviour of 
the molten metal flow is determined by a combination of 
driving 

 
of leading arc and b) leading laser  

During a hybrid welding process, th

forces, such as the drag force of the plasma jet, 
momentum of the droplet, buoyancy force, electromagnetic 
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force caused by the self-magnetic field of the arc current, 
Marangoni force and drag force of the vapour jet in the 
keyhole [18]. The buoyancy force and the vapour jet pro-
mote an outward flow, whereas the electromagnetic force 
promotes an inward flow. A change in the temperature 
coefficient of the surface tension depends on the direction 
of the Marangoni force. The direction of the plasma jet and 
the momentum of the droplet also change by the welding 
direction.  The drag force of the plasma jet, the momentum 
of the droplet and the Marangoni force are the most domi-
nant driving forces affecting the fluid flow in hybrid weld-
ing, promoting the inward force in a leading laser ar-
rangement. These forces and the momentum direct towards 
the keyhole in a leading laser process, whereas they direct 
towards the rear pool end when arc is leading.  

Fig. 4 [17] schematically shows the balance of the 
driving forces for two welding directions with a He–
38%Ar–2%O2 shielding gas. Owing to the 2% of oxide in 
the shielding gas, the Marangoni force directs to the key-
hole. In a leading arc process, the combination of the drag 
force of the plasma jet and the momentum of the droplet 
directing to the end of the molten pool must be stronger 
than the inward Marangoni force as shown in Fig. 4, a. 
Accordingly, an inhomogeneous distribution of the weld 
metal is common in a leading arc arrangement. When laser 
is leading, by contrast, all of the three forces direct to the 
keyhole, resulting in an inward flow as shown in Fig. 4, b. 
Therefore, an almost homogeneous distribution of alloying 
elements is reached in a leading laser arrangement. Lately, 
Ribic et al. [19] calculated the fluid flow behaviour in hy-
brid welding. They revealed that the electromagnetic force 
also promotes the inward flow only in a leading laser proc-
ess, since a large amount of molten metal exists just below 
the arc and the electromagnetic force can induce the in-
ward flow to the molten metal when laser is leading. 
Moreover, the electromagnetic force can produce a large 
weld pool behind the keyhole, promoting an inward flow. 
In a leading arc arrangement, however, the electromagnetic 
force only produces a small weld pool in front of the key-
hole and cannot promote inward flow for the entire weld 
pool. 

 

                          a                                      b 
Fig. 4 Driving forces of the molten metal flow for weldin

ading laser. 

by 
measuring the current and voltage of the arc during weld-
ing, Sugi

g 
directions of (a) leading arc and (b) le

When comparing the stability of the processes 

no et al. found that the leading laser gives a more 
stable process, like shown in Fig. 5, b [20]. This is due to 
the metal vapour in the space between the wire and molten 
pool. In the leading laser arrangement, the molten pool 

exists already just below the wire, and the metal vapour 
from the keyhole is supplied in the space between the wire 
and the work piece. Consequently, there are numerous free 
electrons between the wire and the workpiece, and the arc 
ignites easily between the wire and the work piece during 
the electricity peak. The interaction between the arc and 
the laser plume is determined by the arc voltage from the 
keyhole and the location of the molten pool, i.e., process 
distance.  

 

Fig. 5 Influence of welding direction on the variation of
voltage and arc current; 5 kW CO  laser and a pulse

-
ess, the melting efficiency of laser autogenous, fore-
hand/bac

spect to the weld 
joint aff

 
 2

MAG power inclined at 35 degrees, shielding gas 
20 l/min via MAG torch, arc pulse frequency 
111 Hz, process distance 3 mm and welding speed 
3 m/min. The letters a and c represent the leading 
arc direction with droplet to pulse frequency ratio of 
91%, and b and d represent the leading laser direc-
tion with droplet to pulse frequency ratio of 100%, 

To compare the efficiency of each welding proc

khand welding in arc welding and MIG arc lead-
ing and laser leading processes in hybrid welding were 
investigated in an A6061-T6 aluminium alloy experiment 
with a thickness of 2 mm and A4043 welding wire with a 
diameter of 1.0 mm. The joint type was butt with a 0.4 mm 
gap. The welding speed was 3 m/min, welding current and 
voltage were each 48 A, 17.3 V. In the study, melting effi-
ciency is a value of the used energy per volume of molten 
material (J/mm3). The experiment results are shown in 
Fig. 6 [21]. The efficiency of arc welding did not reach the 
level of autogenous laser welding. When applying the 
same arc welding parameters to hybrid welding, efficiency 
was at its highest; the arc leading process showed an effi-
ciency of 13.1 J/mm3 which was about 0.5 J/mm3 higher 
than in the case of leading laser. The order of highest melt-
ing efficiency is arc leading hybrid welding, laser leading 
hybrid welding, laser welding (autogenous), arc welding 
(backhand) and arc welding (forehand). 

As with all arc welding processes, the orientation 
of the welding torch/electrode with re

ects the weld bead shape and penetration. Elec-
trode orientation affects the bead shape and penetration to 
a greater extent than arc voltage or travel speed. 
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                                           a                                                                                     b 
Fig. 6 Shows the comparison of a) Melting efficiency for different welding processes, and b) resulting weld cross-sections 

with laser leading and arc leading processes 

The result of the influence of the leading process 
and torch angles was studied with HSLA-590 steel using 
2.4 kW CO2 laser and a 350A GMAW welding machine 
(presented in Fig. 7) [22]. During trials, the torch angle of 
45° or 30° (i.e. angle of the GMA torch from the work 
piece) and the leading process were changed. The trial with 
laser leading and torch angle of 30° failed. The torch angle 
was so small that the distance between the torch nozzle and 
the specimen was less than the height of the weld bead 
reinforcement. The torch nozzle hits and moves the depos-
ited metal to other parts. The torch angle of 45–60 degrees 
from the surface of the specimen has been accepted in 
many papers [5, 7, 22, 23]. Fig. 7 shows the typical shape 
of hybrid welds welded bead-on-plate. Since there is no 
room for filler material, the reinforcement of the weld bead 
is typically high and the shape of the weld is strongly wid-
ened from the top.  

The effect of the order of power sources of differ-
ent laser-TIG hybrid welding processes is similar like the 
one with laser-MIG hybrid welding, but it also depends on 
the material and the surface properties. The penetration 
depth is still dependent on the laser power as shown in Fig. 
8 [16] with the following parameters; 10 mm SUS 304 
steel, current 100 A, welding speed of 10 mms-1, focus 
point position 0 mm, torch angle, measured from the work-
piece 55º, TIG-YAG (process distance 5 mm), YAG-TIG 

(process distance 1 mm), the height of the tip of the elec-
trode to the workpiece 2 mm and shielding gas  
Ar (5.0×10-4 ms-3. With non-optimized hybrid parameters 
the penetration is lower than that with autogenous laser 
welding. 

 

Fig. 7 Influence of the leading process and torch angle; 
2 kW laser power, focal point position – 2 mm, 
MAG current 140 A, voltage 16.5 V and process 
distance 2 mm 

 

                               Laser power, kW   
1.5            2.0           2.5           3.0          3.5

8

7

6

5

4

3

2

1

0

Pe
ne

tr
at

io
n 

de
pt

h,
 m

m
   

   
  

TIG-YAG
YAG-TIG
YAG

Laser power, kW   
1.5            2.0           2.5           3.0          3.5

8

7

6

5

4

3

2

1

0

Pe
ne

tr
at

io
n 

de
pt

h,
 m

m
   

   
  

TIG-YAG
YAG-TIG
YAG

TIG-YAGTIG-YAG
YAG-TIGYAG-TIG
YAGYAG

 
                                                          a            b 
 

Fig. 8 Shows the comparisons of a) line energy of different welding processes and b) laser power on the penetration depth 
of bead-on-plate
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Tests about process behaviour with 0.4 and 0.8 mm thick 
AISI 316L stainless steel sheets with a butt joint configura-
tion have been carried out with TIG welding combined 
with 4.4 kW DPY laser. The laser melted pool stabilizes 
the TIG arc. With a leading TIG, the arc is not as stable as 
with a trailing TIG. Laser trailing welding speeds as high 
as 15 m/min can be achieved [24]. The laser leading posi-
tion is most popular in the hybrid welding of aluminium, 
since through the application of this technique the oxide 
layer has been removed from the arc attachment point by 
the laser which results in a significant increase in process 
stability [14]. The quality of the welds would depend on 
the different welding parameters, from both laser and TIG. 
 
2.2. Process distance  
 

In comparison, the trailing arc arrangement with 
small distances to the leading beam is also capable of in-
creasing the efficiency and stability of the laser beam 
welding process owing to interactions between the laser 
and the arc within a common process plasma and a modi-
fied thermal impact on the material being welded. Apply-
ing greater distances, moving towards a tandem process, to 
the leading laser beam, the post-running variant can be 
applied to act as a short-time post-heat treatment of the 
laser weld seam that can favourably change the microstruc-
ture and improve the properties of the weld [14]. 

Naito et al. [25] carried out an experiment with 
SUS 304 austenitic stainless steel plate (5 and 10 mm) on 
bead-on-plate welding. A YAG laser equipment (maxi-
mum power of 3.5 kW) and a TIG welding machine 
(maximum current of 300 A) were employed for the ex-
periment. Fig. 9 [25] indicates the effects of the process 
distance on the penetration depth. TIG-YAG hybrid weld-
ing always gave deeper penetration than autogenous laser 
welding, the deepest penetration achieved with the process 
distance of 5 mm. By contrast, YAG-TIG hybrid welding 
reached the deepest penetration with a process distance of 
1 mm. 

There is a difference between the molten pool 
formation location due to the arc alone in TIG-YAG hybrid 

welding and YAG-TIG hybrid welding but, in both cases, 
when the YAG laser was irradiated onto the moltenpool, 
easily formed by the action of the arc alone, a deep pene-
tration could be formed, except that all the welds were not 
fully penetrated welds [25].  

Distance, mm 
0        2        4         6        8       10      12      14

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Pe
ne

tr
at

io
n 

de
pt

h,
 m

m
   

   
  

TIG-YAG
YAG-TIG

YAG only

TIG only (forehand)

TIG only (backhand)

Distance, mm 
0        2        4         6        8       10      12      14

4.0

3.5

3.0

2.5

2.0

1.5

1.0

0.5

0.0

Pe
ne

tr
at

io
n 

de
pt

h,
 m

m
   

   
  

YAG only

TIG-YAG
YAG-TIG
TIG-YAG
YAG-TIG

TIG only (forehand)

TIG only (backhand)

 

Fig. 9 Effect of distance between the laser beam axis and 
TIG electrode on penetration depth in Nd:YAG la-
ser-TIG hybrid welding of AISI 304. Thickness 
10 mm, I = 100 A, v = 0.6 m/min, focal point posi-
tion 0 mm, process distance TIG-YAG hybrid 
5 mm, YAG–TIG hybrid 1 mm, shielding gas Ar 
(5.0 × 10-4 m3/s)  

In high power welding the process distance plays 
an important role. This was shown in an experiment using 
(400 A/34 V) MAG–CO2 laser (10 kW) hybrid welding 
with a 10 mm thick 316L base material. The process dis-
tance (arc leading) was found to influence weld penetra-
tion: the smaller the distance, the deeper the penetration 
[8]. The process distance play an important role together 
with the focal point position and torch direction also in 
fibre laser-MAG hybrid welding. A leading torch tolerates 
and even in some cases needs more distance between the 
processes than a trailing torch. In case of fibre laser hybrid 
welding and a trailing torch, too long a process distance 
will causes sagging [26]. 
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                                                     a           b 

Fig. 10 Effect of process distance on the penetration depths of welds produced in a) a flat position and b) a horizontal posi-
tion  in arc-laser/laser-arc leading hybrid welding  with laser power of 30 kW, MIG welding current of 500 A, 
47 V and welding speed of 1.02 m/min, bead-on-plate welding 
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It was reported that the penetration depth in the 
flat position in both configurations tends to increase with a 
smaller process distance in case of CO2 laser and high 
power of 30 kW. The maximum penetration depth, namely, 
2.8 mm greater than the penetration depth found during 
laser welding alone, was obtained in the leading laser ar-
rangement at a distance of 0 mm in both positions. Fig. 10 
[27] shows the penetration depths as a function of process 
distance. In the leading arc process, the maximum penetra-
tion was reached with some distance. The penetration 
depth in the horizontal position was about 3 mm deeper 
than in the flat position under all welding conditions. This 
is due to the effect of gravity in the flat position; it more-
over produces an inferior bead shape [27]. 

If a trailing arc is used, too long a distance between 
the processes is an even more serious problem. This is be-
cause the wire gets stuck more easily into the surface of the 
solidifying melt pool and, in the worst case, even the 
whole torch will be twisted due to this, if the pulsing is not 
correct [5, 6]. 
 
3. Conclusions  
 

The basic parameters and their selection are often 
based on feelings rather than facts. It is obvious, according 
to the literature review that the decision of the order of 
processes is made case by case and the decision should be 
based on the outcome of each process and the system and 
accessories available. The required throughput time and 
quality set limits for performance, and the available system 
(laser beam, material, arc source, the function of filler 
wire) should be evaluated. The process should then be bal-
anced with regard to the welding speed, wire setting, laser 
and arc power and process distance. Another important 
consideration is the workpiece parameters: material, thick-
ness, joint type, edge preparation, joint quality and welding 
positions. With a leading arc arrangement, gas shielding 
seems to work better, but a trailing arc gives wider welds 
with a smoother junction to the base metal. 

Joint type consideration should always neglect 
tests performed bead-on-plate. A butt joint with no air gap 
should be welded using a leading arc which allows higher 
welding speeds. With an air gap present, air gap bridging is 
more effectively achieved by using a trailing arc because 
of the lower arc power needed, the wider arc, and the 
movement of droplets towards the joint edges. 
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LAZERINIO-LANKINIO SUVIRINIMO SIŪLIŲ 
SANTYKINIO IŠDĖSTYMO EFEKTAS NAUDOJANT 
ĮVAIRIUS HIBRIDINIO SUVIRINIMO PROCESUS 

 
R e z i u m ė 

 
Lazerinis-lankinis hibridinis suvirinimas yra pa-

žangus sunkių surinkimo vienetų suvirinimo metodas. 
Aukštai suvirinimo kokybei pasiekti taikant šį metodą, 
reikia tinkamai parinkti keletą parametrų. Šių parametrų 
parinkimas iš dalies priklauso nuo numatomų suvirinimo 
rezultatų: užvirinimo tarpelio, įvirinamumo gylio, suviri-
nimo greičio, išsilydymo efektyvumo, proceso stabilumo, 
siūlės pločio kontrolės, poringumo sumažinimo ir siūlės 
išvaizdos. Šiame straipsnyje nagrinėjama, kokią įtaką šie 
veiksniai turi lazerinio-lankinio hibridinio suvirinimo ben-
drai kokybei.  

Tyrimas atliktas naudojant ir įvairių tyrinėtojų 
grupių literatūros šaltiniuose paskelbtais analizės duome-
nimis. Detaliai išnagrinėta minėtų parametrų ir įrangos 
įtaka. Remiantis šia analize gali būti įvertinti ekonominio 
pagrįstumo ir organizacijos kvalifikuotumo veiksniai. 

P. Kah, A. Salminen, J. Martikainen 
 
THE EFFECT OF THE RELATIVE LOCATION OF 
LASER BEAM WITH ARC IN DIFFERENT HYBRID 
WELDING PROCESSES 
 
S u m m a r y 
 

Laser–arc hybrid welding is a promising tech-
nique for the welding of heavy sections. To achieve high 
weld quality with these processes requires several parame-
ters to be properly adjusted. The selection of suitable pa-
rameters partly depends on the results desired for welding 
whether it be gap bridging, penetration depth, welding 
speed, melting efficiency, process stability, control of the 
weld width, porosity reduction, or weld appearance. This 
paper studies how the position of the different sources in 
laser–arc hybrid welding influences overall weld quality. 
The aim of the assessment is to make it easier to choose 
which relative position is appropriate for a specify metal. 

The study is based on a critical literature analysis 
of the results of a variety of publications carried out by 
several research groups. The effects of parameters and set-
up are detailed in the analysis. Especially economic feasi-
bility and quality management factors as the basis of 
analysis can be assessed. 
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ЭФФЕКТ ОТНОСИТЕЛЬНОГО РАСПОЛОЖЕНИЯ 
ШВОВ ЛАЗЕРНО-ДУГОВОЙ СВАРКИ ПРИ 
ИСПОЛЬЗОВАНИИ РАЗЛИЧНЫХ ПРОЦЕССОВ 
ГИБРИДНОЙ СВАРКИ 

 
Р е з ю м е 

 
Лазерно-дуговая гибридная сварка является 

прогрессивным методом при изготовлении тяжелых 
узлов. Для достижения высокого качества сварки ис-
пользуя этот метод необходимо правильно подобрать 
несколько параметров. Подбор этих параметров отчас-
ти зависит от ожидаемых результатов: заполнения шва, 
глубины проварки, скорости сварки, эффективности 
проплавления, стабильности процесса, контроля ши-
рины шва, минимизации пороситости, вида шва. В 
этой статье анализируется, как вышеупомянутые фак-
торы влияют на общее качество лазерно-дуговой гиб-
ридной сварки.  

Исследование проведено на основе анализа 
литературных источников различных авторов. Деталь-
но проанализировано влияние вышеупомянутых пара-
метров и оборудования. Факторы экономического 
обоснования и квалификации организации на основе 
проведенного анализа могут быть оценены.  
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Abstract: Acceptable quality laser–arc hybrid welds can be produced with many different pro-
cess gas compositions, but if the objective is high productivity, low gas costs, a reliable process,
and the best quality, the shielding gas composition makes a remarkable difference in the laser–arc
hybrid welding of steels. The present paper mostly concentrates on the welding of steel. The gas
type used in such processes has a significant influence upon plasma formation, process stability,
and the weld bead shape. In this paper, different process gases have been studied in various laser–
arc hybrid welding processes. The aim of the review is to assess the influence of shielding gases
in the production of a weld.

It was concluded from the study that for the constant combination of the laser beam and arc
sources, there should be an optimal combination and composition of types of shielding gases.
The flowrate of the shielding gas must change the laser-induced plasma plume in order to attain
a high coupling coefficient between the laser and the material.

The study is based on a critical literature analysis of the results from a variety of studies carried
out by several research groups. The effects of parameters and setup are detailed in the analysis,
which especially assesses the economic feasibility and quality management factors.

Keywords: laser–arc hybrid welding, shielding gases, laser-induced plasma, CO2 laser, gas flow,
weld penetration depth

1 INTRODUCTION

Recently, hybrid welding has attracted a lot of interest

because welding companies are more interested in

finding a process that yields high productivity, is

accurate, enables deep penetration, permits reason-

able groove tolerances, and causes minor distortions

in the structures being welded. To achieve all of these

features requires that several parameters be adjusted

to produce high quality welds [1]. Hybrid welding

combines the energy of two different energy sources

in a common process zone [2] (see Fig. 1). Therefore,

as laser and arc welding are simultaneously per-

formed in a hybrid welding process, it is also neces-

sary to optimize the composition of gases to utilize

the advantages of each welding process. This consid-

eration is particularly true, because the synergistic

effect between the two heat sources may be achieved

only if a trade-off condition in the gas composition is

obtained.

During welding, when the temperature of the metal

reaches the melting point, the molten metal tends to

be quickly oxidized when interacting with ambient

air [3]. Shielding gases play a role in preventing the

molten metal from oxidizing. In laser–arc hybrid

welding, the shielding gas is supplied first of all to

isolate the molten metal from the ambient air, but

also to suppress the laser-induced plasma, remove

the plume of metal vapour out of the keyhole, and
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to stabilize the metal transfer [4–7]. Typically, when

welding with a CO2 laser, a phenomenon called

plasma shielding may cause problems in welding,

when the evaporated metal plume prevents

(shielding) the laser beam to reach the workpiece sur-

face by reflection and absorption, causing an unsta-

ble keyhole and thus lowering the penetration depth.

In autogenous laser welding this is typically avoided

by the use of either of two techniques: a high velocity

gas flow aimed to the process zone which pushes the

plasma cloud away; or the use of a high ionization

energy gas like helium as a shielding gas which

lowers the probability of plasma ignition in the pro-

cess zone [8]. In the case of hybrid welding this extra

gas flow is difficult to use due to its disturbing effect

on the arc welding process and filler material flow.

A usable shielding gas is one of the biggest differ-

ences between hybrid welding with CO2 lasers and

solid state lasers. One main criterion for the selection

of a primary laser beam heat source is the wavelength

of the emitted radiation, which can restrict the

choice of the shielding gas type. For work with a

CO2 laser, gas mixtures with a high helium content

or pure helium are typically used in order to suppress

the plasma shielding effect, since the plasma can

deflect or absorb a portion of the laser energy when

CO2 lasers are employed.

Chen et al. [9] and Hu and Den Ouden [10] con-

cluded after several studies that the laser energy is

absorbed by the arc plasma owing to the electron-

ion inverse Bremsstrahlung process, which means

that a large amount of charged particles from the

laser-induced plasma enter into the arc. Moreover,

helium has a high ionization potential, high heat con-

ductivity, and low inverse Bremsstrahlung, which

cause a low absorption of the laser energy; it is effec-

tive to suppress the formation of laser-induced

plasma. This is why pure helium is mostly used as

a shielding gas in high-power CO2 laser welding. On

the other hand, helium is expensive and it has a low

mass, which requires high flowrates to shield against

oxidation. The helium arc has high voltage and high

spot pressure on the electrode, which does not pro-

mote arc stability, especially for the stability of drop-

let transfer in the MIG/MAG arc. The high thermal

conductivity of helium cools and constricts the arc

[4–7, 11]. Furthermore, the lightness of helium is a

disadvantage, and it is often combined with argon,

which is heavier, without a substantial alteration of

the weld penetration depth. Conversely, argon pro-

duces denser plasma, which hinders deeper beam

penetration but is advantageous for arc stability

[11–13].

For high power solid state lasers, e.g. Nd:YAG, disc,

fibre or high power diode, a mixture of argon and

active gases, e.g. mixtures of Ar, CO2 and O2, are

used. The Nd:YAG beam transmits the plasma over

the process zone, and no special care has to be

taken to suppress the plasma. Therefore, a conven-

tional MAG shielding gas with 90 per cent argon and

10 per cent CO2 can be used. Consequently, due to the

short wavelength, hybrid welding with solid state

lasers offers more flexibility in influencing the metal-

lurgy of the weld pool and the metal transfer of the arc

welding process (when using consumable electrodes)

by allowing a greater choice of suitable shielding

gases [1, 5, 11].

Even though a lot of research has been, and is still

being, carried out around the world in the field of

hybrid welding, so far only little information has

been published on how the parameters should be

chosen and especially on comparing the effects of

different plasma (laser-induced plasma and arc

plasma) and common shielding gases used in

hybrid welding. The first part of this paper deals

with the properties, the function, and the effect of

common types of process gases used in laser and

arc welding processes in the form of tables. The

second part of the paper discusses the analysis of

the results on the welding characteristics, weld qual-

ity, penetration profile, bead shape, and the mechan-

ical properties of the joint. This will be significant

Arc Laser beam 

Keyhole 

Cross jet 
Arc 

Melt pool Melt pool 

Metal vapor 

Welding direction 

Filler material 
Filler material 

Weld portion Weld portion  eceip kroW eceip kroW

Gas shield 

Fig. 1 Schematic representation of laser hybrid welding with leading arc and leading laser
arrangements
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for the understanding and industrial application of

this process.

2 PROPERTIES OF THE MOST COMMON

SHIELDING GASES USED IN LASER–ARC

HYBRID WELDING

Table 1 [12] presents the basic chemical and physical

properties of gases commonly used in laser and arc

welding. Table 2 presents the function and effect of

different shielding gases used in laser and arc welding:

helium (He), argon (Ar), carbon dioxide (CO2), oxygen

(O2), nitrogen (N2), and hydrogen (H2) [14–17].

The fundamentals of the coupled process are

nearly the same for both the CO2 laser and the

Nd:YAG laser with arc welding processes. Both

the laser and the arc process have a common process

zone and weld pool. Typically only one shielding

gas flow is used via the arc welding torch.

Pure argon and active shielding gases are not

usable for hybrid welding with a CO2 laser, because

of the risk of igniting the too intense plasma above the

weld pool. This plasma, in the worst case, blocks

the interaction between the workpiece and the laser

beam and, typically at least, interrupts the absorption

of laser radiation into the workpiece and causes dis-

continuities in the hybrid welding process.

It is well known that the helium gas plays an impor-

tant role in suppressing the laser-induced plasma

generated in CO2 laser welding, and around 30

per cent helium in the shielding gas could suppress

the laser-induced plasma in CO2 laser–arc hybrid

welding. Argon and CO2 govern the droplet transfer

and arc stability. Adding 12 per cent of CO2 to argon

stabilizes the metal transfer and eliminates undercut

caused by the insufficient wetting of molten metal.

Above 16 per cent, however, spatter generation

increases since the greater arc length and the repel-

ling force acting on the droplets result in large scale

spatter [7, 18, 19]. The addition of reactive gases such

as O2 and CO2 has been shown to have an influence

on the weld pool wetting characteristics and bead

smoothness [11].

Fellman and Kujanpää [7] studied the CO2 laser–

MAG hybrid welding of carbon steel and demon-

strated that adding a small amount of CO2 and O2

to the 40–50 per cent He–Ar shielding gas can improve

the bead shape in hybrid welding. When the CO2 con-

tent is in the range of 0–2 per cent, the undercut and

root cavity are often formed in the hybrid weld, espe-

cially at the end of the weld; when the CO2 content is

in the range of 5–10 per cent, these weld defects dis-

appear and a smooth weld bead transition with the

base material can be produced. A change in the bead

shape resulting from the CO2 gas is similar to that

created by helium. This is because CO2 may decom-

pose in the high temperature environment of arc

welding, resulting in an increase in the arc pressure.

The fraction of CO2 gas in a welding gas mixture

affects the arc pressure. When the CO2 content is

higher, the arc pressure becomes higher and causes

a force that throws metal droplets further away from

the weld pool and generates spatter.

In fact, Gao et al. [18] demonstrated in their study

that the CO2–Ar mixture can also produce good laser–

arc synergistic interaction and the weld penetration

obtained is only a little lower than in the case of He–Ar

shielding gas. Moreover, the helium content has

Table 1 Basic chemical and physical properties of gases commonly used in laser and arc welding

Type of gas
Content in
air (vol. %)

Boiling
point at
1.013 bar (�C)

Atomic weight
and mean
molecular
weight reps

Density at
15�C, 1 bar
(kgm-3)

Relative density
with regard to
the air (¼1) at 15�C

Dissociation
and ionization
energies (eV)z

Chemical
activity

Hydrogen 0.5� 10�6* �252.9 2.016 0.085 0.06 4.84 Reducing
(H2) 13.59
Argon (Ar) 0.934 �185.9 39.948 1.669 1.38 � Inert

15.76
27.50

Helium (He) 5.2� 10�6* �268.9 4.002 0.167 0.14 � Inert
24.56
54.10

Nitrogen (N) 78.084 �195.8 28.013 1.170 0.91 9.76 Reactive
14.55
29.60

Carbon
dioxide (CO2)

0.033* �78.5y 44.011 1.849 1.44 5.80 Oxidizing

Oxygen (O2) 20.946 �183.0 31.998 1.337 1.04 13.62 Oxidizing
35.20

* It is not obtained from the atmosphere.
y Sublimation temperature.
z 1 eV ¼ 1.6� 10�6 J; ionization energy of the majority of metals ranges between 6 and 9 eV.

Shielding gases in laser-arc welding processes 3
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obvious effects on the hybrid weld shape; an

increased helium content can increase the weld rein-

forcement, R, and increase the root width, W, as

shown in Fig. 2. This has an influence on the weld

quality and the heat affected zone (HAZ). An increase

in the reinforcement may cause a problem according

to quality standards but the wider root will lower the

risk of incomplete melting of the joint. Wider roots

typically show an increase in the heat input which,

in turn, lowers the hardness of the HAZ. The greater

the helium content of the shielding gas, the more

energy can be contained in the energy source with

more penetrating ability. The plasma suppression

effect of helium also reduces the effective size of the

arc of the energy source, thus reducing the tendency

for the ‘nail-head’ weld bead cross-section. The nail-

head weld shape means a weld which is wide at the

top and very narrow in the lower part of penetration.

A smoother weld cross-section is the result of higher

energy and arc pressure [19, 20].

An experiment carried out with a 12 kW CO2 and

500 A power MIG/MAG source on 8 mm thick steel on

bead-on-plate welding was investigated for various

shielding gas compositions to optimize the flowrate

of the shielding gas. Figure 3 shows the bead cross-

sections of the weld, whereas Fig. 4 illustrates the plot

of the penetration depth according to the content of

helium in the shielding gas He–Ar mixture. The pen-

etration depth decreased with a decrease in the

helium content of the shielding gas. Below a helium

content of 40 per cent, penetration depths were dra-

matically decreased owing to the disturbance of laser

Fig. 3 A sectional view of hybrid welds: (a) 100% He; (b) 90% He þ 10% Ar; (c) 80% He þ 20%Ar;
(d) 70% He þ 30% Ar; (e) 60% He þ 40% Ar; (f) 50% He þ 40% Ar; (g) 40% He þ 60% Ar;
(h) 30% He þ 70% Ar (laser power 8 kW, arc power 9.2 kW)

Fig. 2 The geometric parameters of the weld bead
for the microscopic observation and the
dimensional parameters of the weld bead
were measured: depth (D), width (W), and rein-
forcement (R)

Shielding gases in laser-arc welding processes 5

Proc. IMechE Vol. 225 Part B: J. of Engineering Manufacture



XML Template (2011) [20.4.2011–4:44pm] [1–10]
K:/application/sage/PIB/PIB 393809.3d (PIB) [PREPRINTER stage]

irradiation to the base metal by the laser-induced

plasma. This implies that the more laser-induced

plasma, the lower the penetration in the welds. It is

clear that at least 50 per cent He content in the shield-

ing gas is necessary to prevent laser-induced plasma

formation at the laser output power of 8 kW. A flow-

rate of more than 50 l/min was required to suppress

the laser-induced plasma in CO2 laser–GMA welding

of an 8 mm steel plate [20].

A study carried out on hybrid welding with a 5 kW

CO2 laser and 300 A TIG on 3 mm thick 316L stainless-

steel plate, showed the importance of a stable process

and efficient synergistic effects. It is well known that

both CO2 laser welding and TIG welding greatly

depend on the shielding gas and its protecting

method used. In high power CO2 laser welding, the

laser-induced plasma, resulting from the ionization

of the shielding gas at the laser incident point, could

defocus the laser energy, decrease weld penetration

and even make the keyhole disappear [21–23]. Apart

from some CO2 laser–TIG hybrid welding studies

using a pure helium shielding gas, hybrid CO2 laser–

arc welding usually employs a He–Ar binary mixed

shielding gas [24, 25]. For low carbon or stainless

steels, He–Ar–O2 or He–Ar–CO2 triple-mixed shield-

ing gases are used by adding a small quantity of CO2

or O2 to the He–Ar mixed shielding gas [7, 11].

To date, only Bagger et al. [23] have used pure N as

a shielding gas in the hybrid CO2 laser–TIG welding of

4 mm X6Cr17 steel to 2 mm 316L austenitic stainless

steel, obtaining good results and fulfilling product

demands. Apart from this, nitrogen and hydrogen

are seldom used in laser–arc hybrid welding.

However, given their applications in single laser and

arc welding, they should play an important role in the

hybrid welding of some special materials, such as

copper and nickel alloys as well as stainless steels.

3 GAS FLOW

Gas flow is also an important parameter for laser–arc

hybrid welding, similar to the shielding gas composi-

tion as shown in Figure 5 [11]. There is an optimal gas

flow to obtain the deepest weld penetration corre-

sponding to a constant gas composition and, there-

fore, the greatest welding efficiency. Too low a gas

flowrate cannot produce good plasma-suppressing

for the laser beam, whereas too strong a gas flow

may produce turbulence on the pool surface, reduc-

ing the shielding result of the weld pool. In general,

when the helium content in the shielding gas is low,

the gas flow should be stronger in order to produce

good plasma-suppressing and enable a full pene-

trated weld. When the helium content in the shielding

gas is high, the gas flow can be reduced to save costs.

However, due to the low density of helium, the gas

flow can be too small to guarantee good shielding

results of the weld pool. According to research

results [7, 19, 26–28], the appropriate gas flow for

hybrid laser–arc welding should be in the range of

15–30 l/min.

Experimental tests [19] based on a 3 kW CO2 laser

source and MIG Pulse 380 used 10 mm thick AISI 304

stainless steel in a zero gap–butt joint configuration.

Three gas flowrates were used (10, 30, and 45 l/min)

with three different gas compositions: (a) 30%

He–67% Ar–3% O2; (b) 40% He–57% Ar–3% O2; and

(c) 60% He–37% Ar–3% O2. Figure 6 illustrates

the penetration depths according to the gas flow,

and Fig. 7 illustrates the weld bead widths according

to the gas flow. The plotted lines show the mean

values between the two repetitions for each helium

percentage analysed. These graphs show that the

Fig. 5 Effect of shielding gas flow on the weld penetra-
tion of laser–MAG hybrid welding according to
the flowrate of shielding gas for mild steel, He–
Ar mixed shielding gas; plate thickness 7 mm

Fig. 4 The penetration depth according to the content
of He in the shielding gas He–Ar mixture
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penetration depth and width increase if the helium

percentage or gas flow increases. By comparing these

graphs, the evidence is that at higher helium percent-

ages, namely 60 per cent, the dispersion of results

becomes more important. This is probably due to

the destabilizing effect of helium on the MIG/MAG

arc welding especially in the pulsed mode.

It was concluded in the experiment that the mini-

mum helium content of 30 per cent must be exploited

to limit plasma formation and consequently laser

power absorption. A gas mixture with a 30 per cent,

or up to 40 per cent, helium content allows exploit-

ing factory default synergistic curves in MIG/MAG

sources and grants good process feasibility. A

helium content of above 40 per cent yields unstable

arc conditions and does not lead to a significant

increase in the penetration depth. It was also reported

that the shielding gas flow between 10 and 30 l/min

is enough to grant a suitable cost-effective welding

environment [19].

An experimental study [7] with a 6 kW CO2 laser

was used together with 450V MAG equipment to

weld 6 mm plates of low-alloyed carbon steel. Only

the shielding gas flow coming from the gas nozzle of

the MIG/MAG torch was used. The gas mixer is able

to mix gases that consist of 0–100 per cent He, 0–

100 per cent Ar, and 0–25 per cent CO2. The flowrate

was set at 30 l/min. The main aim of the study was to

examine the effect of the composition of the shielding

gas on the process stability, penetration shape, and

weld quality. The plasma control gas flow is not nec-

essary if a minimum of 30 per cent helium is added

to the shielding gas of the MIG/MAG. To avoid the

plasma shielding effects of a CO2 laser with a helium

content of 30 per cent, a relatively high flowrate of

the shielding gas is required. Based on the reported

trials it was concluded that a helium content of 40–

50 per cent is optimal. In this case, the process

remains stable and no plasma has been noticed dis-

turbing the penetration of the laser beam into the

material. Also, the gas flow of 25 l/min, needed for

the gas mixture with a helium content of 40–

50 per cent, is smaller compared to the flowrate of

30 l/min needed for a helium content of 30 per cent.

If the helium content is above 50 per cent, the process

becomes more unstable; noises get louder and spatter

increases [5, 7].

Helium is a very light gas, and when a high helium

content is required, the shielding gas flowrate has to

be very high in order to replace the air in the welding

zone and give efficient protection against oxidation.

However, the helium content should not be too low,

because then plasma protection has to be carried out

with the shielding gas acting as a mechanical force

and the gas flowrate must be high, as the shielding

gas flow consisting mainly of argon deteriorates

the gas shield. At least in Europe, helium is almost

five times more expensive than argon. This is

among the reasons why the helium content should

be as low as possible. It should also be noted that

according to the experiments reported in this refer-

ence, a helium content of 40–50 per cent is sufficient

for material thicknesses of up to 6 mm. It is possible

that the helium content needed might be a bit higher

with thicker materials [28, 29].

4 MECHANICAL PROPERTIES OF HYBRID

WELDS

Because the shielding gas has some effects on the

weld shape, morphology defects and alloy composi-

tions of the hybrid weld, it also has an influence on

the mechanical properties of the hybrid weld. A study

[7] showed that the best impact strength was

achieved in welds made using shielding gases with

60% Ar–40% He and 50% Ar–40% He–10% CO2.

Hardness testing revealed that the values were

below the accepted limit of 350 HV in all the sections

Fig. 6 Comparison between mean penetration depths
as a function of the gas flowrate and
composition

Fig. 7 Comparison between mean bead widths as a
function of the gas flowrate and composition

Shielding gases in laser-arc welding processes 7
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of the weldment. The lowest average hardnesses of

140 HV around the weld area were achieved by

using 50% Ar–40% He–10% CO2 as a shielding gas

and 148 HV for 60% Ar–40% He. The test pieces for

transverse tensile strength tests all failed in the base

metal showing little, or no, difference between the gas

mixtures. Welding procedure testing indicated that

changes in the shielding gas composition did not

have a significant effect on the properties of a

hybrid CO2 laser–MIG/MAG weld.

Gao et al. reported [27] that the microhardness

of the He–Ar hybrid weld is higher than that of the

CO2–Ar hybrid weld. When using a He–Ar shielding

gas, the increasing helium content slowly increases

microhardness. With a CO2–Ar shielding gas, when

the CO2 content is greater than 30 per cent, the micro-

hardness of the weld decreases dramatically. This is

because the oxygen atom can be disassociated from

the CO2 gas at a high temperature, and reacts with

the carbon atoms in the weld pool to form CO2 gas

escaping from the pool. This reduces the carbon con-

tent of the weld and decreases weld microhardness.

All the studies showed that inert gases in the

shielding gas do not have a significant effect on the

mechanical properties of the hybrid weld, whereas

CO2 has a relatively great effect on it, especially the

high CO2 content in the shielding gas.

CO2 smooths the junction of the weld metal into

the base metal but the content has to be very small,

because the reinforcement of the weld both at the

weld face, as well as at the root face, becomes a bit

higher when the CO2 content increases. A high rein-

forcement makes the junction between the weld and

the base metal less smooth.

While welding butt joints, most of the effects that

are observed when the helium content is increased

can also be seen when the CO2 content of the shield-

ing gas is increased, although the change in the CO2

content does not have to be more than 1 per cent in

order to witness changes. Just as is the case for higher

helium contents, the weld cross-section becomes

smoother, the weld face narrower and the root a bit

wider. Figure 8 illustrates the width of weld penetra-

tion according to the distance from the weld top side

with various compositions of CO2. Figure 9 shows the

weld shape; on the left image a weld welded using

a shielding gas with a CO2 content of 0 per cent, and

on the right image CO2 contents of 10 per cent and

40 per cent He, with the balance argon. An air gap of

0.8 mm was present in the 6 mm thick joint. The CO2

content had mainly the same effects on the weld

cross-section in T-butt joints as in the butt joints [7].

Clear conclusions of the effect of shielding gas

compositions on the mechanical properties cannot

be drawn from the literature available from various

research groups; one can only get guidelines for some

specific cases.

Fig. 9 A weld welded using a shielding gas with a CO2 content of 0% (left); CO2 contents of 10% and
40% He, with the balance Ar (right). An air gap of 0.8 mm was present in the 6 mm thick joint

Fig. 8 The width of the penetration profiles of welds
welded using shielding gases of different CO2

contents
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5 CONCLUSIONS

An extensive literature study of shielding gases indi-

cates their significance on the welding process and

weld properties of laser–arc hybrid welding, including

process stability, bead shape, and joint mechanical

properties. In CO2 laser–arc hybrid welding, the

shielding gas has a more important role because of

its strong plasma-defocusing effect. For a constant

combination of the laser beam and arc sources,

there should be an optimal combination, and com-

position of types of shielding gases, which also vary

according to the types of welded materials.

1. The composition of gases have to be inert with

respect to the working materials, and also at high

temperatures, but some active (oxidative or reduc-

tive) gases, like CO2, can prove to be useful for

improving arc stability and the bead shape.

2. The flowrate of a shielding gas must change the

laser-induced plasma plume in order to attain a

high coupling coefficient between the laser and

the material, but it must be low enough not to

blow the liquid material away from the weld pool.

3. The high ionization potential of the shielding gas

helps to reduce the plasma defocusing effect

during welding and thus results in deep penetra-

tion, although it often leads to arc instability.

The combinations with a low fraction of argon seem

to be almost as good as pure helium, not only because

they do not significantly increase the defocusing

effect but also because they have the further advan-

tage of being economical in comparison with the use

of helium, thus minimizing costs. This arises from

two possible effects: one involving the variation of

the refractive index with temperature, and the other

involving the variation of the inverse Bremsstrahlung

absorption with temperature, both of which conspire

to generate the optimal properties of the mixture.

The amount of oxygen in the shielding gas mixture

should be kept low due to the possible pore formation

and cracks on the surface of the weld metal. Similarly,

hydrogen can only be used in small quantities to

avoid the possibility of an explosion. For these rea-

sons, mixed gases are predominantly used for the

industrial applications of laser–arc hybrid welding.

Many advances have been made based on experi-

ments in the field of shielding gas research in laser–

arc hybrid welding. With regard to the selection of

shielding gas parameters and understanding hybrid

welding, the results achieved are useful. However,

more modelling should be carried out to clarify the

mechanism of their effect, and further related exper-

iments should focus on materials with poor weldabil-

ity, such as high-strength steel, magnesium alloys,

and copper alloys, in order to improve the general

knowledge of shielding gases in laser–arc welding.

Hybrid welding is still lacking the shielding gas

nozzle arrangement particularly designed for this

process. A typical procedure is performed with the

arc welding nozzle, which is quite far away from the

other edge of the molten pool providing poor gas

shielding. The volume and flowrate required from

the shielding gas, e.g. to remove the excessive

plasma cloud, is not typically reached and cannot

be guaranteed due to the non-optimized nozzle

design. Gas composition should also be tailored to

the process. This will become more important as

increasing laser and arc powers are introduced to

different applications.
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1. Introduction 
 

The hybrid welding process (Fig. 1) combines the 
laser beam and the conventional arc such that both heat 
sources are incident in a single weld pool [1]. The process 
has received a great deal of attention in recent years as a 
high speed, high efficiency, high quality welding process 
which compensates for the weaknesses of individual weld-
ing processes. The process was first developed by Steen 
and Eboo using a 2 kW CO2 laser  and  gas  tungsten  arc  
welding (GTAW), and it produced some interesting results. 
The laser was found to stabilize the voltage and current of 
an unstable arc, reduce the arc column resistance and in-
crease the depth-to-width ratio of the resulting weld mor-
phology [1]. As laser technology developed, higher-power 
welding lasers were more readily available, and the process 
has gained interest in industrial applications and in re-
search.  

Various laser–arc hybrid welding processes exist, 
depending  on  the  combination  of  the  specific  types  and  
power levels of the laser sources (CO2, Nd:YAG, fiber and 
disc laser) and the arc sources (GMAW, GTAW, PAW, 
tandem, submerged), as has been previously assessed [2].  
Usually  the  name of  the  process  begins  with  the  name of  
the process introducing the higher power in the joint proc-
ess; i.e. in the GTAW/YAG laser hybrid process the power 
of GTAW is higher than that of the YAG laser. Many stud-
ies have been conducted concerning the potential and ad-
vantages of the process combination [1-18]. The potential 
has most often been to increase the weld penetration and to 
improve the bridging ability and the weld speed compared 
to the individual processes of laser and arc welding. 

Many researchers have concentrated on the influ-
ence of either the geometric parameters, such as the proc-
ess distance and the laser beam focal position [5-7, 19], or 
the energy parameters, such as arc voltage, arc current and 
laser power [8-10], an increase in the penetration depth 
[11, 12], the accuracy of the weld butt joint surface and 
improved misalignment tolerance [9], increased welding 
speed, porosity reduction and weld stability [13, 17]. 
The parameters are usually not specified well enough to 
allow one to reproduce exactly the conditions for a particu-
lar operation. The user must optimize the parameters for a 
particular processing operation experimentally in order to 
obtain the best results. These results depend on the ratio of 
the power between the two energy sources and also the 
design parameters of the system. The main parameters sig-
nificantly influencing the process result in this study can be 
grouped into design parameters (material thickness and gap 
geometry), combined process parameters (welding speed, 
process distance) and material parameters (type of mate-
rial). 

In this description analysis, the effects of various 
welding parameters, such as the laser power, the arc cur-
rent, the welding speed, the distance from the beam optical 
axis to the electrode wire target point (subsequently called 
process distance) and the focal point position, on weld 
penetration, the increase of welding speed and the gap 
bridging ability will be investigated. There are different 
reports concerning the optimum positioning regarding 
these parameters. This paper analyses various other papers 
and takes into consideration the parameters that influence 
the penetration depth, welding speed and gap bridging ca-
pabilities. 

 

 
Fig. 1 Schematic representation of laser hybrid welding with leading laser and leading arc arrangements 

 
2. Results of the effect of the variables 
 

There are many process variables associated with 
laser–arc hybrid welding, and it is important to understand 
how they affect the welding process. In laser-arc hybrid 

welding, the arc power controls the weld width and root 
opening bridging ability, and the laser power controls the 
penetration [1, 12, 13]. The laser-arc hybrid welding proc-
ess has an increased melting efficiency, as measured by the 
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weld cross-sectional areas, over the sum of the individual 
processes [3, 4]. 

Thus, these parameters are based on the type and 
thickness of the base metal, the welding processes, and the 
output  power  of  the  sources,  the  joint  geometry  and  the  
tolerance. It should be pointed out that in the following the 
tests have been carried out both with bead-on-plate weld-
ing and in a butt joint. These results are not fully compara-
ble due to different joint conditions, which mean in prac-
tice that there is no gap or air gap in the joint. Due to this, 
the filler material added is fed into the top of the plate 
since there is no space for filler material in the joint. Typi-
cally, the arc parameters used lead to a wire feed rate of 
some meters per minute, introducing filler material several 
cubic millimeters per minute. In a joint, this volume of 
material partly flows down, bridging the gap and forming 
the root pass. Since this is not the case with bead-on–plate, 
the effect can be seen in cross sections of welds as a strong 
widening of the weld on top and typically as a formation of 
a rather high weld bead. In the worst case, the filler materi-
al disturbs the process by flowing into the keyhole and 
making it collapse. Similarly, the results gained with full 
penetration are not comparable with the ones reaching the 
same penetration depth in a thicker material without full 
penetration. The full penetration changes the behavior of 
the keyhole and requires changes to parameters. In the case 
of full penetration, the acceptable weld also requires the 
optimization of parameters to ensure root quality. Since the 
quality criteria are different, this leads to different parame-
ters ensuring acceptable weld quality. 
 
2.1. Penetration depth  

 
The laser–arc hybrid welding process does not 

only require a high laser power but also a high beam qual-
ity to be able to achieve the so-called deep-penetration 
effect by the formation of the keyhole. One of the reasons 
for a deeper penetration as well as an increase in the weld-
ing speed of the laser–arc hybrid welding process com-
pared to pure laser welding is the higher amount of energy 
delivered to the workpiece. High penetration welds and at 
high travel speeds can be made, typically a 1 mm penetra-
tion for every kW of laser power at 1 m/min. Another rea-
son may be the better absorption of laser energy when heat 
is accessed from the second arc heat source. For lower 
welding speeds, full penetration is achieved, enabling the 
excess laser power to be transmitted through the keyhole, 
thus influencing the heat input in the weld, which also in-
fluences the melt flow. There is a minimum welding speed 
below which the keyhole is no longer stable since the pres-
sure of the metal vapour is no longer able to keep the key-
hole open against gravity. The deepest penetration for the 
given conditions is achieved at speeds just above this 
minimum. A small air gap can improve the penetration and 
increase the welding speed compared to welding without 
an air gap [18-22]. 

There are quite many researchers who think that 
the penetration in the laser–arc hybrid welding process 
does not depend on the arc current but on the laser power 
in CO2 

laser–GMA hybrid welding and Nd:YAG laser–
GTA hybrid welding [6-11,23]. This is due to the fact that 
quite many of these studies have used a relatively low laser 
power. Fig. 2[11] shows cross-sectional photos of a Type 
304 stainless steel weld at various laser powers. In the ex-

periment,  a  GTAW  electrode  of  3.2  mm  in  diameter  was  
used. The welding was performed in the Direct Current 
Electrode Negative (DCEN) mode. Welding conditions, 
such as the laser power, arc current and welding speed, 
were changed in order to evaluate the weldability and the 
penetration depth. The main welding conditions are the 
laser power PL (on the plate) 1.7 kW (cw), the focal point 
position fd 0 mm, the welding speed V of 8 or 10 mm/s, the 
arc current I 100 A, the electrode height h 2 mm, the proc-
ess distance d 2 mm, the angle of the electrode  55o, and 
the Argon shielding gas at the flow rate Rg 5.0 or 6.7 x 10–
4  m3/s. The effect of the laser power on penetration was 
investigated by welding with the YAG laser alone or the 
YAG  laser  combined  with  GTA  in  the  range  of  0.6~1.7  
kW. Both in the YAG laser and in the GTAW–YAG proc-
ess, the penetration became deep as the laser power in-
creased. Even though the arc increased considerably, the 
penetration made in the GTAW–YAG process was only 
0.5 mm deeper than that in the YAG process with each 
power. It was found that the increase in the laser power 
was more effective than that in the arc current in order to 
obtain a deeply penetrated weld bead [11]. The figures, 
however, show that the width of the weld bead is increased 
with the arc power. 

 

 
Fig. 2 Cross-sections of Type 304 stainless steel subjected 

to a YAG laser only and GTAW arc–YAG laser hy-
brid welding with various laser powers [11] 

 
In the same study [11], it was found that the opti-

mum distance for a deeper penetration existed and was 
different for GTA–YAG and YAG-GTA (see Fig. 3). 
Therefore, the reason for the deeper penetration in the 
shorter process distance can be explained by considering 
the natural concentration of the arc due to free electrons 
generated by the laser beam, the reduction in laser reflec-
tion due to the molten pool generated and the small heat 
conduction losses of laser energy in reaching a melting 
point. On the other hand, in the YAG–GTA welding proc-
ess, the penetration depth in the case of distance d = 5 mm 
to 9 mm is shallower than that of YAG laser welding 
alone. It is conjectured that the keyhole closed or the direc-
tion of the liquid flows changed [11].  



 
Fig. 3 Effect of process distance on the penetration depth 

with YAG laser–GTA hybrid welding [11] 

 
The process distance in the YAG laser–GMA hy-

brid welding of the aluminium alloy A5052 of 2, 3 or 4 
mm in thickness on penetration is different due to the vari-
ables chosen in the experiment [21]. The deepest penetra-
tion and the largest melted area were obtained at the proc-
ess distance of 1 to 3 mm depending upon the GMAW 
current of 60 to 240A. In order to investigate this, the mol-
ten pool behaviour and wire droplet transfer during laser 
hybrid welding at various distances were observed with a 
high-speed video camera.  At  0  mm,  the  droplets  from the  
wire were reported to become irregular in shape. This was 
attributed to the interaction due to laser-shooting, and thus 
laser-absorbed energy in the molten pool was shielded. On 
the other hand, at 4 mm or longer, the molten pools appear 
to be separately produced with the laser beam and the 
GMA. Consequently, the process distance of approxi-
mately 2 mm might exert the greatest effect on the forma-
tion of deeper penetration. The penetration depth increased 
with a decreasing process distance, but it again became 
almost equivalent to that of single YAG laser welding at 
the  process  distance  of  0  and 10 mm,  as  shown in  Fig.  4  
[24]. The angle of 30o 

of the electrode from the laser beam 
axis was adopted in the experiments, and the GMAW wire 
was A5356 of 1.2 mm in diameter. In this study, the 
Nd:YAG laser maximum power P = 4 kW and the GMAW 
maximum current 350A in the DCEP (Direct Current Elec-
trode Polarity) pulsed arc mode were used. According to 
the report, the YAG laser beam absorption within argon 
plasma and resulting plasma shielding are expected to be 
negligible [24].  

 

 
Fig. 4 The effect of process distance on penetration [24] 
 

Other research groups have also estimated when 
the laser beam and arc processes still act together and 
when the process is the most efficient. The results of a test 
[22] carried out on low carbon steel S355 of a thickness of 

6  mm  with  a  6  kW  CO2 laser and Esab Aristo 2000 arc 
welding equipment proved to be interesting. The shielding 
gas used in the experiments was a mixture consisting of 
50% He + 45% Ar + 5% CO2,

 
and it was introduced into 

the process via a GMAW torch. The GMAW process was 
in the pulsed mode. It was concluded that the maximum 
distance between the processes can be approximately 4 
mm in order to establish a laser-arc hybrid welding proc-
ess. A deeper penetration reached with a leading torch can 
be explained by the fact that the arc is already melting the 
workpiece surface, and when the laser beam reaches the 
location of the molten material at an elevated temperature, 
it is able to start penetrating the metal on an already warm 
surface. The leading torch also ensures better weld quality.  

Kutsuna and Chen [25] have suggested that the 
distance should be equal to or below 2 mm when the CO2 
laser  power  is  2  kW  and  the  GMAW  current  200  A  to  
achieve the maximum penetration. They pointed out that 
the optimal distance is dependent upon many things, such 
as the laser power, the GMAW torch angle, the arc size 
(arc parameters such as like voltage, current and pulsing 
are of importance) and the molten pool size. They noticed 
that  the  arc  becomes  unstable  if  the  distance  is  too  long  
because the laser and arc plasmas are apart from each 
other. It was also noticed that if the processes are aimed at 
the same point, the filler wire end is also melted by the 
laser beam. Minami et al. [26] have suggested that if the 
processes are headed to the same spot, the penetration will 
decrease because the laser beam is absorbed by the laser 
and arc plasmas and the metal from the filler wire blocks 
the penetration of the laser beam. A similar result has also 
been presented by Ishide et al. [27] in the case of GMAW–
Nd:YAG hybrid welding: the greater the process distance, 
the smaller the penetration depth is and the higher the weld 
reinforcement. Campana et al. [28] have also reported that 
in the welding of AISI 304 stainless steel, the mutual dis-
tance between the sources plays an important role since it 
can  be  noted  that  for  distances  between  2  and  4  mm  the  
maximum penetration depths can be achieved, whereas 
when the laser beam is more than 6 mm away from the arc, 
the penetration depth decreases since the synergy between 
the processes is missing. Decreasing the laser-arc separa-
tion dramatically increased the penetration of the welds. 
There is also a corresponding decrease in width as the la-
ser-arc separation is decreased. It is clear that reducing the 
laser-arc separation is advantageous because it promotes 
higher penetration in the uniform fusion zone welds and 
reduces  the  size  of  the  laser  only  region  in  the  two-part  
fusion zone welds [29, 30]. When the distance between the 
sources is equal to 0 mm, the repeatability of the results is 
greatly compromised. This is probably due to the weld 
pool turbulence caused by the filler metal droplets impact-
ing the keyhole generated by the laser beam, causing insta-
bility in the whole process with a dispersion of results. 

It was reported by Hayashi et al. [31] that the 
penetration depth of the weld beads produced in a flat posi-
tion was greater in laser–arc hybrid welding of a thick steel 
plate with a process distance of 0 mm, as shown in Fig. 5 
[31] (welding speed of 17 mm/s, CO2 laser  of  30  kW,  
GMAW arc current 500 A and GMAW arc voltage 47 V). 
These tests also showed that in the laser–arc hybrid weld-
ing of thick steel plates of 25 mm in thickness with a 
square groove, a deeper penetration is obtained in the hori-
zontal position than in the flat position.  
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Fig. 5 The effect of process distance on penetration depths 

in a flat position [31] 
 

A smaller process distance allowed a complete 
mixing of the filler material throughout the fusion zone, 
which provided consistent weld quality and improved gap 
tolerance. However, the smaller distance increased the 
complex interaction between the laser beam and the 
GMAW, which made it difficult to identify the parameters 
that could provide full penetration without backside blow-
through [32]. According to some studies, when the separa-
tion  of  the  processes  is  5  mm  or  more,  the  processes  act  
independently. Of course this value depends, for example, 
on the welding speed, laser and arc powers and the mate-
rial used. 

Another study compared the penetration and bead 
width in the laser leading and GMA leading hybrid weld-
ing processes (Fig. 6) [33]. The experiment was carried out 
with bead-on-plate welding with a 2.4 kW CO2 laser and a 
3000 A DC GMA welding machine of HSLA-590 steel, 
and  it  showed  results  with  high  power  laser.  It  was  con-
cluded that the arc leading hybrid welding process is more 
acceptable in terms of penetration compared to laser lead-
ing.  

  
Fig. 6 Comparison of weld cross sections with respect to 

the penetration depth and bead width of laser and 
arc leading positions [33] 

 
In laser-arc hybrid welding, the arc presses the 

molten pool downwards, and due to the large curvature of 
the molten pool, the focal point position in laser-arc hybrid 
welding is not the same as in laser welding. The location of 
the laser beam focal point with respect to the workpiece 
surface in conjunction with the welding current was found 
to affect the weld penetration. With a constant laser power 
and welding speed, the higher the current, the deeper the 

focal point should be under the workpiece surface in order 
to achieve the deepest penetration. This is particularly true 
with GTA/GMA–YAG hybrid welding [11]. The penetra-
tion  was  deeper  in  a  GTA/GMA–YAG  weld  in  the  focal  
point position from -2 to 2 mm. The effects of the focal 
point position on the penetration and porosity formation 
tendency were investigated in welding with a YAG laser 
and hybrid arc sources. Fig. 7 [11] shows a summary of 
cross-sections and X-ray inspection results in GTA–YAG 
welding.  

 

 
Fig. 7 Cross-sections of laser–arc hybrid welding at vari-

ous focal point positions [11] 
 

In the case of fiber laser–GMA hybrid welding of 
the mild steel S355 of a thickness of 6 mm in a butt joint 
with  a  5  kW  fiber  laser  and  a  GMA  source  of  450  W,  
Fellman and Salminen reported [34] that the focal point 
above the surface will achieve full penetration when trail-
ing the GMA torch with a lower welding speed compared 
to the focal point below the surface as the molten metal 
flows to the front of the keyhole, ensuring full penetration. 
The incorrect position of the focal point easily leads to a 
lack of penetration. However, laser–arc hybrid welding can 
bridge joint air gaps, and actually, a better weld quality and 
higher welding speed can be achieved by having an air gap 
in the joint [20].   

It was explained by Kutsuna and Chen [25] that in 
CO2 Laser-MAG hybrid welding, the focal position of the 
laser beam seems to have an effect on how the molten 
droplet is transferred into the melt pool. If the focal posi-
tion is below or on the surface, the droplet spins around the 
wire end before it is detached and splashes into the melt 
pool. It may be because the high pressure plasma pushes 
the droplet away from the keyhole and because the plasma 
plume fluctuates that the forces at some point allow the 
melt droplet to move into the melt pool. This phenomenon 
is not observed when the focal position is above the sur-
face. This may be due to the amount of plasma above the 
keyhole. When the focal position is below or on the sur-
face, the amount of plasma is greater than with a focal po-
sition above the surface. Another possibility is that the 
forces affecting the movements of the melt droplet are 
smaller when the focus is above the surface. This phe-
nomenon needs further research. Even though the move-
ment of the droplets looks better with a focal position of +1 
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mm, the weld quality is poorer than with the focal position 
on the surface.  

With all arc welding processes, the orientation of 
the welding torch/electrode with respect to the weld joint 
affects the weld bead shape and penetration. The electrode 
orientation affects the bead shape and penetration to a 
greater extent than the arc voltage or travel speed. The 
electrode orientation is described by the relationship of the 
electrode axis with respect to the direction of travel, and 
the angle between the electrode axis and the adjacent work 
surface. When the electrode points opposite to the direction 
of travel, the technique is called backhand welding with a 
torch angle less than 90o. When the electrode points in the 
direction of travel, the technique is called forehand weld-
ing  with  a  torch  angle  less  than  90o. The penetration in-
creases and the bead width decreases when the welding 
technique changes from forehand to backhand. Maximum 
penetration is obtained in the flat position with the drag 
technique, at a drag angle of approximately 25o from  the  
perpendicular line. In laser–GTA/GMA hybrid welding, 
the torch angle was set at 50–60o from the surface of the 
specimen, and a greater penetration was obtained. The 
GMA torch  inclination  was  determined by taking into  ac-
count  that  there  was  a  high  probability  of  spatter  with  a  
low inclination (i.e. a low angle between the torch and the 
surface of the workpiece) and interference with the laser at 
a high inclination. 

Campana et al. [28] have reported that the pene-
tration of the weld increases when the inclination angle of 
the electrode to the workpiece surface is up to 60o. The DC 
mode is preferable to the AC mode in an arc welding 
source in laser–arc hybrid welding. The arc source is often 
operated in a pulsed mode since this has been shown to 
reduce the amount of spatter whilst maintaining a deep 
penetration of the weld. The experiment was carried out 
with a 3 kW CO2 laser and a GMAW source on a butt joint 
of  an  AISI  304  stainless  steel  sheet  8  mm  thick  with  the  
following parameters: GMAW torch inclination 65, shield-
ing gas mixture 40% He, 57% Ar, 3% O2, shielding gas 
flow 20 l/min, welding speed 1 m/min, the welding direc-
tion laser–leading with a 1.0 mm filler wire. 

By increasing the pulse frequency, the droplet 
size can be decreased. This, however, also increases the arc 
power. When the arc current is increased, the penetration 
depth will decrease. This is thought to be due to the sup-
pression of the irradiation of the laser beam into the bottom 
part of the bead because of the increasing amount of mol-
ten metal caused by the high arc current. According to a 
study on the Nd:YAG–GMA hybrid welding of an alumin-
ium alloy, in order to achieve a stable and highly produc-
tive process, the pulse frequency should be increased by 
30% [35]. 

The focal length has an effect on the penetration 
in autogenous laser welding. For example Vollertsen and 
Grünenwald [36] have reported on their experiments car-
ried out with 8-kW fibre laser power in bead-on-plate 
welding at a 2 m/min weld speed with focal lengths of 150 
mm and 280 mm. The maximum penetration achieved was 
11  mm  and  8  mm  for  the  focal  lengths  280  mm  and  150  
mm, respectively, at the focal position of -2 mm. There 
was an increase in penetration of about 35% when using a 
longer focal length. Fig. 8 [36] illustrates the comparison 
of the penetration depth with the focal lengths 150 mm and 
280 mm in autogenous welding.  

 
Fig. 8 The penetration depth of 150 mm and 280 mm focal 

lengths at different focal positions in autogenous 
welding [36]  

 

It would be logical to expect similar effects by fo-
cal length also with hybrid welding. We still lack system-
atic results about hybrid welding of high power and effect 
of focal length or focal point size. Fig. 9 [27] presents the 
results of bead-on-plate welding at two focal point sizes 
under identical conditions in a penetration range of less 
than 5 mm. Approximately a 1.3 times greater penetration 
depth is obtained at a small spot diameter of 0.6 mm. This 
raises the magnification of the optical system used for im-
age formation to ensure a focal point diameter of 0.6 mm, 
but presently smaller focal points can be reached with new 
generation lasers. Roepke et al. [37] recently used a 1.8 
kW ytterbium fiber laser beam perpendicular to the work 
piece and a GMA torch which trailed behind the laser 300 
from the perpendicular on 6.35 mm A36 steel in beam-on-
plate welding. It was found that increasing laser power and 
decreasing laser spot size increased the melting efficiency 
of the hybrid process over the additive melting efficiency 
of laser and arc welding alone. This was observed at a la-
ser-arc separation of 1-3 mm and up to a travel speed of 
25.4 mm/s. Increasing the laser power also reduced the 
current of the free burning arc, but did not affect the volt-
age [37]. The comparison of the focal length and focal 
point diameter is not typically reasonable when the thick-
ness is changed. The results showed that with thinner ma-
terial the smaller focal point and therefore the shorter focal 
length can improve the process efficiency in hybrid weld-
ing. 

 
Fig. 9 The influence of the spot diameter on penetration 

[27] 
 

2.2. Bridging ability 
 

The ability of hybrid welding to bridge gaps more 
effectively and accept poorer gap preparation than autoge-
nous laser welding has been a strong motivator for the use 
of this process. In a manufacturing application, it is likely 
that gaps will occur and vary in size and quality throughout 



the joint, and it is desirable to develop a single set of proc-
essing conditions to accommodate this condition. By com-
bining  the  laser  beam  and  the  arc  and  filler  wire  feed,  a  
larger molten pool compared to the laser beam welding 
process is formed, and extra material is available to com-
pensate for the inaccuracies. Consequently, joints with 
larger gaps can be welded. 

When there is no air gap in the joint, the resulting 
weld will be slightly wider than the one with a small air 
gap. If there is no air gap in the joint,  sometimes the key-
hole is blocked because of the extra material of the arc 
process or too much molten metal in the weld area. This is 
because the molten metal cannot flow to the groove since 
there is no air gap and the arc process feeds filler material 
to the surface. The arc does not seem to strike as straight 
towards the keyhole or laser beam when there is no air gap 
(Fig. 10). In the existence of an air gap, it was seen that the 
arc penetrates the groove, and therefore, the air gap helps 
the interaction between the arc and the laser. When there is 
an air gap in the joint, the arc turns more strongly towards 
the keyhole and the laser beam inside the groove.  

It is believed by many researchers that the cross-
sectional area of a weld increases with an increase of the 
voltage in arc sources in the laser–arc hybrid welding 
process. An experiment was carried out to see the effect of 
arc voltage on the penetration depth when the laser power 
is 5 kW. Fig.10 [11] shows that in bead-on-plate welding 
the penetration remained the same, but the cross-sectional 
area increased as the arc current increased. From these 
results, it is apparent that the penetration depth in the hy-
brid process does not depend on the arc current (in the case 
of 200 A or less), but rather on the laser power. It was also 
identified that the penetration bead width increased with an 
increasing GMA arc current [24]. The YAG–GMA hybrid 
weld bead surface quality was better than that of the 
GMA–YAG hybrid weld. This is in all likelihood caused 
because the vaporized substances generated during GMA–
YAG  hybrid  welding  were  blown  onto  the  bead  surface  
due to the GMA torch gas. In contrast, the cleaning action 
of the trailing GMA arc acted upon the bead surface during 
YAG–GMA hybrid welding. The arc current belongs to the 
TIG-YAG process only. 

 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 10 Cross-sections of austenitic stainless steel 304 sub-

jected to the YAG laser only and GTA–laser hybrid 
welding at various arc currents [11] 

A recent study by Webster et al. [17] involved extensive 
investigations with CO2 lasers  up  to  20  kW and Nd:YAG 
lasers up to 7.2 kW in order to expand the prevailing state 
of the art regarding e.g. the weldable thickness and bridge-
able gaps. The aim was to develop process procedures for 
the laser hybrid welding of structural steels with yield 
strengths of up to 690 MPa and wall thicknesses of up to 
30 mm. Most welds were carried out with the integrated 
hybrid welding nozzle developed by ILT [38]. For improv-
ing gap bridging capabilities regarding the weldable plate 
thickness, it was then reported that the maximum gap 
width for a butt joint is influenced by the plate thickness 
and the position of welding, as depicted in Fig. 11[17]. The 
transition to wide gaps of up to 3 mm is achieved success-
fully by reducing the laser power, increasing the filler wire 
deposition and decreasing the welding speed in the PC 
(horizontal) or transverse position. These are, in fact, the 
control functions to be considered also in practice when 
gap variations occur. 

 
Fig. 11 Plate thickness and maximum gap width in differ-

ent welding positions [13] 
 

A large number of processing parameters are 
available when the laser and GMAW processes are com-
bined. Petring et al.[38] proposed the formula Wmax (1) to 
determine  the  wire  feed  rate  required  to  fill  a  joint  of  a  
given geometry (i.e. a given thickness, land height and 
bevel angle) and other conditions.  

                

 
   Wmax                                                                            (1) 

                                                                           
 
 

The formula considers the gravitational force 
(gravitational constant g) due to the mass of the melt col-
umn (density r and height t) above the root with width wm, 
the dynamic pressure of a “downward” melt flow compo-
nent with the velocity vm and the supporting capillary 
forces due to the surface tension s of the root melt. The arc 
pressure could also be included in the balance equation, 
but its contribution can be neglected compared to the other 
terms. The gap width w determines the minimum possible 
root width. On the other hand, the root width determines 
the minimum possible root radius wm/2 which occurs at the 
contact angle a=90° (Fig. 12). By setting the gap and root 
widths identical, the balance equation can be resolved for 
the maximum gap width. 

To adjust the process, first of all an appropriate 
wire feed rate has to be set to properly fill in the missing 
volume. It is also clear that in order to fulfil the above con-

Steel type AISI304 (thickness = 5mm), 
laser power 1.7 kW, welding speed 10 
mm/s, focal point position 0 mm, arc torch 
angle 55o,  wire  height  2  mm,  process  dis-
tance 2 mm, shielding gas Ar 5*10-4 m3/s 
Cross section TIG  

current YAG TIG-YAG 

 

 
100 A 

 

 
150 A 

 

 
200 A 



dition of minimizing the root width wm to the gap width w, 
the laser beam power has to be adapted, namely mini-
mized, accordingly: 
 Adapted laser power reduces root width wm to gap 

width w.  
Equation (1) presents three possibilities to maximize the 
allowable gap width wmax, which can be implemented by 
corresponding measures: 
 Increasing surface tension s by root protection with 

inert gas (if two-sided access is accepted). 
 Reducing melt velocity vm by ensuring a stable process 

with low melt dynamics, mainly achieved by a proper 
basic parameter configuration. 

 Avoiding the effect of gravitation by using a position 
PC. 

The appropriate amount of filler wire deposition depends 
on the groove and gap volume as well as on the welding 
speed and can easily be estimated and adjusted. The 
amount and the distribution of the energy input due to the 
laser beam power and the focal position influence the root 
formation. 

 
Fig. 12 The pressure balance at the root [38] 
 
2.3. Welding speed 
  

While keeping all of the other parameters con-
stant, the welding speed significantly influences weld qual-
ity, arc behaviour and process stability. Moreover, it was 
demonstrated that laser power has an influence on the weld 
quality, arc behaviour and process stability. It is safe to say 
that for each laser power at given arc parameters, an opti-
mum welding speed exists beyond which the weld quality 
and process stability rapidly deteriorate. 

The addition of the arc power and process stabili-
zation in laser–arc hybrid welding leads to a significantly 
higher welding speed compared to autogenous laser weld-
ing. The heat input per unit of length actually remains al-
most constant in comparison with autogenous laser weld-
ing when the arc efficiency is considered to be similar to 
that in arc welding [20].  

A useful way to visualize the effect of the air gap 
width in butt welding is by plotting the maximum welding 
speed to the gap width, as shown in Fig. 13[39]. The laser 
welding  process  displays  a  clear  drop  in  speed  at  a  gap  
wider  than  0.1  mm with  a  thin  sheet.  For  the  GMA proc-
ess,  no  change  is  evident  at  variable  gap  widths.  For  the  
GMA–CO2 laser hybrid welding process, a decrease in the 
maximum welding speed is observed with increasing gaps. 
At a gap width of 0.6 mm, a 22% reduction in speed (from 
4.5 m to 3.5 m/min) is seen. The GMA–laser hybrid weld-
ing process bridges gaps of up to 0.6 mm in width with a 

welding speed of 3.5 m/min (78% of the welding speed at 
a  zero  gap)  when the  thickness  is  2.13  mm.  This  may,  in  
some cases,  be  due  to  the  low available  wire  feed  rate  of  
the arc machine, which can be a restriction in utilizing the 
potential of available laser power in hybrid welding. 

 

 
 Fig. 13 Sensitivity to gap width, measured at maximum 

welding speed [39] 
 

Webster et al. [17] have also reported that the la-
ser beam power as well as the welding speed must be 
adapted  to  the  plate  thickness  and  the  gap  width.  Fig.  
14[17] shows a general overview based on this study of the 
required beam power and the achieved process capabilities 
regarding the weldable plate thickness, the welding speed 
and gap width for butt joints in welding positions PA (i.e. 
horizontal welding in a flat position) and PC.  

 
Fig.14 Effect of thickness on optimized joint configuration 

and welding speed of single-pass laser–GMA hybrid 
welding of structural steel [17] 

 
3. Fundamentals of parameter set-up  
 

There are some issues worth taking into account 
when starting the parameter set-up for a new case. When 
the laser process starts shortly before the arc welding proc-
ess, the available metal vapour helps the automatic easy 
non-contact ignition of the arc welding process. Melting in 
the beginning of the joint, the laser eliminates the normal 
lack of fusion in the beginning of the joint which is typical 
of arc welding. 

When welding a fillet joint, the laser beam should 
be positioned higher by half the width of the gap onto the 
web,  and  the  arc  process  in  the  middle  of  the  gap.  Typi-
cally also the incidence angle of the laser beam to the hori-
zontal  line  should  be  as  low  as  possible,  whereas  for  the  



arc an angle of 45° is often suitable. In addition, the heat 
input of the processes together with the wire feed rate have 
to be adapted to the gap and required fillet dimensions. 

In most cases, a pulsed arc should be used in hy-
brid  welding  to  be  able  to  achieve  as  low  a  spray  arc  as  
possible. The shielding gas and its parameters should be 
selected for each specific task and system used. 
 
4. Conclusions 
 

It is worth mentioning that the laser–arc hybrid 
welding  process  is  without  a  doubt  a  process  of  great  in-
dustrial interest thanks to its extensive applicability and 
versatility. However, in order to obtain a reliable and re-
peatable process, many issues must be taken into consid-
eration. 

Laser–arc hybrid welding requires that several pa-
rameters be adjusted in order for high quality welds to be 
obtained. This may be seen as a disadvantage because the 
large number of parameters complicates the implementa-
tion of the process. On the other hand, the number of pa-
rameters enables the use of the process in various applica-
tions by adjusting the parameters case by case, which can 
be seen as an advantage. Also, the set-up of other welding 
parameters, for example the laser and arc power, the laser 
beam  focal  position,  the  laser  beam  focal  length  and  the  
welding speed, may have an effect on which direction 
yields the best results. Thus, it has also been noticed that 
the process distance plays an important role in achieving 
deeper penetration and synergy between the processes. 
Consequently, the process distance of approximately 2 mm 
might exert the greatest effect on the formation of deeper 
penetration. The penetration depth increased with a de-
creasing process distance, but it again became almost 
equivalent to that of single laser welding at the process 
distances of 6 and above. 

The penetration depth is affected mainly by laser 
power and the welding speed, while bridgeability is influ-
ence mostly by voltage and the wire feeding speed. 

Nevertheless, the number of industrial applica-
tions is still limited. One important reason for this is the 
lack of references, experiences, standards, and therefore, 
the necessary confidence among product designers to apply 
laser–arc hybrid welding. 
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LAZERINIO HIBRIDINIO SUVIRINIMO PARAMETR  
TAKA  PRAVIRINAMUM , GREIT  IR 

NESUVIRINAMUM  
 
R e z i u m  
 

Vis daugiau domimasi lazerinio hibridinio 
suvirinimo panaudojimu metalo pramon je gaminant 
storasienius gaminius, nes šis suvirinimo b das yra 
pranašesnis lyginant su suvirinimu tiktai lazeriu. Vienas iš 
pagrindini  pranašum , tai kad šiuo atveju galima 
panaudoti didesnius tarpus tarp suvirinam  detali . Norint 

kmingai panaudoti gamyboje aukštos kokyb s gamini  
suvirinimui š  suvirinimo b  reikalinga išnagrin ti 
parametrus lemian ius pravirinamum , suvirinimo greit  ir 
nepravirinamum . 

Tyrimas remiasi literat ros apžvalga kurioje yra 
išnagrin ta vairios keli  tyr  grupi  publikacijos. Ši 
apžvalga nagrin ja specifinius atvejus: pravirinamum , 
suvirinimo greit  ir nepravirinamum  lazerio hibridinio 
suvirinimo procese. Esant daugeliui parametr  galima 
panaudoti proces vairiems pritaikymams, kiekvienu 
konkre iu atveju parenkant tinkamiausi . Nustatyta, kad 
proceso trukm  turi svarbi  reikšm  pravirinamumo gyliui 
ir s veikai tarp proces . Pravirinamumo gylis pagrindinai 
priklauso nuo lazerio galios ir suvirinimo grei io, tuo tarpu 
nepravirinamumas yra daugiausiai takojamas tampos, bei 
prid tin s vielos ir past mos grei . Šis darbas sukuria 
ger  pagrind  v lesniems tyrimams ir informuoja metalo 
konstrukcij  gamintojus kaip padidinti ši  gamini  
produktyvum  ir kokyb  naudojant lazerin  hibridin  
suvirinim . 
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THE INFLUENCE OF PARAMETERS ON 
PENETRATION, SPEED AND BRIDGING IN LASER 
HYBRID WELDING 
 
S u m m a r y 
 

Increasing interest has been expressed in the ap-
plication of the laser hybrid welding process by the metal 
industries producing thick sections because it possesses 
advantages compared with laser welding alone. One major 
benefit is that larger joint gaps can be accommodated. For 
the successful implementation of laser hybrid welding 



technology in high quality welds in industrial application, 
the parameters that influence the penetration depth, the 
welding speed and the bridgeability gap should be studied.  

The study is based on literature review of the re-
sults of a variety of publications carried out by several re-
search groups. This review concentrates on specific cases: 
penetration, welding speed and bridging capabilities of the 
laser hybrid welding process. The large number of parame-
ters enables the use of the process in various applications 
by adjusting the parameters case by case, which can be 
seen as an advantage. Thus, it has been noticed that the 
process distance plays an important role in achieving 
deeper penetration and synergy between the processes. The 
penetration depth is mainly affected by the laser power and 
the welding speed, whereas the bridgeability of the air gap 
is mostly influenced by the voltage and the wire feeding 
and travel speeds. This study provides a good foundation 
for future research and creates awareness among the metal 
industries to maximize their productivity and quality in the 
field of laser hybrid welding. 
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