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The Arctic region becoming very active area of the industrial developments since it may 

contain approximately 15-25% of the hydrocarbon and other valuable natural resources 

which are in great demand nowadays. Harsh operation conditions make the Arctic region 

difficult to access due to low temperatures which can drop below -50 °C in winter and various 

additional loads. As a result, newer and modified metallic materials are implemented which 

can cause certain problems in welding them properly. 

 

Steel is still the most widely used material in the Arctic regions due to high mechanical 

properties, cheapness and manufacturability. Moreover, with recent steel manufacturing 

development it is possible to make up to 1100 MPa yield strength microalloyed high strength 

steel which can be operated at temperatures -60 °C possessing reasonable weldability, 
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ductility and suitable impact toughness which is the most crucial property for the Arctic 

usability.  

 

For many years, the arc welding was the most dominant joining method of the metallic 

materials. Recently, other joining methods are successfully implemented into welding 

manufacturing due to growing industrial demands and one of them is the laser-arc hybrid 

welding. The laser-arc hybrid welding successfully combines the advantages and eliminates 

the disadvantages of the both joining methods therefore produce less distortions, reduce the 

need of edge preparation, generates narrower heat-affected zone, and increase welding 

speed or productivity significantly. Moreover, due to easy implementation of the filler wire, 

accordingly the mechanical properties of the joints can be manipulated in order to produce 

suitable quality. Moreover, with laser-arc hybrid welding it is possible to achieve matching 

weld metal compared to the base material even with the low alloying welding wires without 

excessive softening of the HAZ in the high strength steels. As a result, the laser-arc welding 

methods can be the most desired and dominating welding technology nowadays, and which 

is already operating in automotive and shipbuilding industries with a great success. However, 

in the future it can be extended to offshore, pipe-laying, and heavy equipment industries for 

arctic environment. CO2 and Nd:YAG laser sources in combination with gas metal arc source 

have been used widely in the past two decades. Recently, the fiber laser sources offered 

high power outputs with excellent beam quality, very high electrical efficiency, low 

maintenance expenses, and higher mobility due to fiber optics. As a result, fiber laser-arc 

hybrid process offers even more extended advantages and applications. However, the 

information about fiber or disk laser-arc hybrid welding is very limited. 

 

The objectives of the Master’s thesis are concentrated on the study of fiber laser-MAG hybrid 

welding parameters in order to understand resulting mechanical properties and quality of the 

welds. In this work only ferrous materials are reviewed. The qualitative methodological 

approach has been used to achieve the objectives. 

 

This study demonstrates that laser-arc hybrid welding is suitable for welding of many types, 

thicknesses and strength of steels with acceptable mechanical properties along very high 

productivity. New developments of the fiber laser-arc hybrid process offers extended 

capabilities over CO2 laser combined with the arc. This work can be used as guideline in 

hybrid welding technology with comprehensive study the effect of welding parameter on joint 

quality. 
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1. Introduction 

The Master’s thesis is a part of Arctic Materials Technologies Development (23B41060YT10) 

research project which was performed in Lappeenranta University of Technology at Laser 

Processing Centre. The partners of this project are Federal State Unitary Enterprise Central 

Research Institute of Structural Materials (PROMETEY, Saint Petersburg, Russia), 

Lappeenranta University of Technology (Lappeenranta, Finland), and European Union. The 

project mainly is aimed to develop new arctic materials and joining technologies of cold-

resistant steels for offshore and shipbuilding industry and is co-funded by the European 

Union, the Russian Federation and the Republic of Finland.  

 

Since the 1970s, the Arctic regions of the United States, Norway, and Russia have been 

exploited extensively as onshore oil and gas activities. An estimated 40 billion barrels of oil, 

1136 trillion cubic feet of natural gas, and 8 billion barrels of natural gas liquids have been 

developed in the West Siberian Basin of Russia and on the North Slope of Alaska. Other 

valuable natural resources in the Arctic area are coal, iron, lead, copper, nickel, zinc, gold, 

and diamonds. As a result, this decade becoming very active in exploring and developing 

industry in Arctic lands. Figure 1 provides information about the opportunities for economic 

development and environment damage in the field of hydrocarbon exploitation. Appendix 3 

provides information about recent development projects and constructions for the Arctic. 

Since Arctic region is very sensitive to climate changes, the development of hydrocarbons 

will negatively contribute to greenhouse gas emissions. (Jackson, 2011) 

 

The Arctic region is characterised by the low operating temperatures and specific 

requirements for the weight reduction, higher bearing strength and toughness of the 

materials, conventional carbon steels becoming not suitable. As a result, more advanced 

steels have to be used, such as high strength low-alloy steels which combine high strength, 

ductility and other mechanical attributes. However, high strength low-alloy steels are 

sensitive to heat inputs during welding. As a consequence, welding method should be 

carefully reviewed and applied. Hybrid welding seems to be the most optimal welding 

technique for this task due to many advantages compared to other welding methods.  

 

Hybrid laser-arc welding (HLAW), also named as combined welding, laser-assisted arc 

welding, or arc-assisted laser welding, is a welding process which utilises the energy of a 

laser source and the energy of an arc source to produce the weld. The necessity of 

discovering of hybrid welding technology arose in 1970s due to laser beam welding 
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limitations and problems such as poor bridgeability, high cost investments, low energy 

efficiency and problems with adding filler material. Moreover, laser welding causes high 

hardness in the weld metal and the heat affected zone in structural steels because the fused 

zone normally consists of martensite and bainite. According to Appendix 1, the hybrid 

welding process is capable to weld up to 30 mm thick plates in a single pass with fairly high 

quality welds. Such excellent capabilities show that hybrid welding can be predominant 

welding process in the near future. 

 
Figure 1. Industrial development in the Arctic. (Anon, n.d.b)  
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The first and the most popular laser source for many years in hybrid welding due to high 

power and appropriate quality of the beam is carbon dioxide (CO2) laser and after Nd:YAG 

laser. As a result, most studies in hybrid welding technology usually have been carried out by 

combining CO2, Nd:YAG laser source with arc in welding of thick sections. After 2000s high 

power fiber and disk lasers emerged and became popular for hybrid welding applications due 

to its short wavelength, excellent efficiency and good beam parameters. However, there is 

still a huge lack of information about potential usability of fiber laser combined with MAG 

source, especially in welding of extra-high strength steels. In addition, since the major 

problem of the hybrid welding is a vast amount of parameters, there is also a huge lack of 

standards and strategy in selection of the parameters. Therefore the welding parameters in 

the manufacturing companies mostly can be obtained from extensive experiments which can 

take fairly large amount of time. In addition, due to many advantages of the fiber laser beam 

in combination with arc processes provides additional capabilities which can be applied to 

weld extra- and ultra-high strength low-alloy steel grades with yield strength higher than 700 

MPa which will open up the innovative and competitive applications for shipbuilding, offshore 

constructions and even pressure vessel industry. 
 

The main objectives of the Master’s thesis are to study the effect of welding parameters in 

hybrid welding on the weld quality and mechanical properties in case of ferrous materials, 

fiber laser welding properties, laser beam and arc interaction phenomena, identification of 

fiber laser-arc hybrid welding possibilities to join extra-high strength steels. The objectives 

are achieved by qualitative research method by gathering information from scientific articles 

from journals, proceedings of the conferences and internet web pages. The Master’s thesis 

mainly consists of theoretical analysis. Theoretical part describes and explains the principles 

of selection of materials for Arctic environment, high strength steels, welding metallurgy, the 

HAZ structure and its effects, laser beam sources for welding, fiber laser welding, arc 

welding, hybrid welding and various configurations, advanced hybrid welding techniques, 

interaction between laser and arc, and effects of the hybrid welding parameters on weld 

quality.  

 

Motivation. The Master’s thesis is motivated by recent interest in high power fiber laser-MAG 

hybrid welding due to its unique properties and bright future in modern industry. Welding of 

metals using the fiber laser-MAG hybrid welding process has gained many interests in recent 

years due to its advantages and nowadays the process is performed in a wide range of 

industries. Continuous research and developments in fiber laser-MAG hybrid welding have 
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extended the industrial possibilities to weld almost any weldable metallic material due to 

short-wavelength and good beam quality. Moreover, hybrid welding provides possibility to 

weld fairly thick sections in single pass which makes this technology extraordinary useful.  

 

Conventional electric arc welding processes have been the best option in the most welding 

applications due to its availability, energy efficiency, simple technology and low costs of 

operation. However the arc welding process is often not stable, generally slow, wide heat-

affected zone (HAZ) is created, therefore distortions are produced. The laser welding also 

have some disadvantages such as higher power consuming than electric arc due to laser, 

requires high quality bevelling since surface smoothness effect on weld quality in total. By 

combining two processes most of disadvantages can be avoided.  

 
2. Arctic environment and requirement for materials 
The Arctic is a northern polar area on the Earth and characterised by low temperature and 

treeless permafrost. The Arctic region consists of the Arctic Ocean, which is ice-covered, and 

parts of Russian Federation, the United States (Alaska), Greenland (Denmark), Canada, 

Norway, Sweden, Finland, and Iceland. 

 

The Arctic may contain approximately 20% of the world‘s undiscovered oil and gas 

resources, where 16% of them are to be onshore and the rest 84% is offshore which are 

mostly in underwater about 500 metres deep. West Siberian Basin, Arctic Alaska and East 

Barents Basin are the major areas for development of natural resources (see Table 1) 

therefore Russian Federation and the USA are the most active countries in the Arctic area. 

 

Table 1. Estimation of the undiscovered oil and gas of the Arctic circle according to the U.S. 

Geological Survey (USGS).  

Area Million 
barrels of oil 

Billion cubic 
feet of 

natural gas 

Million barrels 
of natural gas 

liquids 

Oil-
equivalent 
natural gas 

West Siberian Basin 3,659.88 651,498.56 20,328.69 132,571.66 
Arctic Alaska 29,960.94 221,397.60 5,904.97 72,765.52 

East Barents Basin 7,406.49 317,557.97 1,422.28 61,755.10 
East Greenland Rift 

Basins 
8,902.13 86,180.06 8,121.57 31,387.04 

Yenisey-Khatanga Basin 5,583.74 99,964.26 2,675.15 24,919.61 
Amerasia Basin 9,723.58 56,891.21 541.69 19,747.14 

West Greenland-East 
Canada 

7,274.40 51,818.16 1,152.59 17,063.35 

Laptev Sea Shelf 3,115.57 32,562.84 867.16 9,409.87 
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Norwegian Margin 1,437.29 32,281.01 504.73 7,322.19 
Barents Platform 2,055.51 26,218.67 278.71 6,704.00 

 
One of the main challenges in the Arctic is to ensure safe operation due to extremely low 

temperatures and long periods of darkness which create additional problems for working 

personnel and also affect the material properties, and reduce full potential of equipment. 

Concerning materials properties, the reduced impact toughness is the major problems since 

all metallic materials experience brittleness at low temperatures. (Orbeck-Nilssen, 2012) 

 

Despite the fact that hydrocarbons are undiscovered, these resources drive a significant 

interest and activity in the Arctic a shown in Figure 2. Apart from hydrocarbons, the Arctic 

lands contain large amounts of rare earth minerals and harvesting the rich fish resources. 

The shrinking ice sheet and thinner ice are resulting in easier access to the Arctic Ocean and 

coastal areas. (Orbeck-Nilssen, 2012) 

 

There are many codes and standards regarding toughness requirements for offshore steel 

structures. Typically, the standards concerning the offshore structures (ships, oil drilling 

platforms) do not include very low service temperatures. As a result, suitable standards and 

normative documents for offshore industry for the Arctic are very limited. ISO 19906 

(Petroleum and natural gas industries – Arctic offshore structures) is one of the ISO 19900 

series and very widely used standard which specifies requirements and provides guidance 

for the design of offshore structures in arctic and other cold regions environments, however it 

does not contain the requirement for the material fracture. ISO 19902 can be used for the 

fracture toughness control at the specified test and working temperature plan however it 

does not specifically address structures in the Arctic environment.  
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Figure 2. Arctic zone and recent activity. (Anon, n.d.a; Anon, n.d.d). 1 – From 2010 to 2011 

the number of ships travelling the Northern Sea Route increased from 4 to 34. 2 – In June 

2012 the Norwegian Ministry of Petroleum and Energy opened 72 blocks for licensing in the 

Barents Sea. The licensing process will be completed in 2013. 3 – Use of the Northern Sea 

Route for shipping between Europe and Asia has significant fuel and time saving potential. 4 

– Shell company will begin exploration drilling in the Chuchki Sea in August 2012. 5 – The 

first exploration drilling in the Arctic took place in the 1970s in the Beaufort Sea. 6 – Cairn 

Energy‘s 2011 drilling program off the coast of Greenland failed to make a commercially 

viable discovery.  

 

Metallic materials for the Arctic applications have to possess appropriate impact toughness, 

high strength for weight reduction and ductility at low temperatures where minimum design 

temperature is -40 °C and can be even lower (-60 °C).  As a result, not many materials meet 

such criteria. Moreover, metallic materials should resist to corrosion, exhibit reasonable 

weldability (without preheating and PWHT) and withstand additional loads.  

 

The material suitability for Arctic application can be assessed according to ductile-to-brittle 

transition temperature (DBTT) curve or fracture appearance transition temperature (FATT) of 

the given material which can be built by performing the Charpy V-notch (CVN), Izod or other 
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impact testing at various temperatures. Crack tip opening displacement (CTOD) is another 

method to assess impact toughness of the material. DBTT (or FATT) also can be identified 

from fractured surface appearances. Plastic materials exhibit fibrous (or dull) texture, 

whereas brittle fracture has cleavage or a granular texture. As can be seen from Figure 3a, 

DBTT (or FATT) is when the material transits from plastic into brittle, or when fracture 

surface is 50-50% cleavage and fibrous. (Callister & Rethwisch, 2010) 

 

It is generally accepted that minimum impact toughness at elevated temperature must be 27J 

in order to not be considered as brittle steel. The impact toughness guarantee given for steel 

is usually in force down to a certain temperature. This temperature can be found in the 

designation of the steel (see Table 2) according to International Association of Classification 

Societies  (IASC) which includes 13 marine classification societies: American Bureau of 

Shipping (ABS), Bureau Veritas (BV), China Classification Society (CCS), Croatian Register 

of Shipping (CRS), Det Norske Veritas (DNV), Germanischer Lloyd (GL), Indian Register of 

Shipping (IRS), Korean Register of Shipping (KR), Lloyd's Register (LR), Nippon Kaiji Kyokai 

(NK/ClassNK), Polish Register of Shipping (PRS), Registro Italiano Navale (RINA), Russian 

Maritime Register of Shipping (RS).  

 

Table 2. Designation of the steels used for offshore industry (hull structures of ships and 

drilling platforms) according to IASC. (NS – normal strength steels, HS – high strength steels, 

EHS – extra-high strength steels) 

Design 
temperature, °C 

Steel grade (strength group) Additional symbols 

0 A (NS)  W – improved 
weldability, S – 

specially accepted 
steels 

A32, A36, A40 (HS)  
A420, A460, A500,  A550, A620, A690 (EHS) 

 
-20 

 

D (NS)  
D32, D36, D40 (HS)  

D420, D460, D500,  D550, D620, D690 (EHS)  
-40 

 
 

E (NS)  
E32, E36, E40 (HS)  

E420, E460, E500,  E550, E620, E690 (EHS)  
-60 F (normal strength)  

F32, F36, F40 (high strength)  
F420, F460, F500,  F550, F620, F690 (EHS)  

 

Structural steels suitable for cold environment can be identified from EN 10027-1 and shown 

in Table 3. Examples are given in Appendix 2. 
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Table 3. Designation of the structural steels suitable for cold environment according to their 

mechanical or physical properties. 

Principal symbols Additional symbols (indicate grade type of steel) 
Letter Mechanical 

property 
Group 1 Group 2  

 Minimum impact 
toughness property 

Temperature 

27 J 40 J 60 J °C 
S –

structural 
steel 

nnn = 
specified 
minimum 

yield strength 
in MPa  

J2 K2 L2 -20 L – low 
temperature, M – 

thermomechanically 
rolled, N – 

normalised, Q – 
quenched and 

tempered 

J3 K3 L3 -30 
J4 K4 L4 -40 
J5 K5 L5 -50 
J6 K6 L6 -60 
M – thermomechanically rolled, N – 

normalised, Q – quenched and 
tempered 

 
DBTT of the steel mainly depends on the carbon content (see Figure 3b) and other alloying 

elements. DBTT also depends on the crystal structure and microstructure. Metals which have 

face centre cubic (FCC) crystal structure (copper, nickel and aluminium) inherently possess 

excellent impact toughness at all temperatures and can be used even below -200 °C 

temperature as well as alloys having austenitic microstructure, for example stainless steels, 

however they are expensive to utilise. Body centred cubic (BCC) and hexagonal close 

packed (HCP) structures have limits and have certain DBTT, and iron (steel) is one of them. 

(Anon, 2001) 

 

Typically conventional steels can be exploited in environment not lower than -20 °C. At lower 

than -20 °C temperatures, the mechanical properties (tensile and yield strength) of steels 

increasing (see Figure 3c) however impact toughness becomes so low that steels act as 

glass, light impact can cause large crack (Anon, 2010). This characteristic behaviour also 

applies for every metallic material (Anon, 2001). 

 

The shifting of steel’s DBTT (or FATT) to a required low temperature can be achieved by 

several methods (Anon, 2001; Callister & Rethwisch, 2010; Weng, 2009):  

• Reduction in carbon content in steel increase impact toughness significantly. As a 

consequence, steels operating in arctic condition should have less than 0.15% of 

carbon (see Figure 3b). On contrary, higher carbon content increase the strength of 

steel significantly; 

• Reduction in amount of impurities such as phosphorus (P) and sulphur (S) increases 

impact toughness; 
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• Decrease in grain size (grain size number of 7-8 (31-22 µm) according to ASTM); 

• Microalloying elements and fine-grained structure increase impact toughness; 

• Alloying elements with FCC crystal structure (such as nickel, copper, aluminium) 

increase impact toughness significantly. 

  

        a) 

   
b)                                                                              c) 

Figure 3. The behaviour of the steels: (a) DBTT or FATT; (b) the effect of carbon content on 

the impact toughness in steels during various temperatures; (c) behaviour of the steel at low 

temperatures. (Callister & Rethwisch, 2010) 

 

The selection of the certified and standardised carbon steels for arctic environment can be 

also accomplished according to specified standards. In Appendix 2 there is a list of materials 

from the most used standards for arctic applications.  

 
2.1. High strength steels  

In modern industry many types of structural steels are used and can be classified according 

to tensile strength (or yield strength), microstructure and manufacturing process. Recently, 
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high strength steels becoming very popular and are the most desired type of structural steel, 

especially in automotive industry where demand in the weight reduction is in the first place. 

The various types of the HSS are shown in Figure 4. Conventional steels are IF, mild, and 

HS IF and their tensile strength lay in the range 200-300 MPa. Typically, high strength steels 

(HSS) are produced with a minimum yield strength in the range 300-500 MPa and even 

higher (Grong, 1994). Conventional HSS are IS, HS IF, BH, CMn and HSLA. HSLA which 

have strength higher than 500 and less than 700 MPa termed as extra-high strength low-

alloy steels. Steels which possess further increase in elongation and tensile strength are 

named as advanced high strength steels (AHSS). Steels which have the yield strength higher 

than 700 MPa are named as ultra-high strength steels (UHSS).  

 
Figure 4. The graph of different alloyed steels. IF – interstitial free steels. IS – isotropic 

steels. BH – bake hardenable. DP – dual phase steels. CP – complex phase steels. CMn – 

carbon-manganese steels. TRIP – transformation induced plasticity. MART - martensitic. 

TWIP – twin induced plasticity. SS – stainless steel. (Ilic et al., 2012) 

 
High strength low-alloy (HSLA) or microalloyed (MA) low carbon steels are strengthened with 

carbon and/or nitrogen precipitates (Ti, V, Nb), fine-grained microstructure, solid solution 

hardening by substitutional and interstitial elements (Mn, Si, C), transformation hardening, 

and dislocation hardening. For precipitation hardening and grain refining alloying and 

microalloying elements are used. The main carbo-nitride forming microalloying elements are 

titanium, vanadium, and niobium (columbium in the USA), and their content usually do not 

exceeds 0.15%. In practise, other very important alloying elements are added such as 

aluminium, molybdenum, manganese, copper, chromium and/or nickel in order to facilitate 
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even more complex interaction and additional properties. The total amount of alloying and 

microalloying elements in HSLA are less than 5.0% and their effects are listed in Table 4. 

(Lancaster, 1999), (Yue et al., 2012), (Maurer et al., 2012) 

 

HSLA steels are widely used in automotive, shipbuilding bridges, building structures, 

offshore, and heavy equipment due to very good manufacturability, weldability and significant 

reduction in weight as shown in Figure 5a. (Anon, 2011) 

 

Table 4. The effects of microalloying elements in high strength steels. (Sampath, 2006), 

(Callister & Rethwisch, 2010), (Bhadeshia, 2006), (Lancaster, 1999), (Weng, 2009), (Maurer 

et al., 2012)  

Microalloying 
element 

Influence 

Aluminium Used as strong de-oxidant and grain refiner. In controlled amounts, fixes 
solute nitrogen as AlN and thereby improves recovery of HAZ toughness 
and weldability. Excessive amounts (>0.08 wt. %) reduces impact 
toughness. 

Niobium In controlled amounts (0.02-0.05 wt. %) increases austenite 
recrystallisation temperature1. Provides strengthening by forming thermally 
stable Nb(C,N) and Nb,Ti(C,N) precipitates. During fusion welding, the 
precipitates limit austenite grain growth in the weld HAZ, and thereby limit 
hardenability and improve weldability significantly. Excessive amounts 
(>0.05 wt. %) can potentially diminish HAZ toughness in high heat input 
welds. Niobium is more effective refiner than vanadium. 

Vanadium Behaves similar to Nb however has weaker effect on austenite 
recrystallisation temperature. Promotes significant strengthening by forming 
VN, V(C,N), and (V,Ti)N precipitates in ferrite due to the greater solubility of 
vanadium carbide in austenite than Nb. 

Titanium Added in controlled amounts (0.01-0.02 wt. %), acts as grain refiner and 
increases austenite recrystallisation temperature1. Fixes solute nitrogen as 
TiN and provides strengthening by forming thermally stable and complex 
Ti(C,N) precipitates. During fusion welding, TiN precipitates limit austenite 
grain growth in the weld HAZ, thereby limiting hardenability and improving 
HAZ strength and toughness. Titanium also interacts with sulphur and can 
have a beneficial effect on the shape of sulphide inclusions. Excessive 
amounts of titanium (>0.02 wt. %) reduce HAZ toughness, especially at low 
temperatures.  

Molybdenum Typical amount in HSLA is 0.15-0.25%. Improves hardenability, provides 
resistance to cold cracks and improve weldability.  

Boron Added in very small amounts (≈0.001%) to enhance hardenability which 
enable to make steel having yield strength higher than 600 MPa. Excessive 
amount of boron (>0.003%) reduces hardenability and impact toughness.  

1 Increase of austenite recrystallisation temperature means that the grain size during TMCP of 

microalloyed steel can be reduced significantly due to prevention of the austenite grain grow  
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The reason of very high strength combined with excellent weldability and manufacturability of 

HSLA is due to low carbon content (0.07-0.12%), microalloying and special manufacturing 

process. However, as shown in Figure 5b, the increase in strength of the material makes it 

more brittle.  

 
a) 

 
                                                                          b) 

Figure 5. Characterisation graphs of the HSS. (a) Reduction in weight by using high strength 

steels (Source: Rautaruukki Oy). (b) Typical trend of the HSS in stress-strain diagram when 

reduction in elongation is related to increase in yield strength (Source: ArcelorMittal S.A.).  

 

Advantages of high strength low-alloy steels can be summarised as follows: 

• Significant reduction in weight which promotes more energy efficient components; 

• Thinner sections is easier to weld compared to thick sections; 
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• Modern high strength steels possess good weldability, therefore no need to 

preheating; 

• Modern conventional HSS and AHSS possess excellent manufacturability. 

Disadvantages of high strength steels are: 

• Can be fairly costly due to sophisticated manufacturing and expensive microalloying 

elements, however they are much cheaper that stainless steels; 

• Higher strength (>500 MPa) cause softening of the HAZ; 

• Limitation in heat input during welding restricts of usage high powers and high 

welding speeds; 

• Mechanical properties of welds cannot be restored by post weld heat treatment 

PWHT. 

 

2.2. Manufacturing and microalloying principles of the HSS 
For manufacturing of the HSS steels various methods can be used: quenching and 

tempering (QT), thermo-mechanical control process (TMCP) which was developed early in 

1980’s in Japan (see Figure 6a, processes D-G), and direct quenching (DQ). Delivery 

conditions of the HSS which can be found in steel’s designation are: as rolled (AR), 

normalised (N), quenched and tempered (Q), and thermo-mechanically rolled (M). The 

resulting microstructure of various delivery conditions are shown in Figure 6b. It is worthwhile 

to mention, that TMCP routes can be slightly different, for example, TMCP with cooling in air 

or TMCP with on-line accelerated cooling (OLAC®) which offers more fine-grained 

microstructure (Shikanai et al., 2008). Currently, the finest achievable grain size in industry is 

10 µm (industrial). The effect of grain size has significant effect on impact toughness at low 

temperatures as can be seen from Figure 6c. Comprehensive designation of steels can be 

found in EN 10025-EN 10028 standards and EN 10207 standards. TMCP steels compared to 

QT and DQ possess better weldability, lower hardenability, less sensitive for cold cracking, 

higher toughness due to uniform and fine acicular ferrite (needle-like shape) in the 

microstructure. Noteworthy, allotrimorphic ferrite and Widmanstätten side plates are not 

common in high strength steel weld metals. As a consequence, TMCP steels allow higher 

heat input during welding therefore can eliminate quenched and tempered steels in many 

applications in the future (Bhadeshia, 2006). However, the main disadvantage of TMCP 

steels is that they cannot be manufactured in high thicknesses, usually 10-12 mm. (Verlinden 

et al., 2007), (Willms, 2008),  (Bhadeshia, 2006), (Komizo, 2007), (Weng, 2009) 
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a) 

 
b)                                                                          c) 

Figure 6. (a) Different manufacturing processes of steel and (b) microstructures of various 

delivery conditions (Willms, 2008). (c) The effect of grain size on impact toughness at low 

temperatures (Weng, 2009). 
 
2.3. Metallurgical considerations of welding 
According to DIN 8528-1, weldability of a material is determined by three outer variables 

which are the material to be welded, the influence of the manufacturing process and the 

design of the material to be welded as shown in Figure 7.  
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Figure 7. Weldability definition according to DIN 8528-1 

 

The simple and reliable way to foresee steel weldability is to use so called carbon equivalent 

value. As a general rule, the steel is considered weldable without cold cracks as carbon 

equivalent (CE) is less than 0.4. However many different equation for estimating CE can be 

used therefore the limits can also change. Carbon equivalent can be calculated by 1.0 

equation which is adopted by sub-commission IX-G of the International Institute of Welding 

(IIW) and can be used for a very wide variety of carbon content in the steel. 

( )
5156

VMoCrNiCuMnCIIWCEV ++
+

+
++=                                  (1.0) 

 

Where C, Mn, Cr, Mo, V, Ni and Cu are – carbon, manganese, chrome, molybdenum, 

vanadium, nickel, and copper (all amounts are in wt. % (percentage by weight).  

 

CEV(IIW) also can be used to determine the necessity of preheating or post-welding heat 

treatment (PWHT). When the carbon equivalent is less than 0.35%, the preheating or PWHT 

are often not required. When the carbon equivalent is between 0.35 and 0.55%, preheating is 

advisable. For materials which exceed 0.55% CEV, preheating and PWHT are necessary. 

(Kannatey-Asibu Jr., 2009) 

 

An alternative equation (2.0) has been adopted in Japan: 

144540624
VMoCrNiMnSiCCE ++++++=                                  (2.0) 

 

A carbon equivalent formula popular in Germany is the CET (Thyssen):  
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4020201010
NiCuCrMoMnCCET +++++=                                     (3.0) 

 

The Ito-Bessyo equation (4.0) has been also adopted in Japan and usually used to predict 

carbon equivalent and cold cracking (the composition-characterizing parameter, Pcm) for low-

alloy steel when carbon content lies between 0.07% and 0.22%. A Pcm of 0.35 or lower is 

considered the steel with good weldability. 

BVMoNiCrCuMnSiCPcm 5
1015602030

++++
++

++=                          (4.0) 

Where B is boron content (wt. %).  

 

Hot crack susceptibility (HCS) or resistance to solidification cracking which mainly occurs 

due to low width/depth ratio of the weld (especially in case of LBW), shrinkage stresses 

during cooling, and high carbon and sulphur content (Weman, 2006). HCS can be estimated 

by the following equation: 

VMoCrMn

NiSiPSC
HCS

+++

×





 +++

=
3

10
10025

3

                                   (5.0) 

Hot cracks do not occur when HCS < 4 for low carbon and low alloy steels 

 

Table 5. Weldability estimations of the common microalloyed steels used in different industry 

sectors.  
Steel Yield 

strength 
ReH, MPa 

Tensile 
strength 
Rm, MPa 

C, % CEV1 
(IIW) 
max. 

Pcm
2 HCS2 

S700 MC structural steel (1.8974, 
TMCP, HSLA, EN 10149-2) 

700 750-950 0.12 0.41 0.18 1.22 

S355NL structural steel (1.0546, 
EN 10025-3) 

355 470-630 0.18 0.43 0.23 2.36 

S690 QL structural steel (1.8928, 
QT,HSLA, EN 10025-6)  

690 770-940 0.2 0.42 0.26 2.82 

S960 QL structural steel (1.8933, 
QT, UHHS, EN 10025-6) 

960 980-1150 0.2 0.58 0.28 2.43 

NV E36 shipbuilding steel (HSLA, 
DNV-OS-B101)  

355 490-630 0.18 0.38 0.23 3.38 

P355NL2 pressure vessel steel 
(1.1106, HSLA, EN 10028-2) 

355 490-630 0.18 0.45 0.23 1.77 

1 Values are taken from the equivalent Rautaruukki (Finnish steelmaking company), SSAB (Swedish 

steelmaking company) produced steels assumed for 10 mm thickness plate since European standards 

does not give CEV values 
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2 Only manganese (Mn), silicon (Si), aluminium (Al), phosphorus (P), sulphur (S), boron (B) and 

carbon (C) used in the calculations (average values for Pcm and maximum values for HCS) since other 

alloying elements have negligible contribution 
 

Table 6. The standardised chemical composition of microalloyed steels. (Maximum values 

except aluminium which shows minimum value) 

Steel Mn Si Al Ni Mo V Nb Cu Ti Cr P S 
S700 
MC1,3 

2.1 0.6 0.01
5 

- 0.5 0.2 0.09 - 0.22 - 0.025 0.015 

S355NL  1.7 0.5 0.02 0.5 0.1 0.12 0.05 0.55 0.05 0.3 0.025 0.02 
S690 
QL1,2  

1.7 0.8 - 2.0 0.70 0.12 0.06 0.50 0.05 1.5 0.025 0.015 

S960 
QL1,2  

1.7 0.8 - 2.0 0.70 0.12 0.06 0.50 0.05 1.5 0.02 0.01 

NV E364 1.6 0.5 0.02 0.4 0.08 0.1 0.05 0.35 0.05 0.2 0.035 0.035 
P355NL2 1.7 0.5 0.02 0.5 0.08 0.1 0.05 0.3 0.03 0.3 0.02 0.01 

1 has 0.005% boron 
2 has 0.15% zirconium 
3 the sum of alloying elements V+Nb+Ti cannot exceed 0.22% according to EN 10149-2 
4 the sum of alloying elements V+Nb+Ti cannot exceed 0.12% according to DNV-OS-B101 standard 

 

It is important to understand that maximum values of the alloying elements cannot be used in 

calculation of the carbon equivalent (CEV, CE, CET) by standards as listed in Table 5. The 

steelmaking companies producing the steel with slightly lower amount of alloying elements 

(since they cannot exceed maximum values indicated in standards) compared to the 

standardised chemical composition. As a result, they indicate already calculated and 

accurate values of the carbon equivalent (usually only CEV(IIW) and in some cases also 

CET) since standards are not indicating the carbon equivalent.  

 

Apart from abovementioned CE estimation formulas, many other formulas can be used. 

Another graphical method for weldability, estimation is the Graville weldability diagram (see 

Figure 8) which was developed in the 1980s. According to this graph, it is possible to predict 

how the given material is susceptible to the hydrogen-induced cracking (HIC) which occurs 

after weld cooling with many hours delay while atomic hydrogen diffuses to areas of high 

tensile stress therefore it is called as cold cracking phenomenon. The prediction is based on 

calculation of the carbon equivalent and comparing it to the carbon content. (Davis, 2006), 

(Khan, 2009) 
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Figure 8. The Graville weldability diagram for determination of hydrogen-induced cold craking 

realtive to carbon content and carbon equivalent (according to CEV(IIW) 1.0 equation). HTLA 

is the Heat-Treatable Low-Alloy Steels. (Davis, 2006) 

 
According to the Graville diagram steels which are in the Zone I, for example TMCP steels 

(Optim 700 MC Plus), usually have low carbon content and low hardenability therefore they 

are not susceptible to cold cracking and do not need preheating before welding. Zone II 

indicates that steels in this area have higher carbon content with lower hardenability. As a 

result, to eliminate crack-sensitive microstructures (bainite or martensite), HAZ cooling rates 

should be controlled by means of heat input and possible preheating. Finally, Zone III 

involves steels with high carbon content and high hardenability therefore there is a very high 

risk to get crack-sensitive microstructures and requires special consideration for welding 

such as PWHT (Post Weld Heat Treatment) with preheating before welding operation. 

(Davis, 2006) 

 
2.4. Structure of the welds and heat input  
Since arc and laser welding are both fusion joining process, they have a significant heat input 

to the workpiece, since structural members are heated to their melting point and then cooled 
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quite rapidly to form a joint. Such heating and cooling of the metal cause a thermal cycle (see 
Figure 13). (Easterling, 1983), (Messler, 1999), (Blondeau, 2008) 

 

An area where base material is melted and mixed with filler material to form a solidified weld 

puddle is called the fusion zone (FZ) or the weld metal (WM). The mechanical and other 

properties of the FZ depend primarily on the thermal cycle, filler material and its compatibility 

with the base materials. As a result, the weld metal has different mechanical properties 

compared to the base material. The filler wire is selected according to chemical composition 

and matching strength criteria with base material. Strength criterion can be either tensile or 

yield. Matching strength of filler wire means that the filler wire deposits the exact strength as 

the base metal. Strength of filler wire can be greater and lower then it is overmatching and 

undermatching respectively. (Easterling, 1983), (Kou, 2002) 

 

The FZ is surrounded by the heat-affected zone (HAZ) which is not melted, however the HAZ 

is subjected to enough high temperatures in order to induce microstructural transformations. 

Unlike the FZ, the HAZ depends only on thermal cycle since where is no possibility to add 

filler material to refine or somehow to eliminate dependency on the thermal cycle. As a result, 

the HAZ is weaker than FZ according to mechanical properties. Typically, the HAZ consist of 

several sub-zones or regions as shown in Figure 9, however the number and structure of 

sub-zones depends on the material. The given example is applicable for conventional and 

extra high strength steels. (Easterling, 1983), (Blondeau, 2008), (Kou, 2002) 

 

The sub-zones of the HAZ have different microstructures and therefore different mechanical 

properties. The structure type and its sub-zone width are partially determined by the thermal 

cycle that means the complete cycle of heating and cooling due to the movement of the arc 

and the thermal properties of the base metal. However, the changes in the HAZ are also 

dependent upon the prior thermal and mechanical history (heat treatment of the base 

material) of the material. (Easterling, 1983), (Kou, 2002) 
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Figure 9. A classical schematic diagram of the various sub-zones or layers of the heat-

affected zone approximately corresponding to the alloy with 0.15% carbon content indicated 

on the Fe-Fe3C equilibrium diagram. (Easterling, 1983; Blondeau, 2008; Messler, 1999) 

 

From Figure 9 it is obvious that if steel is heated up to the transformation point A1 there is no 

changes in the microstructure and other alterations of the mechanical properties and this is 

called unaffected base material (UBM). (Blondeau, 2008)   

 

Coarse-grained or grain growth HAZ (CGHAZ) is adjacent to weld metal and therefore 

subjected to high temperatures from A3 to melting point. As a result, the grains are growing 

rapidly and remain enlarged even after cooling therefore it increases embrittlement (low 

impact toughness) dramatically which is unacceptable for arctic applications. The mechanical 

properties of CGHAZ are extremely dependent on heat input. When low heat input is utilised 

(such as laser beam welding), comparatively shorter time is given for the austenite grain 

grow rate therefore a very narrow coarse-grained zone. However lower heat input favours 

very hard and brittle structure formation such as martensite and bainite, or their combination. 

Conversely, higher heat inputs generate larger grain sizes due to more time for their 

formation (slower cooling rate), hence wider HAZ is formed. According to abovementioned 

information it can be concluded that the CGHAZ is the most problematic HAZ layer. The 
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aluminium, titanium, niobium, or vanadium can be added to reduce the embrittlement of the 

CGHAZ by grain-refining effect. (Blomquist et al., 2009), (Bhadeshia, 2006), (Lancaster, 

1999) 

 

Fine-grained HAZ (FGHAZ) or recrystallised zone comes after CGHAZ therefore it is 

subjected to lower cooling temperatures from about 1100 °C to 900 °C, where fine grains of 

austenite are formed. During cooling from austenite to lower temperatures ferrite is forming. 

As a result, due to small grains and fine microstructure in the FGHAZ, it provides good 

mechanical properties and can have even higher impact toughness than base material. 

(Blondeau, 2008), (Lancaster, 1999)     

 

Intercritical HAZ (ICHAZ) or partial transformation zone is subjected to the peak 

temperatures between A1 and A3 points. This region has larger grains than FGHAZ therefore 

impact toughness is lower. (Bhadeshia, 2006) 

 

Subcritical HAZ (SCHAZ) or tempered (annealed) zone is located between the ICHAZ zone 

and the unaffected base metal where phase shift and alterations in grain size is not occurred. 

Therefore this zone does not cause any problems in strength of the joint. (Blondeau, 2008) 

 

HAZ softening and hardness distribution in welds. The HAZ softening phenomenon (see 

Figure 10) occurs in the HSS steels which have strength higher than 500 MPa accompanied 

by change in microstructure and destruction of the precipitation effect in regions with 650 °C-

1100 °C peak temperatures (FGHAZ, SCHAZ and ICHAZ) during fusion welding. As a result, 

ultra-high strength steels always softens in the HAZ. The magnitude and control of the HAZ 

softening depends on many factors: manufacturing process (TMCP or QT), heat input, base 

material chemical composition and mechanical properties, and used filler wire. TMCP steels 

exert much smaller softening of the HAZ and less overmatched weld metal compared to QT 

steels as shown in Figure 11. (Hochhauser et al., 2012), (Siltanen et al., 2011), (Pisarski & 

Dolby, 2003) 
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Figure 10. Hardness measurements of the extra-high strength steel Domex 700 MC (SSAB 

trademark of the extra-high strength low-alloy steel which is equivalent to 

S700MC in EN-10149-2). (SSAB‘s official website) 

 
Figure 11. Schematic comparison of the soft zone of QT welded steel and TMCP welded 

steel. (Hochhauser et al., 2012) 

 

Hochhauser et al. (2012) reported that reasonable softening do not deteriorate acceptable 

mechanical properties of the joint. To achieve that, welding parameters and other factors 

must be carefully considered. Apparently, excessive HAZ softening will decrease the 

mechanical properties and joint becomes unacceptable. Moreover, as mentioned earlier, the 

recovery of mechanical properties is not reversible in HSLA  and AHSS steels due to 

deterioration of the precipitation effect.  
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To reduce excessive or overmatched hardness in HSS welds, several techniques can be 

used (Gerritsen et al., 2005): 

• Substitute base material which has lower hardenability (lower carbon content); 

• Reduction of cooling rate and increase of heat input: 

• Reduction of a welding speed; 

• Implementation of preheating. 

• Post-weld heat treatment (expensive and time-consuming procedure). 

 

Heat input. The heat input of the welding process is the amount of energy delivered per 

length to the joint and for arc welding it depends on the voltage (V), current (A), thermal 

efficiency factor (k, dimensionless, for MAG welding is 0.8) and welding speed (ws). For laser 

welding heat input is only dependent on welding speed and laser power (thermal efficiency is 

considered as 100% since keyhole mode is used). (Kou, 2002) 

 

Heat or energy input for hybrid welding can be estimated as combination of laser (Elaser) and 

arc (Earc) heat inputs: 

ss

L
arclaserhybrid w

IUk
w

PEEE 6060 ⋅⋅⋅
+

⋅
=+=     (J/mm)                            (6.0) 

 

The microstructural development in the HAZ mainly depends on the cooling rate from 800 °C 

to 500 °C (Easterling, 1983), therefore so-called t8/5 value can be used for prediction. Such a 

temperature range is significant since the major metallurgical alterations are occurred in this 

range and is represented in Figure 12.  

 
Figure 12. Schematic illustration of the thermal cycle and t8/5 value on the left (taken from 

Rautaruukki Oy official website) and effect of different heat input on cooling rate on the right 

(Funderburk, 1999).  
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As can be seen from Figure 12, when high input is delivered to workpiece, the slower cooling 

rate is achieved. However, high input causes decreased strength, wider HAZ, larger 

distortions, wider soft zone (for very high strength steels), and lower impact toughness. On 

contrary, lower heat input provides faster cooling rate therefore low decrease of strength, 

narrower HAZ, smaller distortions, narrower soft zone (for very high strength steels), better 

impact toughness are achieved. (Funderburk, 1999), (Lancaster, 1999) 

 

The t8/5 value estimation depends on the two- (thin plate, heat dissipates only in transverse 

direction) or three-dimensional (thick plate, heat dissipates in all directions) heat flow 

situation. A special graph (can be found in EN 1011-2 standard) is used to identify whether 

the heat flow is 2D or 3D for a particular combination of material thickness, heat input and 

preheat temperature. When the heat flow is 2D and the cooling time is dependent upon the 

material thickness, relatively thick plate, it is calculated according to EN 1011-2: 
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Where λ is thermal conductivity (J/cm·K·s), ρ is density (kg/m3), C is specific heat capacity 

(J/kg·K), T0 is initial plate temperature, d is thickness of the plate (mm). 

 

For unalloyed and low alloyed steels the equation 7.0 changes to the following equation 

according to EN 1011-2 (using appropriate shape factor F2): 
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When the heat flow is 3D and the cooling time is independent of the material thickness, 

relatively thin plate, it is calculated by the following equation according to EN 1011-2: 
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For unalloyed and low alloyed steels the equation 9.0 changes to the following equation 

according to EN 1011-2 (using appropriate shape factor F3): 
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According to the cooling rate and chemical composition of the steel various microstructures 

can be generated during the austenite to ferrite transformation. Grong (1994) has indicated 

several microstructure of the HSLA steels which are arranged in decreasing order of 

transformation temperature (exact temperatures depends on chemical composition): grain 

boundary (allotriomorphic) ferrite (GF), polygonal (equiaxed) ferrite (PF), Widmanstätten 

ferrite (WF), acicular ferrite (AF), upper bainite (UB), lower bainite (LB), and martensite (M).  

 

3. Laser beam welding process  
The essential and unique properties of a laser (LASER - Light Amplification by Stimulated 

Emission of Radiation) beam radiation are: high degree of monochromaticity, directionality, 

coherence (the same wavelength, the same direction, and the same phase), low divergence, 

and high brightness or radiance. These properties make a laser very important in materials 

processing. (Steen & Mazumder, 2010), (Ion, 2005), (Dahotre & Harimkar, 2008) 

 

The laser light is the electromagnetic radiation which consists of oscillating in phase 

perpendicular to each other electric and magnetic fields as shown in Figure 13 and 

demonstrates wave-particle duality.  

 
Figure 13. Schematic representation of the plane-polarised electromagnetic wave where H is 

magnetic field, ε is electric field and λ is wavelength. (Callister & Rethwisch, 2010) 

 

Typically a laser system consist of three basic components – active medium (gain medium, 

lasing medium) which is used to amplify light, pumping source (optical or electrical) to excite 
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active medium to the amplifying state, and optical resonator to provide optical feedback. 

(Steen & Mazumder, 2010) 

 

According to the active medium, lasers can be divided into gas lasers, semiconductor, liquid 

and solid-state lasers. The most important and widely used gas laser is CO2 laser whose 

active medium is simply a mixture of carbon dioxide with nitrogen and helium in different 

proportions (depends on laser resonator design, operating pressure and temporal mode), 

where the electrical discharge is used as excitation energy. The wavelength of a CO2 laser 

beam varies from 9400 to 10600 nanometres. The most important in industry solid state 

lasers are fiber and disk lasers. For a fiber laser the gain medium is inside a fiber, most 

common: ytterbium doped (Yb3+) glass fiber. Excitation energy is provided by laser diodes, 

operation around 950 nanometres wavelength, coupled into the core of doped fiber. (Steen & 

Mazumder, 2010), (Olsen, 2009) 

 

3.1. Laser sources for welding 
Deep-penetration (or keyhole) laser welding mode of thick plates requires powerful laser, 

usually several kilowatt, and suitable laser beam quality in order to weld two plates 

appropriately. Therefore for many years CO2 gas laser and Nd:YAG solid state laser have 

been widely used. Currently, Nd:YAG solid state laser is not widely used in industry and will 

disappear in a few years. Other solid state lasers such as disk and fiber lasers have emerged 

in the production since output powers of one kilowatt and more have become available for 

these laser sources. Moreover, they emit the wavelength about 1000-2000 nm and therefore 

can be transported by cheaper fiber optics without considerable losses in the beam quality 

compared to 10600 nm laser which cannot be transported through fiber optics, as a result, 

series of very expensive optics must be used to deliver a laser beam to the workpiece. The 

short theoretical comparison of commercially available laser sources is presented in Table 7. 

(Olsen, 2009), (Steen & Mazumder, 2010)  
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Table 7. Laser source used in keyhole welding comparison. (Injeyan & Goodno, 2011; Liu et 

al., 2008; Olsen, 2009; Poprawe, 2011) 

Characteristics CO2 laser 
Diode laser 

(HPDL, fiber-
coupled) 

Disk laser Fiber (Yb) 
laser 

Lasing (active) 
medium 

Gas mixture 
(molecule) 

Semiconductor 
plates Crystalline disk Doped fiber 

Emitted 
wavelength, nm 9400-10600 800-1000  1030 1070 

Beam 
transmission Mirror Fiber Fiber Fiber 

Typical fiber 
diameter at 4 kW, 

nm 
- 400 100-200 30-200 

Maximum output 
power 

Up to 20 kW 
(fast-axial) Up to 8 kW Up to 16 kW Up to 100 kW  

BPP at 4 kW, 
mm×mrad 3.7 44 8-121 4.5-71 

M2 at 4 kW 1.2 150 6 1.1 
Electrical power 

efficiency, % 10-15 35-55 15-25 20-35 

Laser mobility/ 
flexibility low high average high 

Maintenance 
interval (h) 1000 >25 000 >25 000 >30 000 

1 recent high brightness diode pumped thin disk and fiber lasers can reach much lower BPP values up 

to 0.4 mm*mrad (Abt et al., 2008) 

 

Noteworthy the BPP value (beam quality) is decreasing with increase in laser power 

significantly as can be seen from Figure 14. 

 
Figure 14. The change in beam parameter products (BPP) according to laser power for 

various laser types. (Olsen, 2009) 
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3.2. High power beam properties and parameters 
The efficient material processing with high power beams requires suitable spot diameter and 

high beam quality at the same time to achieve maximum potential. Laser beam quality can 

be characterised by properties shown in Figure 15 which represents an axially symmetric 

Gaussian beam, when transverse electric field and irradiance distribution are following the 

Gaussian functions, propagation along the z axis. 

 
Figure 15. Cross-section of an axially symmetrical Gaussian laser beam propagation along 

the z axis. (Anon, n.d.c) 
 

The high power laser beam quality is described by the beam parameter product (known as 

BPP, dimension is mm×mrad) which is convertible to other beam quality values (see 

equation 11.0) such as K value and M2 value also called the beam propagation factor. The 

BPP parameter usually is used to describe the beam quality of the solid-state lasers 

(Nd:YAG, fiber, diode, and disk laser), when K (or K-factor) and M2 are used to indicate CO2 

laser beam quality. K-factor is commonly used in Europe, while M2 (dimensionless) 

frequently used in the USA. (Steen & Mazumder, 2010) 

 

The BPP is the product of a laser beam the half of full divergence angle θ (dimension is 

mrad, the far-field) and the radius of the beam at its narrowest point, so-called the beam 

waist diameter w0. The BPP can be estimated according to the next equation (Steen & 

Mazumder, 2010; Olsen, 2000): 

θ0wBPP =                                                            (11.0) 
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Where K is an inverse value of M2 since K = 1/M2. K value varies from 0 to 1, where for ideal 

beam value K is equal to 1, and for ideal beam M2 is also equal to 1 (ranges from 1 to higher 

values), however real beams realistically cannot reach 1 and therefore M2>1. 

 
In fact, the beam parameter product indicates how well the beam can be focused to a small 

spot, in other words this properties can be called as the focusability of a laser beam 

(focusability = 1/BPP). Lower value of BPP indicates that laser beam has better quality (the 

BPP for an ideal beam is λ/π, also called as diffraction-limited Gaussian beam). In other 

words, lower BPP values give possibility to focus a very small spot as possible. (Quintino et 

al., 2007), (Abt et al., 2008), (Weberpals et al., 2007) 

 

The function w(z) which is the radius of the beam at a longitudinal distance z, can be 

calculated according to the following equation (Siegman, 1986): 
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The radius of curvature R(z) (or the wavefront radius of curvature in spreading laser beam) 

can be calculated by the next equation (Siegman, 1986): 
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Another very important laser beam parameter is the Rayleigh length zR (or Rayleigh distance, 

Rayleigh range) of the focused beam which is the distance between the focal point (z = 0 

focal plane position or when R(z) is totally flat) and the plane where the radius of focal point is 

increased by 2  (since 02 w⋅ ), therefore the cross-section area of the focal point is 

doubled, along the direction of propagation (Siegman, 1986): 
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According to the equation 15.0 a decreasing BPP parameter provides increased Rayleigh 

length. 
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The depth of focus b (depth of field or confocal parameter) is the distance between two 

planes located from the beam waist (z = 0) in either directions at the Rayleigh length along 

the direction of propagation as shown in Figure 16, therefore the depth of focus is equal to 

the doubled Rayleigh length. Consequently, the depth of focus point is such a distance 

where the highest and almost equal laser beam power density is concentrated throughout 

whole cross-sectional area. Depth of focus depends on focal point radius and laser 

wavelength (Siegman, 1986; Ion, 2005): 

λ
π 2

02
2

w
zb R ==                                                                 (16.0) 

 

Focal point diameter and position. Focal point diameter influence the power density (or laser 

intensity) which is equal to total laser power divided by spot area, and therefore can be a 

critical beam parameter. For traditional welding applications the focal point diameter usually 

lies in the range of 0.2-0.6 mm to achieve suitable power density and penetration for welding 

applications (Kannatey-Asibu Jr., 2009). Too large a spot diameter, for example 1-2 mm, 

requires very high power and therefore it is not efficient processing, however too small focal 

point diameter can create sagging and even cutting conditions of the material due to very 

high power intensity (Salminen & Fellman, 2007).  

 

The main characteristics of the focusing process for fiber lasers are demonstrated in Figure 

16.   

 
Figure 16. The representation of the optical system of a high-power fiber laser which include 

collimation and focusing optics. The focal length is ffoc and the collimation length is fcol. NA is 

the numerical aperture of the delivery fiber and zR is the Rayleigh length. (Abt et al., 2008)  
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According to the Figure 16, the focal point diameter (denoted as d0) depends on the half of 

full divergence angle (denoted as θ0), the beam quality factor, and laser beam wavelength 

(Abt et al., 2008): 
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Where dcol is collimated (or unfocused, raw) beam diameter which is between collimation and 

focusing lenses. From the equation 17.0 it can be concluded that focal point diameter also 

depends on beam quality and focal length.  

 

Apparently, the equation 17.0 shows that with fixed focal length and focal point diameter, 

with shorter wavelength lasers with better beam quality (fiber and disk lasers), it is possible 

to reduce unfocused beam diameter which leads to reduction in diameter of collimation lens 

and optics in general, as a result, it provides increased mobility of the welding system. 

 

In addition, from equation 17.0 it can be seen that focal length (which is fixed during 

manufacturing since it depends only on the welding head) controls two major parameters 

such as laser beam diameter and depth of focus, where longer focal length leads to larger 

spot diameter and depth of focus, and vice versa as shown in Figure 17. Manufacturing 

importance is that higher focal length provides technological flexibility and more importantly 

does not allow to damage processing optics by liquid melt from molten pool and ejected 

plasma plume from the welding area (Kannatey-Asibu Jr., 2009).   

 
Figure 17. The focal length and corresponding depth of focus. (Kannatey-Asibu Jr., 2009) 

 

In case of laser systems which utilise beam transportation by fiber system, the focal point 

diameter can be also calculated through the optical magnification (OM) and fiber core 

diameter (df) (Abt et al., 2008): 
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According to equation 18.0 it can be stated that focal point diameter can be more finely 

focused with smaller focal core diameter.  

 

Practically, to measure precisely focal point diameter is impossible. Usually there are several 

definition of the focal point diameter such as full width at half-maximum (FWHM, see Figure 

18) which contains energy inside of the beam where the laser power is 50% of laser power 

maximum, width at 1/e2 intensity (contains 86.4% laser energy, where drop is 13.5% as 

shown in Figure 18) which is used for TEM00, diameter containing 86% of total beam energy 

(D86), and second order moment (4σ) according to ISO 11146. (Migliore, 1996) 

   
Figure 18. Schematic representation of the Gaussian irradiance distribution profile 

(longitudinal mode) on the left (Anon, n.d.c). The beam spot profile and intensity distribution 

of (a,b) LP01 mode and (c,d) LP02 mode on the right (Iadicicco et al., 2013). 

 

Focal point position can play a vital role in laser welding since it effect on weld geometry and 

quality in general. For the clarification an example with different focal position is explained 

from typical experiments conducted by Vänskä et al. (2013).  
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Figure 19. Schematic representation of the focal spot position from +2 to -2 (from left to 

right). Austenitic stainless steel EN 1.4404, welding speed 2 m/min. (Vänskä et al., 2013) 
 

As can be seen from Figure 19 for welding operation focal position below surface is 

recommended to acquire the highest penetration as possible. Moreover, focal spot position 

has an effect on weld shape. Yamazaki & Kitagawa (2012), Shin & Nakata (2010) and Liu et 

al. (2008) reported similar results by using 10 kW fiber laser welding system. As a result, in 

autogenous laser welding it is advisable to have a focal position on the top surface (0 mm) or 

slightly below the top surface if focal spot diameter provides suitable power density (Steen & 

Mazumder, 2010).  
 

3.3. Laser beam spatial profiles and temporal modes  
Lasers can operate in two types of temporal modes (see Figure 20): as continuous wave 

(CW) or pulsed wave (PW). CW mode (quasi-continuous) usually used in welding of plates 

with high power lasers, where PW mode is used for welding of thin sheet metal and the pulse 

can have unique shape (square, spike, and annealing pulse shape are the most common). 

Typically gas laser operates in CW mode and it is difficult to make them work in PW mode 

compared to solid state lasers which can operate in both modes. (Ion, 2005), (Dahotre & 

Harimkar, 2008) 
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a)                                                                  b) 

Figure 20.Continuous wave (a) and pulsed wave (b) laser temporal modes. (Dahotre & 

Harimkar, 2008) 

 

Transverse electromagnetic (TEM), describes a pattern of beam spots where neither electric 

nor magnetic fields in the direction of propagation. Transverse mode can be represented in 

TEMmn form or LPmn for fiber optics, where m and n are small integers. The TEM mode of a 

laser beam describes the energy distribution through its cross section as is shown in Figure 

21 and can have rectangular or cylindrical symmetry. The classification is made according to 

the number of radial zero fields (p), the number of angular zero fields (l), and the number of 

longitudinal zero fields (q). (Injeyan & Goodno, 2011), (Ready, 1997), (Träger, 2007) 

 
Figure 21. Transverse sections of transverse electromagnetic modes of circular symmetry, 

Laguerre-Gaussian modes, where red colour indicates higher power intensity and blue colour 

lower power. Equivalent modes of optical fibers are represented on the right. (Steen & 

Mazumder, 2010; Injeyan & Goodno, 2011; Paschotta, 2010) 
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For laser materials processing only TEM00 and TEM10 are used, when other modes are used 

in other applications. The TEM00 is the most important mode in practice and possess several 

names such as the Gaussian mode, the fundamental mode, or the diffraction-limited mode. 

Gaussian mode is the lowest-order mode (m = n = 0) and usually the most desired and the 

most difficult mode to achieve in laser materials processing since it provides the highest 

power intensity possible as can be seen from Figure 22. Another reason for TEM00 (or LP01 

for fiber optics) wide usage is that it retains its original spatial distribution or minimum 

possible divergence angle during propagation of the beam unlike higher-order modes. 

(Ready, 1997), (Steen & Mazumder, 2010)  

  
Figure 22. Intensity distribution, represented by longitudinal modes, for various modes. 

(Steen & Mazumder, 2010)    
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3.4. High power fiber lasers  
In the beginning of 2000s rapid development of fiber laser took a place as can be seen from 

Figure 23. Nowadays 50 kW power multi-mode fiber lasers are already available for industrial 

use. Maximum power achieved by single-mode fiber laser is 10 kW. (Injeyan & Goodno, 

2011)    

  
Figure 23. Evolution of output power for different lasers. (Injeyan & Goodno, 2011) 

 

In summary, advantages of fiber lasers are (Injeyan & Goodno, 2011; Olsen, 2009; Victor et 

al., 2009; Poprawe, 2011; Hügel, 2000): 

• Wavelength is ten times shorter (1070 nm) than CO2 laser (10600 nm), therefore 

absorption of fiber laser radiation by workpiece is much stronger and it has less 

sensitivity to the laser-induced plasma (plume). This gives the possibility to join high 

reflective materials such as aluminium and magnesium alloys. 

• Low BPP of the fiber lasers allow to achieve more finely focused beam diameter 

(nearly Gaussian TEM), especially single mode fiber lasers, compared to other lasers 

and therefore the penetration is better and welding speed can be 50-100% faster than 

welding with Nd:YAG or CO2 laser. 

• More flexible and compact (requires much less space in the factory than CO2) 

process due to fiber optical cables, and ideally suitable for automated processing 

since process allows long working distance. Optical cables provide beam delivery up 

to 50 meters with no significant power losses and this is much longer working 

distance even than Nd:YAG laser system. 
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• Equipment is nearly maintenance-free since there is no need to replace diode-

pumping lasers and optic cables serve fairly long time therefore reliability can be 

increased. 

• Lower operating costs are achieved due to high electrical efficiency (three-fold higher 

than CO2 efficiency) and higher power output compared to, for example, Nd:YAG 

laser equipment. In addition, fiber laser are pumped with cheap diode lasers. 

• Thermal effects (in damaging nature) are low since the fiber geometry gives a large 

surface-to-volume ratio and the heat can be easily dissipated. Less than 15 % pump 

energy is converted into heat due to the high quantum efficiency, for example, of the 

Yb3+ gain medium.   

Some disadvantages of fiber lasers are (Injeyan & Goodno, 2011): 

• Limited power can be transmitted through the single mode fiber laser; 

• 1000 nm laser beam radiance is very dangerous for the eyes. 

 

Due to many aforementioned advantages and minor disadvantages of fiber laser they 

expected to replace conventional solid-state lasers (Nd:YAG) and CO2 lasers very soon.   

 

The basic schematic representation of a double-clad high brightness fiber laser is shown in 

Figure 24. Fiber lasers are pumped with low brightness high power diode lasers. Pumping 

can be realised by bidirectional pumping, end pumping or side pumping. Fiber laser can be 

also used as pumping source then it is called tandem-pumping. Tandem-pumping allows 

getting even higher brightness fiber laser however it has lower overall efficiency. (Richardson 

et al., 2010) 

 
Figure 24. The scheme of a double-clad fiber laser system. (Richardson et al., 2010)  
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Pumping energy generates by means of rare-earth doped active core high brightness laser at 

the output. The reflection mirrors to amplify the output power in fiber lasers usually are 

replaced by fiber Bragg gratings (FBG) which are inscribed into the core. FBG is constructed 

in short segment of optical fiber and reflects exacting wavelengths of light and transmits all 

others. (Injeyan & Goodno, 2011) 

 

The fiber lasers are divided into three major types: single-mode, multimode graded-index, 

and multimode step-index. Usually, multimode fibers have a larger core (50-300 µm) and 

support more than one guided mode per polarization direction and can have an output of 

several tens of kW power, while single-mode fiber laser have much smaller core (10 µm) with 

restricted power up to 10 kW. Coupling technique of multimode fiber laser is much easier 

than single-mode coupling. Since step-index multimode fibers have large dispersion of the 

mode they are much easier to manufacture compared to single-mode and graded-index 

multimode fibers. (Injeyan & Goodno, 2011) 

 
4. Keyhole laser welding and laser beam-material interaction 
Typically in the hybrid welding process a laser operates in the keyhole mode (with CW 

temporal mode) instead of the conduction-limited welding mode (which is based entirely on 

melting) since keyhole enables very deep penetration and therefore is called as deep-

penetration welding process. Another reason is that hybrid welding mostly used in joining 

thick sections where keyhole mode has overwhelming advantages.  

 

For the keyhole formation a sufficient energy density (usually higher than 1×106 W/cm2 for 

mild steel in case of CO2 laser welding) must be supplied to the workpiece with appropriate 

beam interaction time of 0.01-0.1 s (Ion, 2005). Firstly, the surface of a metal is heated up by 

a laser beam slowly due to low absorption since major part of the beam is reflection from 

metal surface (for CO2 laser absorption is about 4% at room temperature and for fiber laser 

about 37%, Figure 25a). Figure 25b shows the experimental data for 1070 nm wavelength 

laser (Nd:YAG laser) in case of carbon steel (with polished surface) which misfits at low 

temperature from the theoretical curve calculated according to electrical conductivity values. 

The reasons can be experimental errors or the uniqueness of absorptivity behaviour for the 

alloy. However at higher temperatures differences become negligible. (Schuöcker, 1998), 

(Poprawe, 2011)    
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a)                                                         b)  

Figure 25. (a) Temperature dependence of absorption at perpendicular incidence of iron: 

calculated data from electrical conductivity values. (b) Experimental and theoretical 

absorption of carbon steel at various wavelengths. (Schuöcker, 1998) 

 

After small fraction of time, few tens of milliseconds, the temperature of a material is raised 

dramatically and it begins to evapourate in large rates, as a result, laser-induced recoil 

pressure is formed. The laser-induced recoil pressure is considered as the main formation 

force of the keyhole and driving force for melt flow that causes the generation of so-called 

vapour capillary, or keyhole, due to surface depression. The pressure inside cavity is larger 

by 10% than atmospheric pressure and this prevent the keyhole from collapse. Therefore the 

keyhole resembles the cavity which is filled with evapourated material and surrounded by a 

molten metal. (Zhou et al., 2005), (Ion, 2005) 

 

The absorption inside keyhole can be reached greater than 90% of the beam due to multiple 

reflections inside the keyhole from the cavity walls (such absorption mechanism is called as 

Fresnel absorption, see Figure 27a) since it is trapped and the keyhole acts as black body. 

As a result, Fresnel absorption is predominant at high travel speeds and depends also on the 

polarization of the beam as shown in Figure 27c. (Ion, 2005), (Kannatey-Asibu Jr., 2009) 

 

Typically, the diameter of keyhole approximately the same in size as focused spot diameter 

on the surface (Ion, 2005). However studies conducted by Salminen & Fellman (2007), 

shows that the keyhole diameter is slightly larger and rapidly fluctuates during welding as 

well as the shape of the keyhole which is not cylindrical as shown in Figure 26, it is slightly 
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bended (Kannatey-Asibu Jr., 2009). Naturally, with increase in welding speed the form of the 

keyhole becomes more bended in the direction of travel speed (Vänskä et al., 2013). In 

addition, the keyhole is wider in diameter in the upper part and narrow at the bottom 

(Kannatey-Asibu Jr., 2009).   

 

The forces which have a role in the stability and collapsing of the keyhole are surface 

tension, hydrostatic pressure of the molten metal, and hydrodynamic pressure of the molten 

material (see Figure 26). (Ion, 2005), (Kannatey-Asibu Jr., 2009)  

 
Figure 26. Schematic representation of the keyhole and acting forces. (Ion, 2005; Kannatey-

Asibu Jr., 2009) 
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a)                             b)                                                         c) 

Figure 27. Absorption types during keyhole welding. (a) Inverse Bremstrahlung absorption 

and (b) Fresnel absorption mechanisms (Kannatey-Asibu Jr., 2009). c) Absorption 

dependency on the angle of incidence, where p indicates the polarisation parallel to the 

plane of incidence, and s is perpendicular (Schuöcker, 1998). 

 

During keyhole welding at the beginning the metal vapour, ultrafine particles, and fumes are 

generated above surface. Concerning the ultrafine particles, size of these depends on the 

laser wavelength and shielding gas. The metal vapour above surface is already slightly 

ionised. After some time the metal vapour ionises to the higher degree by inverse 

Bremstrahlung absorption, where the photon energy of the beam is absorbed by electrons or 

ions in the front of keyhole and becomes sufficiently hot (the temperature depends on 

shielding gas composition) therefore the plasma plume (or so-called shielding plasma which 

is very confusing term since it means that the plasma is shielding material from laser beam 

interaction) with fairly large amount of free electrons, is formed (see Figure 27). IB absorption 

is significant during low speeds keyhole welding. Noteworthy, absorption by plasma plume is 

much more harmful for laser beam power that scattering and reflection during processing. 

(Kannatey-Asibu Jr., 2009), (Ion, 2005) 

 

Hereafter the plasma plume rises about few millimetres (the height depends on laser 

wavelength, shielding gas composition and welding parameters) above the keyhole and 

disappears in about 1 microsecond. Rapidly another cycle of plasma plume formation begins. 

This cyclical plasma plume appearance has disturbance effect during laser processing. 

(Steen & Mazumder, 2010) 
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The modelling of the keyhole welding is very complicated process and much information can 

be found in the scientific article made by Mackwood & Crafer (2005) which extensively 

describes the thermal modelling of LBW and related processes. Works made by A. Kaplan 

from Lulea University of Technology, presents some mathematical modelling of the keyhole 

(Kaplan, 2011) and absorptivity models (Kaplan, 2012a), (Kaplan, 2012b).  

 

The dynamic behaviour, or so-called cyclisation of the plasma plume, in case of high power 

fiber laser, has been extensively studied by Professors Akira Matsunawa and Seiji Katayama 

and their co-workers from Osaka University (Osaka, Japan). For experiments, bead-on-plate 

welding was performed on the stainless steel plate of 20 mm in thickness with a 10 kW fiber 

laser beam (0.9 MW/mm2 power density) under pure argon shielding gas. (Katayama et al., 

2010) 

 

As can be seen from Figure 28, the blue white plume (blue emission) and the orange one 

were observed near the surface and in upper part, respectively. The plume was periodically 

ejected from the keyhole inlet at about 2 kHz frequencies. It was calculated from probe fiber 

laser that the power attenuation due to the Rayleigh scattering not by Inverse 

Bremsstrahlung (IB the main reason of laser attenuation in CO2 laser welding in argon 

shielding gas) caused by ultrafine particles was equal to 4.5% at 3 mm above the surface 

and consequently the attenuation of fiber laser beam during welding as well. Concerning 

ionisation degree, it was calculated according to Saha ionisation equation equal to 0.02. For 

CO2 laser welding due to IB, ionisation degree is equal to 0.65. As a result, since ionisation 

degree in fiber laser welding plasma (weakly-ionised plume) is lower more than 32 times 

therefore refraction or attenuation (reduction of penetration depth) has a smaller effect. 

(Katayama & Kawahito, 2009)  

 

The temperature was determined to be about 6000 K from the gradient of Boltzmann plots by 

the method of least squares. Such a plume temperature means the plume should be in the 

weakly ionised state. Interestingly, that 6000 K was lower than the temperatures of 8000-

9200 K reported concerning plasma in high-power CO2 laser welding of stainless steel. 

(Kawahito et al., 2008) 

 

Kawahito et al. (2008) described that a blue emitted plume was generated after 0.5 s from 

the laser irradiation. It grew up to about 2 mm in height above the plate surface after 125 µs, 

where the emission was the brightest. Thereafter the blue emitted plume changed to a 
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reddish one, whose top reached 12 mm after 375 µs. After 500 µs, the blue emitted plume 

was observed again as well as before 500 µs. The plume was generated periodically at 

about 500 µs cycles.  

 
Figure 28. Series of 40 000 frames per second high speed video images of the plume growth 

generated by 0.9 MW/mm2 focused 10 kW fiber laser beam in argon shielding gas on AISI 

304 steel. (Kawahito et al., 2008) 

 

Similar results of the laser induced plasma behaviour have been obtained by Lee (2008) 

during welding of A 36 grade carbon steel as shown in Figure 29. As a result, it can be 

concluded cyclisation and behaviour of the plasma plume during fiber laser welding does not 

depends on steel type.  

 
Figure 29. Fiber laser induced plasma during welding of 12mm A36 grade carbon steel. (Lee, 

2008) 

 

Noteworthy, the laser induced plasma behaviour and properties of the process greatly 

depend on the atmospheric pressure. Above describes properties of dynamic behaviour of 
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fiber laser induced plasma is applied under atmospheric pressure. When laser welding is 

carried out at lower than atmospheric pressure (<100 kPa), much less welding plasma is 

generated and penetration depth can be increased by several times in combination with 

smaller keyhole as shown in Figure 30. (Katayama et al., 2011) 

 
Figure 30. The effect of pressure on penetration depth on the left and behaviour of laser-

induced plume during laser welding of 304 stainless steel. (Katayama et al., 2011)  

 

The plasma plume has a negative effect on the whole process due to plasma-blocking (or 

plasma shielding) effect since it partly blocks the incoming laser beam and the beam cannot 

reach the surface of material, therefore the power of laser at workpiece is decreased (due to 

laser beam absorption by plasma plume, defocusing of the beam, and scattering of the laser 

beam) and cause instabilities of the process. Plasma plume absorbs partly the incoming 

laser beam due to large number of electrons in it (photons of the laser beam are absorbed by 

electrons or ions), since it is born from metal vapour which has low number of electrons. 

(Kannatey-Asibu Jr., 2009) 

 

Advantages of the keyhole laser welding are as follows: 

• Deep penetration is provided due to highly concentrated beam power and therefore it 

is possible to weld thick section in a single pass; 

• No vacuum is required compared to electron beam welding; 

• Faster welding speeds are provided due to high energy density; 

• Laser welding is easily automated, therefore welds have consistent quality; 

• Lower heat input enables narrow heat-affected zone and minimum distortions of the 

workpiece; 

• During keyhole welding no material contact the workpiece therefore there is no 

contamination issues. 
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Disadvantages of the keyhole laser welding are: 

• Unbalanced parameters generates many welding defects such as porosity and 

undercuts; 

• Requires very high capital investments since equipment is expensive; 

• Laser systems such as CO2 requires constant maintenance and therefore costs are 

increasing; 

• Due to lower heat input the cooling rate is fast therefore very high hardness is 

generated compared to, for example, arc welding. 

 

Differences between 1000 nm (fiber, diode, Nd:YAG lasers) and 10000 nm (CO2) wavelength 

laser induced plasma. The shielding gases have a great effect on plasma particles size and 

generated laser plume (see Figure 31). It was studied that welding with argon gas creates 

large enough plasma particles which has stronger plasma-blocking effect, while the use of 

helium gas with high ionisation potential can decrease the particles size hence promote more 

stable process. Another method to eliminate the plasma-blocking effect is side jet removing 

which is highly recommended. (Olsen, 2009) 

 

The fiber and disk lasers have superior advantages over CO2 in welding of various metals 

due to shorter wavelength and that provides higher absorption of the laser beam. If argon, as 

shielding gas, is used in CO2 lasers, when relatively large particles are generated which 

absorbs incident laser energy and defocuses the laser beam. Consequently for CO2 lasers it 

is recommended to use helium (100% or mixtures with greater helium content) to obtain 

ultrafine plume particles during process for stability to eliminate blocking effect. However to 

obtain stable process (ultrafine plume particles) with fiber lasers (or Nd:YAG, disk, diode) it is 

enough to use only argon without expensive helium shielding gases. (Olsen, 2009), (Quintino 

et al., 2011) 

 

In addition, according to Kim et al. (2008) and Quintino et al. (2011) the mixing of CO2 gas 

with argon in the range of 10-20% of the total amount during hybrid welding, provided the 

best appearance, stable metal transfer and minimum spattering compared to 100% argon 

shielding gas or mixes with more than 20% of CO2. Consequently, the utilisation of the fiber 

and disk laser for hybrid welding process is more prominent and cost efficient joining 

process.  
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Figure 31. Schematic comparison of plume, plasma and keyhole behaviour during fiber, 

Nd:YAG and CO2 lasers. (Katayama et al., 2010) 

 

Effect of air gap on metal vapour behaviour. Plasma-blocking effect is very clear visible in 

case of laser welding with zero air gap or the bead-on-plate configuration (see Figure 32a). 

In case of non-zero air gap the metal vapour is hided inside the air gap and such a way the 

productivity can be increased due to additional heat conduction and reflections (see Figure 

32b). (Fellman, 2008) 

 

Considering process variables, it is important that air gap plays significant role in behaviour 

of laser-materials interaction and metal vapour. It is known that the utilisation of the air gap 

completely change the behaviour of the metal vapour. In presence of air gap, the induced 

plasma is not formed above surface, it forms between edges and it is preferable than in case 

if zero gap or bead-on-plate joint configurations. Hereafter, due to shielding gas pressure the 

metal vapour is suppressed and can be removed from the air gap and process stabilises. 

(Fellman, 2008) 
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a)                                                b) 

Figure 32. The mechanism of vapour dynamics. (a) Laser welding during zero air gap or 

bead-on-plate configurations (focal position below the surface). (b) Laser welding during non-

zero air gap configuration (focal position above the surface).  

 

5. MIG/MAG welding process 
The MIG/MAG (metal inert gas/metal active gas) welding is a fusion joining process 

introduced in the 1920s that utilises the arc with a high-current density to heat the base metal 

to its melting point by a consumable electrode and the weld pool is shielded by shielding gas 

which is delivered from a torch to the process area to protect from atmospheric 

contamination. The consumable electrode is a solid metal wire in diameter of 1-2 mm and 

usually is coated with copper to increase the electric conduction, therefore the melting rate. 

For the carbon steel welding, the active gas (the mixture of argon or helium with CO2 or O2) 

is typically used to increase the arc stability. MAG process is used as direct current process 

which operates in direct current electrode positive (DCEP) regime since it increases the 

productivity and penetration due to higher melting of filler wire. (Blondeau, 2008), (Ferjutz & 

Davis, 2004), (Khan, 2009), (Weman, 2006) 

 

The arc is a discharge of electricity in an ionised gas, between continuously fed consumable 

electrode and the workpiece (see Figure 33) and has a high-temperature between 5000 and 

50000 K (temperature depends on gas composition and current intensity) with high plasma 

flow velocity. The temperature of the arc plasma, which has the highest temperature in arc 

area, significantly depends on shielding gas composition since various gases have different 

thermal ionisation and conductivity. As shown in Figure 33 the temperature of the falling 

molten droplets is approximately 4-5 times lower than arc plasma however higher than 
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electrode tip droplet since during falling molten droplets are additionally heated by arc 

plasma. (Weman, 2006), (Grong, 1994) 

 
Figure 33. Schematic illustration of the MAG welding pricniple and temperature distribution 

during welding. (Grong, 1994) 

 

The arc consists of the cathode, anode, arc column, and anode and cathode spots as shown 

in Figure 34 where an electrical circuit which conducts current is formed between cathode 

and anode spots. The current is carried by the plasma, the ionised state of gas composed of 

nearly equal number of electrons and ions. The anode spot is hotter (about 60% of the total 

heat) and wider than cathode spot (about 40% of total heat) since electrons are released 

from the cathode as a result of thermionic emission and strikes anode region. It causes 

higher temperature due to the very high kinetic energy of striking electrons accelerated by 

the potential field (Messler, 1999) which have about 1850 times less mass than positive ions 

which collide with cathode region. The arc is sustained by high current (100-450 A, depends 

on desired metal transfer mode) provided by a welding power supply with relatively low 

potential (15-35 V). (Weman, 2006), (Khan, 2009) 

 
Figure 34. The representation of (a) the structure of an arc column. (Messler, 1999)  
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In general, gas metal arc welding provides better technique to add filler material to the 

molten pool than other arc welding process such TIG and plasma arc welding (PAW). 

Moreover, a distinctive advantage of MAG is that the mode of molten metal transfer from the 

consumable wire electrode can be intentionally changed and controlled therefore MAG is 

widely combined with laser to form hybrid welding process. The advantages of MAG process 

are (Weman, 2006; Khan, 2009; Messler, 1999; Blondeau, 2008):  

• Very cheap equipment compared to laser equipment; 

• Very effective joining method; 

• Manipulation of metallurgical effect by means of the filler wire;  

• Easy to automate; 

• Higher deposition rates compared to TIG (tungsten inert gas, even if TIG uses filler 

wire it cannot melt wire more efficiently since tungsten electrode is always negative or 

AC) and MMA (manual metal arc) process since MAG can work in DCEP regime; 

• Excellent gap bridgeability due to very high deposition rate; 

• Negligible generation of the slag and no contamination of the welds compared to TIG 

where tungsten inclusions occur.   

The disadvantages of the MAG process are: 

• Very limited penetration depth compared to laser welding; 

• Higher welding speeds (more than 0.75-1.0 m/min) cause arc instability, therefore it is 

impossible to weld at high speeds; 

• Improper selection of parameters generates severe spattering. 

 

The molten metal transfer modes. The filler wire material can be transported by several 

transfer modes (see Figure 35) to the molten pool by changing the operating parameters to 

balance increasing welding rate and limit heat input to decrease distortion. Typical metal 

transfer modes are short-circuit (short-arc or dip transfer), axial-spray (or streaming, droplets 

smaller than diameter of the filler wire) and globular (droplets larger than diameter of the filler 

wire and has irregular shape) metal transfers. Another classification of the molten metal 

transfer mode can be applied depending on welding process and conditions, such as free-

flight mode (spray and globular transfer) and bridging transfer (short-circuiting). Third type of 

transferring molten metal is slag-protected transfer which occurs in welding processes where 

molten slag is acts as the transfer medium, for example, submerged arc, eletroslag welding, 

and partly flux-cored arc welding. (Messler, 1999)  
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More advanced molten metal transfer is pulsed-spray transfer (pulsed arc mode) is available 

due to modification of the voltage/current waveform. The mode of metal transfer depends 

and can be controlled by many factors such as electrode diameter, polarity, arc current (see 

Figure 35), arc voltage or arc length, shielding gas composition, and welding position. (Khan, 

2009), (Weman, 2006)   

 

The globular and short-circuit transfer modes usually employ the direct current electrode 

negative (DC-) operating mode, while the spray transfer mode usually employs the electrode 

positive (DC+) operating mode. In most cases the globular transfer mode is avoided. Pulsed 

arc can be used DC- and DC+ operating modes. (Weman, 2006) 

 

a)                                        b) 

Figure 35. The molten metal transfer modes in MIG/MAG process (a) for different current and 

voltage (Weman, 2006) and (b) for different shielding gas composition (Khan, 2009). 
 

Metal transfer behaviour also significantly depends on shielding gas composition as can be 

seen from Figure 35b. In addition to shielding effect, Ar based gas assist easier arc striking 

due to relative ease in atom ionisation. Argon promotes spray arc formation and provides 

intense narrow arc which enables deep penetration while welding, Active gas can be added 

to increase the stability of the arc. (Weman, 2006), (Messler, 1999) 

 

Acting forces in MAG welding process. The droplet formation and molten metal droplet 

detachment in MAG process from the wire end which flies along the arc into molten metal 

pool is created by means of various forces. The names of the forces are slightly different in 

various sources due to non-unified physical model of the welding arc since the precise 

physics of the arc is not completely known yet since the arc is very small, arc temperatures 

are high and the dynamics of molten metal transfer is rapid (Messler, 1999). All forces can be 
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divided into two main groups (Kim & Eagar, 1993a) as detaching and retaining forces. 

According to static force balance theory droplet detachment from electrode tip occurs when 

static detaching forces exceed the static retaining force (Kim & Eagar, 1993a). The major 

detaching forces which usually considered (see Figure 36) are the gravitational force, 

electromagnetic force (Pinch-Force), and plasma drag force (Liu et al., 2012). The major 

retaining force is surface tension force. The magnitude and direction of the forces varies with 

change in welding parameters. Other forces usually have only minor effects and not 

considered at all. 

 
Figure 36. Forces involved in the droplet detachment process. (Reisgen et al., 2008) 

 
The gravitational force acts as detaching force due to the mass of a liquid droplet from an 

electrode in flat position due to gravity, the earth. (Kim & Eagar, 1993a), (Messler, 1999) 

 

Electromagnetic forces occur during welding due to the interaction between an electrical 

current, which is generated by a flow through a conductor, and its own magnetic field which 

surrounds that conductor. This force is also called the Lorentz force. The direction of the 

electromagnetic force is the same direction of the flow of the welding current. Mathematically 

the electromagnetic forces are proportional to the square of the applied current therefore 

affect dramatically the mode of metal transfer. The most common term applied to the 

electromagnetic forces is the pinch effect. As the molten drop forms, it is uniformly squeezed 

from the electrode end by the electromagnetic force. The size of the droplet transferred 

depends upon this force, the applied welding current, and the shielding gas. Since pinch-

force is a direct function of welding current and wire diameter, when welding current 
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increases the pinch-force also increasing and molten metal droplets becomes smaller. As a 

result, the pinch-force is much more important in spray and pulsed arc welding processes. 

(Kim & Eagar, 1993a), (Kim & Eagar, 1993b), (Messler, 1999) 

 

Surface tension forces are generated since surface of the liquid has an energy and it is the 

main formation and retaining forces of the molten droplet, regardless welding position. The 

magnitude of the surface tension forces directly proportional to the surface area. (Messler, 

1999) 

 

Pulsed arc. The pulsed gas metal arc welding (MAG-P) is most frequently used process in 

joining of materials and in combination with a laser beam (the hybrid welding) due to deeper 

penetration and lower heat input compared to conventional molten metal transfer modes. In 

pulsed arc regime two types of current are utilised. It is constant low background current 

which is lower than spray transfer current and pulse peak current with a higher amplitude 

than the current of spray transfer (see Figure 37). The DC current is used during pulsating 

regime. The principle of the pulsating is when during one pulse, one or more droplets are 

detached from the filler wire end. Pulsating regime enables more precise control of the arc 

dynamics, therefore travel speed and high deposition rate can be increased. (Khan, 2009) 

 

During pulsed arc regime, small droplet diameter of the molten metal should be 

approximately equal to the diameter of filler wire which transfers the droplet to the weld pool 

in one droplet per pulse (ODPP) regime (or ‘’pulse-drop’’ transfer), therefore the bead shape 

is uniform, penetration is shallower, and less defects and spatter is produced. If during the 

welding process more pulses are needed to detach the droplet from the molten wire end, the 

process is defined as unstable since the droplet grows in diameter and becomes larger than 

the diameters of the filler wire. Such process can be characterized as pulsed globular 

transfer. Other situation is multiple-droplet detachment per pulse (MDPP), when the peak 

time is too long or when the background current was high and background time long. (Khan, 

2009) 

 

Additional pulsating parameters are pulse duration of peak and background current, pulse 

frequency, and pulse shape as well. All pulsating parameters affect the quality and 

productivity of the welds and play a vital role in transfer mechanisms of a droplet. Moreover, 

they are directly related to wire feed rate. Since necking and elongation of the drop occurs 

during peak current duration period, then it seems to be the most important parameter to 
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adjust to ensure ODPP (Praveen et al., 2006). The size of the droplet is controlled by 

background current and pulse duration. The main function of the background current (low-

current arc) is to keep the weld pool in the molten state. The distance from 1 to 2 positions 

(see Figure 37) on the pulsed current wave, means the heating and afterwards the melting of 

end of electrode process due to higher current which generates sufficient amount of heat. 

Further droplet development is based on gradually increasing current which supplies more 

heat to the wire end and so-called necking effect. During peak current the droplet 

detachment occurs due to stronger pinch-force and weakened surface tension forces which 

cannot hold the droplet at the wire end. In pulsed arc welding it is very important to have 

clean detachment of an individual droplet and transfer towards the molten pool without short-

circuiting. Therefore MAG-P also as spray and globular metal transfer modes is a free-flight 

mode. A whole described sequence is repeated for a new pulse which follows after in certain 

frequency (30-330 Hz) depending on wire feed speed. (Weman, 2006), (Khan, 2009), 

(Reisgen et al., 2008) 

 

 
 Figure 37. Representation of non-squared pulsed current wave with metal transfer 

sequence. (Khan, 2009) 
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Adjusting ODPP welding condition manually can be a very tedious work since it includes 

many pulsing and welding parameters to be balanced. In addition, to ensure the ODPP is 

also dependent on the shielding gas, filler wire diameter, electrode extension or stick-out, 

and base material (Kim & Eagar, 1993a; Kim & Eagar, 1993b). The solution is could be to 

use the synergic power sources for MIG/MAG welding. Synergic welding control ensures a 

stable projected ODPP condition due to a linear relationship between pulsed frequency and 

wire feed speed. Therefore in synergic welding process the filler wire speed and voltage are 

adjusted, this is called as one-knob adjustment, and the rest parameters are pre-set by 

special program (or synergy curves) which are made experimentally by manufacturers 

(Khan, 2009). As a result, synergic control also ensures uniform penetration and weld bead 

shape.  

 

The shielding gas composition has a great effect in stability and behaviour of the pulsed arc 

regime. At high current it is recommended to use helium in mixture to avoid the tapering of 

the filler wire tip. (Kim & Eagar, 1993a), (Khan, 2009)  

 

The advantages of pulsed MAG metal transfer process over other MAG metal transfer 

processes are (Weman, 2006), (Khan, 2009): 

• Lower heat input, as a result, lower distortions are achieved; 

• Less spatter is generated or cold lapping risk compared to short-circuit transfer mode, 

therefore the filler wire used more wisely and efficiently; 

• Pulsed arc can be used for every position unlike globular or spray which are restricted 

to PA and PB positions; 

• MAG-P is easier to use in hard automation due to increased stability of the process 

and less tendency to produce welding defects; 

• Lower possibility to make burn-through on thin metals; 

• Expanded welding range (MAG-P can be used even within the normal spray arc 

range to achieved greater penetration depth into material); 

• Advanced control over the arc, since it is possible to modify the welding waveform; 

• The efficient droplet pinch-off reduces overheating of the droplets and this results low 

fume generation; 

• Lower hydrogen deposits; 

• Better weld shape appearance, especially if synergic control is used; 

• Possibility to increase welding speed up to 1.2 m/min. 
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However pulsed MAG process has also some limitations/disadvantages such as (Weman, 

2006): 

• Equipment is more expensive; 

• Pulsed MAG restricts using the CO2 concentration (20% is the limiting value) in a 

shielding gas therefore it must be argon based shielding gas; 

• Process has additional pulsing variables such as pulsing frequency, pulse length, 

background current, and peak current. As a result, the balance of the pulsing 

parameter can be very tedious and improper selection of parameters will cause 

instabilities of the arc.  

 

In the last decade there are a large number of developed new modified MAG-P processes 

such as dual-pulsed and AC pulsed (Weman, 2006). In fact, all modified MAG-P have the 

unique pulse waveform and certain advantages over conventional MAG-P. However, there is 

no much information about combination of modified MAG-P with a laser beam. 

 
6. Theory of laser-arc hybrid welding 
Hybrid laser-arc welding (HLAW), also known as laser hybrid welding, is a metal joining 

process that combines laser beam welding (LBW) and arc welding in the same weld pool 

(see Figure 38).  

 

    
Figure 38. Schematic representation of the laser-MAG hybrid welding on the left and laser-

TIG hybrid welding on the right. (Antonsson & Grote, 2009)  

 

High energy density laser beam and heat conduction electric arc are different welding heat 

sources, however both work under a gaseous shielding atmosphere at an ambient pressure 

that makes it possible to combine these heat sources into form so-called hybrid welding. In 
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fact, the hybrid welding is complex welding process which includes the vast of processing 

parameters and difficulties. Moreover, the hybrid welding has many different variation setups 

for processing and they differ considerably.   

 

 
Figure 39. Results of the hybridisation by combining the laser beam with MAG source. (Weld 

cross-sections are taken from Ono et al., 2002) 

  

Since the hybrid welding utilises different energy sources it can compensate the 

disadvantages in laser welding and in arc welding while keeping advantages of the both 

processes, as shown in Figure 39, can have synergetic effect when both processes are 

combined properly. As a result, the hybrid welding technology is very promising joining 

process and appearing more frequently in industry.  

 

Typical weld shape of the hybrid welding resembles ‘‘wine-cup shape‘‘, ‘‘mushroom-like 

shape‘‘ or ‘‘bell-shaped‘‘ as a result of the fusion of laser pool with arc pool (see Figure 48). 

(Gao et al., 2008), (Mulima, 2008), (Reisgen et al., 2008) 

 

Gao et al. (2008) has presented the clear nomenclature of hybrid weld shape which consist 

of arc and laser zones as shown in Figure 40, and the resulting changes in hybrid weld 

shape according to the different laser/power levels (the laser power level was kept constant 

while the arc power was changed). Comparing observation made by Gao et al. (2008) with 

studies conducted by Liu et al. (2008), it can be concluded that such nomenclature and 

shape of the hybrid weld is also applicable for fiber laser-arc hybrid welding. However fiber 

laser-arc hybrid welding produced narrower width of the welds. Noteworthy, that laser energy 
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is acting not only in lower zone however laser energy is absorbed in the upper part (arc 

zone) as well. However, arc is mainly acting in the upper part of the joint and this is a reason 

why upper part is wider. It is worth talking into consideration that the change of the hybrid 

weld geometry according to laser/arc power ratio also alters mechanical properties of the 

joint (Olsen, 2009). 

 
Figure 40. Nomenclature and change in geometry, by combining CO2 laser beam with gas 

metal arc source, of the hybrid weld shape according to laser/arc power levels. Decreasing 

power ratio means that arc power is higher than laser power and increasing power ration 

when arc power is lower. (Gao et al., 2008) 

 
Apart from laser/arc power levels, other major welding parameters which can alter weld 

shape significantly are focal point position, process distance between sources, and other 

welding parameters which are listed in Table 8. 

 

In conclusion, the advantages of the hybrid laser-arc welding can be summarised (Olsen, 

2009), (Fellman, 2008), (Mulima, 2008), (El Rayes et al., 2004), (Gao et al., 2008), (Ferjutz & 

Davis, 2004), (Zhiyong et al., 2013), (Hu & den Ouden, 2005a), (Steen, 1980), (Roepke & 

Liu, 2009), (Antonsson & Grote, 2009): 

• Penetration depth is much higher than in arc due to keyhole welding therefore less 

passes is required; 

• Penetration depth can be greater than in laser welding under certain circumstances. 

As a result, faster welding speed can be used or thicker plates can be joined;  

• The effects of the laser beam provide better arc ignition, maintaining and stabilisation; 

• Savings in expensive laser energy is achieved due to preheating mechanism of the 

arc, especially when CO2 laser is used; 
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• Hybrid welding offers lower energy input is obtainable compared to arc welding 

therefore a welded structure has less thermal distortions and residual stresses. Due 

to the arc energy, the cooling time is increased (reduces susceptibility to cracking) 

therefore hardening of material can be reduced. As a result, the mechanical 

properties (tensile strength, fatigue) of a joint are improved significantly. Low heat 

input is very advantageous in welding of conventional and advanced high strength 

steels. 

• The mechanical properties can be also significantly improved by means of filler wire 

material compared to laser welding without filler material; 

• Laser-MAG hybrid welding offers advanced gap bridgeability due to increased 

deposition rate from MAG process compared to, for example, laser-TIG hybrid 

welding; 

• The hybrid welding process is less sensitive to the assembly tolerances for grooves 

and misalignments, therefore manufacturing time can be reduced dramatically. 

Moreover the hybrid welding has superior gap tolerance compared to laser welding 

process; 

• A joint with dissimilar thicknesses can be welded more appropriately with a smooth 

transition compared to laser welding process; 

• In case of laser-MIG hybrid welding of aluminium, the arc acting before laser beam 

impingement has the cleaning effect which contributes to a dissolution of the oxide 

layer on the aluminium surface which is beneficial to weld quality; 

• Hybrid welding requires smaller bevel angle compared to arc welding, therefore 

requires less filler material to fill and additional saving on edge preparations; 

• Increased filler metal deposition rate by improved melting efficiency of the filler wire is 

obtained due to synergetic effects between sources; 

• Improved process reliability and seam surface quality. 

 

The disadvantages and limitations of the hybrid welding are (Olsen, 2009; Reisgen et al., 

2008; Mulima, 2008): 

• The large amount of the processing parameters can require much time for 

determination and implementation to the production;  

• The equipment requires high investment costs due to laser source; 

• Heat input is higher than in laser beam welding; 

• The accessibility of the process can be limited due to laser equipment;  
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• The hybrid welding is competitive only for long, continuous welds of the thick sections 

and high-duty cycles. 

 

6.1. Hybrid process configuration   
The hybrid laser-arc welding (HLAW) can have several process variations. They can be 

classified according to the energy balance, process distance between welding sources, and 

arc torch arrangement. It is important to understand distinctions between them since various 

process variations have different effects on welding process and quality of produced welds.  

 

When the laser beam as a high energy density heat source is used as the primary heat 

source which provides deep penetration mode welding, while the arc as a secondary heat 

source which provides additional functions (such as process stability) the process is called as 

hybrid welding or coupled process. On the contrary, heat source combination where the arc 

is used as the primary heat source when it is called laser-augmented or laser-support arc 

welding process. (Antonsson & Grote, 2009), (Olsen, 2009) 

 

Generally, the most important process variation is the process distance between welding 

sources. When the process distance is significantly longer (>4-5 mm) than the arc plasma 

radius, the laser and arc plasmas are totally separated and it is called the tandem welding 

(see Figure 41) and they do not interact. On the contrary, when the process distance is less 

or approximately the same than the arc plasma radius, the two plasmas (laser and arc 

plasmas) interact with each other and this process is called the hybrid welding. The major 

difference between these process variations is that the hybrid welding results process-

specific advantages, so-called the synergistic effects, compared to tandem welding. 

(Antonsson & Grote, 2009) 

 
Figure 41. Process variation according to longitudinal process distance between welding 

sources. Tandem welding on the left and hybrid welding on the right. (Antonsson & Grote, 

2009)  
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The combination of laser and arc sources also can be classified according to the power 

balance of the processes (laser/arc power ratio). The process can be named as ‘‘MIG/MAG 

dominated‘‘, when MIG/MAG process contributes with more than 60 per cent of the total 

welding power (Ptotal = Plaser+Parc). As a result, weld cross-section becomes more similar to 

the arc weld shape. Conversely, when laser beam contributes more than 60 per cent of the 

total welding power it can be claimed as ‘‘laser dominated‘‘, therefore cross-section of the 

weld shape resembles laser welding. (Weman, 2006) 

 

Other possible angular orientations and linear displacements of laser beam and arc torch is 

shown in Figure 42. Apart from the longitudinal process distance between welding energy 

sources (at), the welding sources can be also separated transversely (an) however such 

variation is not commonly used. In butt joint the transversal angular orientation of the beam 

(γL) and the torch (γB) is also not commonly used, however they will be implied during fillet 

and lap joints. Typically longitudinal orientation angle (βL) of the beam is equal to zero, 

however it is advisable to not use 0° longitudinal beam orientation angle (laser beam is 

perpendicular to the work piece surface) in order to prevent the damage to the optics due to 

laser beam reflection from work piece surface during welding (Cao et al., 2011).  

 
Figure 42. Angular displacement nomenclature of the laser beam and arc torch according to 

DNV Guidelines No. 19: Qualification and Approval of Hybrid Laser-Arc Welding in 

Shipbuilding. April 2006. 

 

Another major process variation of the hybrid welding is the direction of arc torch or arc torch 

arrangement since it can significantly effect on weld quality and productivity. In fact, the torch 

arrangement variation is called differently in various scientific sources. Therefore in this work 
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the process variation can be divided into leading arc (or trailing laser) and trailing arc (or 

leading laser) hybrid welding processes (see Figure 43). The different torch orientation can 

be used in other process variation either in hybrid or tandem. (Olsen, 2009) 

 

Significant difference between two types of the torch arrangement is the angle of arc torch 

according to welding direction. In trailing arc configuration, the angle between the surface of 

metal and the torch axis is called the push angle (MAG torch is traveling behind) or forehand 

welding technique in arc welding processes. Accordingly, in leading arc welding 

configuration, it is called the drag angle or backhand welding technique in arc welding 

processes. Vertical torch arrangement, when filler wire axis is perpendicular to the surface of 

the workpiece is also possible if the laser beam will be inclined. As a result, it can affect the 

deposition of metal, penetration depth, weld cross-section shape, acting forces, and molten 

metal flow. (Ferjutz & Davis, 2004), (Olsen, 2009), (Weman, 2006) 

 
Figure 43. Representation of hybrid welding with trailing arc setup on the left and leading arc 

setup on the right in the hybrid welding process. (Ferjutz & Davis, 2004) 

 

6.2. Non-conventional hybrid welding setups  
Until this moment, the conventional hybrid welding configuration was described when the arc 

source is not integrated with the laser nozzle, in other words they are in off-axis (or simply 

non-coaxial or paraxial) combination. Conventional hybrid welding system has a few 

important disadvantages which were not mentioned earlier in this thesis.  

 

In MIG/MAG process longitudinal torch inclination angle is in the range of 15°-30° in order to 

provide the highest penetration depth, however due to laser beam the inclination angle for 

arc troch should be larger (more closely to workpiece or flatter) since the laser beam can 
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interfere with the arc torch nozzle. Moreover, to prevent the interference of sources, the 

process distance also should be increased. However, this can reduce penetration depth, as a 

result, the major advantage of the hybrid welding can be degraded which is unacceptable. In 

addition, due to the Venturi effect (a phenomenon of air suction from a side where arc torch 

is located since there is no protection of the shielding gas between torch nozzle and work 

piece) it is possible to get the entrainment of air into the welding zone which is also 

unacceptable. Such situation typically occurs in leading arc configuration. To overcome these 

problems, the Fraunhofer ILT has developed the integrated hybrid welding head (see Figure 

44) which consists of the laser beam and arc surrounded by a water-cooled nozzle. Such 

construction allows implementing smaller angle between the laser beam and the torch, and 

homogenous distribution of the shielding gas to prevent a transverse suction of air by 

eliminating the Venturi effect. (Petring & Fuhrmann, 2004), (Poprawe, 2011), (Webster et al., 

2008)   

 
Figure 44. Schematic diagram of the conventional hybrid welding setup on the left and 

integrated hybrid welding head on the right. (Poprawe, 2011; Webster et al., 2008) 

 
6.3. Coaxial and multi-source hybrid welding 
Another problem with the conventional off-axis hybrid welding configuration is that the 

limitation in directivity since both laser and arc must change the direction if welding must be 

done not in a straight line. As a solution, coaxial hybrid welding configuration can be used to 

resolve this problem in such a way that there is no trailing or leading torch arrangement (see 

Figure 45). Therefore, coaxial hybrid welding can be used to join complex shape parts.  
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Coaxial hybrid welding is possible by combining TIG, PAW or MAG source with laser beam 

by two solutions. The first solution is to use a hollow tungsten electrode and guide high 

quality laser beam through it. The second solution is to split a laser beam into two halves by 

mirrors and after is focused below the arc. Such a welding head can combine a laser beam 

with any arc type coaxially, for example, with MAG. (Doi, 2010), (Ishide et al., 2010)  

 

In addition, Doi (2010) noted several additional and very important physical features which 

occur in coaxial welding such as reduction in plasma flow (reduces arc pressure) which 

provides outward convection currents are reduces and inward convection currents become 

dominated, lesser probability of humping effect during increased arc currents and welding 

speeds, regulation of the arc pressure by the inner gas type and flow which allows to control 

shape of welds, deeper and wider keyhole provides less porosity, additional keyhole 

stabilisation due to more symmetrical keyhole shape.  

 

Disadvantage of the coaxial hybrid welding system is limited penetration depth due to low 

power lasers (especially for hollow TIG electrode) and deterioration of the beam quality in 

such system makes this technique difficult to apply for thick section welding. (Doi, 2010) 

   
a)                                     b)                                         c) 

Figure 45. Schematic representation of the coaxial hybrid welding with hollow tungsten 

electrode. (a) Laser-MAG hybrid welding from Mitsubishi (Ishide et al., 2010). (b) Laser-PAW 

hybrid welding (Mahrle et al., 2012). (c) Laser-TIG hybrid welding (Doi, 2010). 

 

Another important non-conventional hybrid welding setups are welding systems with two arc 

power sources as shown in Figure 46. Double-side technique was realised by Winderlich in 

2003 using a CO2 laser in combination with two trailing TIG torches where the first torch 

worked at the same side as the laser beam, and the second at the opposite side. Such a 

location of heat sources promoted an optimal notch-free weld seam geometry which 
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increased the fatigue resistance by 50% compared with LBW process in the studied case. 

‘’Hydra’’ or hybrid welding technique with double arc process where CO2 laser was combined 

with two MAG sources at the same side as laser beam by Dilthey and Keller in 2001, 

characterises by significant increase in deposition rate of filler material therefore increase in 

welding speed and low thermal loads. Tandem hybrid welding technique was applied by 

Staufer in 2007 which makes possible to increase welding productivity due to high deposition 

rate of filler material as ‘’Hydra’’ process. (Olsen, 2009) 

  
Figure 46. Schematic diagrams of the hybrid laser-arc processes with two secondary heat 

arc sources. (a) Double-side technique. (b) Hydra technique. (c) Tandem technique. (Olsen, 

2009) 

 

6.4. Dedicated hybrid welding heads 
Since recently hybrid welding becomes very popular, many leading companies in welding 

technology area have started to produce dedicated welding heads for hybrid welding, so-

called integrated hybrid welding heads. Some newest hybrid welding head are shown in 

Figure 47. Those welding heads offers very significant advantages in manufacturing such as: 

• More compact design and flexible heads due to modular components; 

• Reduced adjustment effort and accuracy of the parameters (for example, process 

distance, torch angle);  

• Cross jet nozzle for protection of the optics; 

• Easy access to change optical and mechanical components; 

• Integrated additional sensors with seam tracking systems. 
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a)                      b)                               c)                              d)                       e)    

Figure 47. Dedicated hybrid welding heads. (a) Kugler LK390H welding head with CO2 beam 

source. (b) Fronius LaserHybrid welding head. (c) Fronius LaserHybrid + Tandem welding 

head. (d) KUKA KS HybridTec welding head. (e) Precitech YH50 weldign head. (Pictures are 

taken from the official manufacturers’ websites) 

 

7. Laser beam and electric arc interaction 
The interaction physics between a laser beam and an arc is difficult to elucidate due to its 

complexity. As a result, the synergistic effects and other processes in combination of a laser 

beam with an arc even nowadays are not well defined and explained, however much 

research has been done. The complexity of the hybrid process lies in the generation of two 

individual plasmas, arc plasma and laser induced-plasma (in fact it is laser induced metal 

vapour) which interacts with each other and forms so-called hybrid plasma at certain 

distance between sources. Since the hybrid welding involves large number of parameters, as 

a result, the hybrid plasma formation also depends on many parameters involved in the 

process.  

 

The major parameters of the hybrid plasma generation, which means merging of arc plasma 

with laser-induced plasma, include process distance between two heat sources, torch 

arrangement, laser and arc type, and power levels of the combined sources. When process 

distance is fairly short (approximately 0-4 mm) both laser plasma and arc plasma more likely 

will form the hybrid plasma. On the contrary, when process distance is large enough (more 

than 7-9 mm) the plasmas do not interact with each other and the hybrid plasma is not 

formed. Plasma integration also slightly depends on the torch arrangement in flat position 

according to Hayashi et al. (2003). For example, when process separation is 7.5 mm in 

leading arc configuration the plasmas are separated with some spattering from the filler wire 

while during trailing arc process the plasmas are fully integrated at such distance and 

produces much less plasma than leading arc configuration. However, Hayashi et al. (2003) 

performed experiments with CO2 laser which means that for fiber laser the situation might be 

different. The nature and behaviour of hybrid plasma and effects of hybridisation not only 

 
 



66 
 

depends on the welding parameters but also on laser type used (especially important the 

laser beam wavelength) and arc type (metal active gas arc, plasma arc, submerged arc, 

tungsten inert gas arc). (Olsen, 2009) 

 

Abe et al. (1997) reported that welding speed also affect the merging of plasmas. At low 

welding speed it is very likely that both plasmas will generate the hybrid plasma (in his work 

2 m/min is the maximum limit for the speed), consequently, at higher welding speeds they 

will be separated.  

 

Arc welding processes have low heat concentration properties and cannot melt the material 

properly during welding at relatively high speeds. Typically the arc welding process becomes 

unstable at high welding speeds, for example, in MIG/MAG process limited welding speed 

with appropriate weld quality is approximately 0.7 m/min at certain welding parameters 

indicated in Figure 48. Implementation of the laser beam into the welding system with an arc 

source, the welding speed can be increased from 0.5 m/min to 10 m/min, where maximum 

welding speed achieved is determined by the process configuration and welding parameters. 

Such an increase in welding speed and arc stabilisation during hybrid welding can be 

explained by different phenomena: rooting effect increased thermionic emission and 

decreased arc resistance. (Ono et al., 2002), (Fukami & Setoda, 2013), (Sugino et al., 2005) 

 

 
Figure 48. Arc welding limits and stabilisation by the laser beam when pulsed arc frequency 

50 Hz, 66 A (average), CW 5 kW CO2 laser, process distance 3 mm and leading arc 

configuration. (Sugino et al., 2005) 

 

 
 



67 
 

Another peculiar phenomenon in hybrid welding reported by Ishide et al. (2010) where 

increase of the keyhole diameter and weld pool during combination of the Nd:YAG laser with 

TIG arc coaxially. The keyhole diameter has been increased from 0.71 mm to 1.04 mm when 

100 A arc was applied to the welding process with 1.3 kW Nd:YAG laser.  

 

Le Guen et al. (2011) by analysing Nd:YAG laser-MAG hybrid welding process, observed an 

acceleration of droplet velocity and an increase in droplet pressure when wire feeding rate is 

increasing. In addition, during hybrid welding the magnitude of fluid speed (about 1 m/s) at 

pool surface is increased compared to arc welding due to the keyhole which modifies the 

fluid motion dynamics.  

 

7.1. Thermionic emission and rooting effect 
During combination of high energy density laser beam and electric arc the increase of 

electron density in a keyhole (1017-1020 cm3) occurs and in surrounding area is in a molten 

state, therefore thermionic emission takes place very easily as shown in Figure 49. Increased 

thermionic emission means that the number of electrons which flies from cathode to anode 

and positive ions from anode to cathode is increased. As a result, the temperature of anode 

and cathode spots becomes much higher which provides better melting of the base material. 

In addition, higher temperature of anode and cathode spots leads to improved current 

density and more intensive metal vapour heating during hybrid welding which leads to 

increased number of metal ions (Fe-ionised zone) in arc plasma with lower ionisation energy 

than argon atoms in shielding gas. Therefore, the arc ignition and maintaining is improved 

since the arc plasma becomes more conductive and stable. Conductivity and stability of the 

laser-induced arc plasma is caused also by the change in arc plasma composition during 

hybrid welding. As a result, it provides better arc rooting or fixing onto laser-induced areas 

since there is lower ionisation potential due to increased iron ions from evapourisation and 

welding arc prefers to strike in the route with the least resistance between electrode and 

base material. Moreover, fixing of the arc becomes stronger with increase in laser power and 

with decrease in process distance between sources (Zhiyong et al., 2013). Noteworthy, all 

aforementioned features also valid to low laser power beams (lower than 500 W) and low 

currents (50 A). (Hu & den Ouden, 2005a), (Fukami & Setoda, 2013), (Zhiyong et al., 2013), 

(Chen et al., 2008), (Steen, 1980), (Ono et al., 2002), (Li et al., 2010), (Sugino et al., 2005) 
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Figure 49. Schematic representation of MIG welding on the left and increased electron 

emission by adding laser beam on the right. (Fukami & Setoda, 2013) 

 

Hu & den Ouden (2005a) reported that the laser beam (500 W Nd:YAG) eliminates instability 

of the arc (TIG, low current) behaviour and promotes uniform geometry bead by fixing the arc 

root to the point heated with laser beam. Such instability during arc welding occurs when the 

anode spot changes position unpredictably and cannot root steadily and this is one of the 

major reasons why arc welding cannot melt materials during high welding speeds. Mahrle et 

al. (2012) also confirmed rooting effect in coaxial low power fiber laser and low current PAW 

source combination. 

 

7.2. Arc resistance and stabilisation of the arc parameters 
In the very first experiments with CO2 laser-TIG hybrid welding conducted by William Steen 

in 1979 in Liverpool University, they noticed the decrease in arc resistance (see Figure 50) 

and arc stabilisation. Arc resistance can be understood from the Ohm’s law which is defined 

as the relationship between arc voltage and arc current (resistance=voltage/current). The 

decrease in arc resistance by means of laser beam is the major interest in hybrid welding 

since the arc current can be increased, as a result, the penetration depth or welding speed 

can be increased. Subsequently, the same behaviour of arc combined with laser beam was 

obtained for various laser-arc hybrid welding processes regardless laser (Nd:YAG, diode, 

disk, fiber) and arc type (metal active gas arc, plasma arc, submerged arc, tungsten inert gas 

arc). (Steen, 1980) 

 

El Rayes et al. (2004) observed that an increase in arc mean voltage during hybrid welding 

changes the metal transfer mode from short-circuiting to spray metal transfer mode due to 

decreased short-circuit frequency. It was accompanied by the higher amount of metal vapour 

in hybrid welding, especially when laser power is increasing, which advances current 
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conduction through arc plasma since metal vapour (iron during welding of steel) has lower 

ionisation potential than a shielding gas (argon).  

 
Figure 50. Schematic representation of (a) decrease of arc resistance (3.0 mm mild steel, 

welding speed 1.35 m/min) and (b) stabilisation of an unstable arc by laser beam (2.0 mm 

mild steel, welding speed 2.7 m/min). (Steen, 1980; Steen & Mazumder, 2010)  

 

Mahrle et al. (2012) suggested that voltage drop can occur mainly due to shortening of the 

arc length due to presence of the laser beam (see Figure 51). Without laser beam, the 

plasma arc is not well rooted, therefore it is curved in opposite to the direction of welding 

speed and generates some sort of lag between torch axis and workpiece surface. On the 

contrary, when laser beam is activated, the arc becomes straighter due to the rooting effect. 

However, it was observed that this hypothesis is valid only for low current arc. For stiffer 

arcs, when arc current is about 160 A, the shortening of the arc does not occur since the arc 

column is already straight enough. (Mahrle et al., 2012) 

 
Figure 51. Arc column shape and voltage behaviour of the soft arc on the left and stiff arc on 

the right. (Mahrle et al., 2012) 

 
 



70 
 

The stabilisation in electrical characteristic of the arc was confirmed by Ono et al. (2002) 

when Nd:YAG laser was combined with MAG arc source and by Travis et al. (2004).  As 

shown in Figure 52, the first half of welding the arc current/voltage was stable which might 

support the theory of the electron/photon interaction in hybrid welding process, and after 

deactivation of the Nd:YAG laser beam the arc current variability increases. In addition, 

Travis et al. (2004) reported in previous work that increase in stick-out of the filler wire and 

air gap widening in butt joint welding, the arc current decreases, however these studies are 

not confirmed for hybrid welding. 

 
Figure 52. The stabilisation effect during welding of EH 36 shipbuilding steel by combining 

Nd:YAG laser and MAG source in the first half of welding. (Travis et al., 2004)  

 

7.3. Laser energy absorption by arc plasma 
It was identified by Hu & den Ouden (2005a) that the sum of the laser power and the arc 

power when operating separately is larger than power of the hybrid system when Nd:YAG 

laser was combined with TIG source. Approximately 0.28% of the total power laser energy is 

lost when the beam passes through the arc plasma with 50 A current according to results 

shown in Figure 53. Noteworthy, experiments were conducted with special technique and not 

during actual welding, however they can be equivalent. When current of arc is increasing, the 

power losses in laser beam also increasing, 0.7% loss during 100 A current, due to 

increasing the electron-ion inverse Bremsstrahlung absorption. In addition, Hu & den Ouden 

(2005a) claimed that in case of short-wavelength lasers (Nd:YAG, fiber and disk lasers) the 

absorption of laser beam by arc plasma is relatively small compared to long wavelength 

lasers, such as CO2 laser. 
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a)

 
b)                                                                          c)  

Figure 53. (a) Experimental set-up for measuring the energy transfer from the laser beam to 

the arc plasma. (b) Measured power when 50 A arc is used. (c) Measured power when 100 A 

arc is used. Arc + laser is hybrid welding possessing hybrid plasma. Arc / laser is tandem 

welding. (Hu & den Ouden, 2005a)  

 

7.4. Melting efficiency and arc contraction 
The melting efficiency of hybrid welding has been extensively studied by Hu & Ouden 

(2005b), Mahrle et al. (2011), Mahrle et al. (2012) and Swanson et al. (2007), and it is the 

major synergy effect of the hybrid welding which means that extra melting ability of the base 

and filler wire is provided during this process. As a result, an increase in melting efficiency 

can improve welding speed and/or penetration depth (Hu & den Ouden, 2005b).  

 

Hu & den Ouden (2005b) reported an increase in the melting efficiency, which in this work is 

ratio of the melting rate (the heat used for melting per unit time) and the heat transfer rate 
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(the heat transferred from the heat source to the work piece unit time) of the coupled arc and 

hybrid sources which exceeds significantly compared with tandem (laser/arc) hybrid process. 

The synergy was obtained due to reduction in “warm-up” by combining laser and arc sources 

since melting is not linearly dependent on heat input. Another reason was arc contraction (or 

constriction) due to interaction with a laser beam (see Figure 54). Constricted arc possess 

higher energy density since the arc constricts to the radius similar to the laser beam diameter 

(Steen, 1980).  

   
a)                                                                   b) 

Figure 54. Arc contraction phenomena (a) TIG source combined with Nd:YAG laser (Hu & 

den Ouden, 2005b) and (b) MAG source combined with CO2 laser (Reisgen et al., 2008). 

 
Mahrle et al. (2012) reported the superior melting and welding efficiency (242 per cent) 

accompanied by the change in weld shape as shown in Figure 55, during combining of PAW 

with fiber laser with excellent beam quality. However, in this case the laser beam is working 

in conduction limited mode.  

 

Since the laser-induced hot spot on material being welded is capable of fixing the arc 

attachment area, the temperature on the surface is increasing significantly in the region of 

attached arc. Moreover, the laser beam already impinges molten material and promotes very 

high overheating the laser spot area. However, Mahrle et al. (2012) suggested that 

overheating is not the major reason. Realistically, such an increase in melting efficiency is 

due to transformation of the conduction limited welding mode into the keyhole welding mode. 

This transition becomes available even with low laser beam when the beam has very high 

beam quality and impinges preheated (partially melted) material by the arc. (Mahrle et al., 

2012)  
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Figure 55. Resulting melting efficiency when 200 W fiber laser is combined with 40 A plasma 

arc during welding of 1 mm AISI 304 with 0.75 m/min welding speed. (Mahrle et al., 2012)  

 

Swanson et al. (2007) stated that melting efficiency can be significantly increased only during 

higher welding speeds (>2 m/min), otherwise melting efficiency of hybrid welding is almost 

equal to LBW process. 

 

7.5. Influence of the laser beam on the metal transfer from filler wire  
The laser beam has a positive influence on metal transfer as additional source of the heat 

(from laser plume and irradiation itself) to improve melting the filler wire. Naturally, when 

process distance between processes becomes smaller the heat is increasing. However, too 

short process distance which usually is about 0 mm, the laser beam starts to impinge the 

detached molten metal droplets from the electrode. Laser beam and arc torch orientation 

angles can be also adjusted such that the laser beam is able to impinge the falling molten 

droplet or even the filler wire tip. As a result, hybrid welding can become unstable and 

penetration depth is decreasing since part of the laser beam is absorbed and reflected by the 

molten droplets. (El Rayes et al., 2004), (Fellman, 2008), (Huang & Zhang, 2010) 

 

In experiments conducted by Huang & Zhang (2010), the laser beam was aimed on purpose 

at the filler wire tip with generated molten metal drop. The aimed laser beam at the droplet 

successfully generated additional detaching force with negligible heat delivery to the droplet. 

As a result, spray or streaming metal transfer mode was produced from short-circuit metal 

transfer mode and the same trend was reported by El Rayes et al. (2004). This can be very 

beneficial in saving of energy.  

 

Ono et al. (2002) reported that by combining Nd:YAG laser with MAG source, dip transfer of 

droplets frequency from the wire was increased significantly due to easier melting of wire and 
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shorter arc length. Moreover, the transferred droplet had smaller diameter during hybrid 

welding. 

 

Sugino et al. (2005) observed destabilisation of the pulsed metal transfer during base current 

period in the presence of laser plume with high conductivity generated by CO2 CW laser 

beam. This attraction can be harmful for weld quality since the time of this interaction 

between the arc and the plume extends to the beginning of the pulse peak current. 

Continued interaction for some time, tends to increase the arc length and decrease the 

current, resulting in insufficient pulse energy to detach a droplet. Moreover, the spatter 

generation is highly probable. Stable metal transfer and less spattering can be generated by 

using modulated or pulsed laser beam by synchronising it with arc parameters (fundamentals 

are shown in Figure 56) to control the interaction during the peak period (see Figure 57). 

(Sugino et al., 2005)   

 
a)                                                                      b) 

Figure 56. Modulation of the laser beam and synchronisation with the arc parameters: (a) In-

phase synchronisation; (b) Out-of-phase synchronisation (Victor et al., 2009). 

 
Figure 57. Out-of-phase with a delay modulation of the laser beam with the arc parameters in 

order to stabilise the metal transfer. (Sugino et al., 2005) 

 
According to Victor et al. (2009) the modulated laser beam with in-phase and out-of-phase 

synchronisation with the arc provided deeper penetration than constant 5 kW fiber laser 

power in both arc torch arrangements.  
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8. Welding parameters in laser-arc hybrid welding  
Since the hybrid welding consists of two different welding processes, the number of variables 

greatly increases. As a consequence, the major challenge in hybrid welding is to balance the 

welding parameters and that makes hybrid welding the most complex welding process to 

implement and operate. Therefore the main hybrid welding parameters also are reviewed to 

understand how they effect on the process and determination of them to get desirable quality 

of the weld. The correct determination of the processing parameters provides the right shape 

of the weld and lesser amount of defect in the weld. The various welding parameters are 

tabulated in Table 8.  

 

Table 8. The list of processing parameters in fiber laser-arc hybrid welding.  

Fiber laser-MAG hybrid welding processing parameters 
Laser parameters 

 

Arc parameters 
Laser power 
Focal point diameter  
Focal point position  
Focal length  
Laser wavelength  
Beam orientation angle 

• Longitudinal (βL) 
• Transversal (γL) 

Beam quality  
Rayleigh length (depth of 
focal point)  
Fiber core diameter 

Current2 
Voltage (arc length) 
Pulse parameters  

• Pulse duration 
• Pulse frequency 
• Pulse shape 

Torch orientation angle 
• Longitudinal (βB) 
• Transversal (γB) 

Wire feed speed  
Wire diameter  
Wire chemical composition 
Polarity (DCEP/DCEN) 
Contact tip-to-work distance 
(∆ZB) 
Wire stick-out (IK)  
Metal transfer mode4 
Nozzle diameter5 

Joint design 
parameters 
Thickness  

Air gap  
Edge preparation 
(surface quality) 

Type of joint  
Welding position1 

Material parameters 
Chemical composition 

Physical properties 
Surface quality 

Combined parameters 
Welding speed  

Longitudinal process distance (at) 
Transversal process distance3 (an) 

Longitudinal distance between laser spot centre and torch centre (∆yB) 
 Transversal distance between laser spot centre and torch centre (∆xB) 

Shielding gas composition6 
Shielding gas flow rate 

1 Welding position (for butt welded plates) is classified by EN ISO 6947: PA (flat), PC (horizontal), PF 

(vertical upwards), PG (vertical downwards), and PE (overhead).  
2 For MAG-P background and pulse (peak) current 
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3 Usually is not used 
4 Metal transfer mode depends on the current if it is not pulsed or special transfer technique 
5 Depends on shielding gas flow rate 
6 Hybrid welding with fiber laser is always performed with argon and carbon dioxide (up to 20%) 

mixture shielding gas therefore shielding gas composition in not reviewed comprehensively  
 

In order to theoretically analyse processing parameters, various scientific articles relevant to 

hybrid welding of carbon steels, stainless steels, and high strength steels have been 

reviewed. Since the number of articles related specifically to fiber laser combination with 

MAG source is fairly limited, the scope was extended to Nd:YAG and other arc welding 

sources combination.  

 

8.1. The effect of laser beam parameters and welding speed  
 
8.1.1. The effect of laser power and welding speed 
Welding speed is the most important parameter in the hybrid welding which is mainly dictated 

by the laser beam with certain power density since it is responsible for the penetration depth. 

Therefore for hybrid welding the selection of parameters primarily depends on the laser 

power and welding speed and can be selected from typical penetration depth versus welding 

speed graphs as presented in Figure 58. 

 

With an increase in welding speed, both weld width and penetration decrease sharply due to 

the thermal input to the base metal. On contrary, decrease in welding speed enables deeper 

penetration and higher heat input. High heat input has a positive effect on microstructure 

since cooling rate is slower. In addition, fast solidification defects can be avoided. However 

decrease in welding speed means decrease in productivity. Conversely, laser power can be 

changed to control penetration depth and welding speed. Subsequently the higher power 

provides deeper penetration and more stable keyhole and laser power influences on seam 

geometry. 

 

If the air gap between two workpieces is implemented, welding speed can be increased 

significantly. However it is difficult to determine the dependency between welding speed and 

air gap. 
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Figure 58. Typical penetration depth versus welding speed graph. All experiments were done 

in BOP configuration. (Vollertsen & Thomy, 2005; Ream, 2004; Liu et al., 2006) 

 

As presented in Figure 58 it can be concluded that the optimal welding speed selection in 

order to achieve particular penetration depth can be very difficult task since penetration 

depth depends on focal point diameter and therefore also on power density, laser beam 

quality, and on the material being welded. Moreover, focal point position must be considered 

since it affects penetration depth significantly. 

 

Many welding defects are related to improper welding speed. Typically humping, incomplete 

fusion and undercutting phenomena can occur during high welding speeds (more than 10 

m/min) in the keyhole mode with single beam (Kannatey-Asibu Jr., 2009). At low welding 

speeds the porosity formation is very probable (Katayama et al., 2006).     

 

8.1.2. The effect of focal point diameter and beam quality 
Since focal point diameter determines power density, it has significant influence and controls 

the welding speed and the penetration depth as shown in Figure 59. Obviously, if focal point 

diameter gets smaller at constant laser power, the penetration depth can be increasing. 

Apparently, the decreased focal point diameter (less than 200 µm) cannot facilitate significant 
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penetration depth. As a result, very small focal point diameters (less than 150-200 µm) will 

promote larger welding depths only if the beam quality (BPP) becomes higher and this 

statement shows that fiber lasers give almost double penetration depth compared to disk 

laser when both lasers are focused to 100 µm spot diameter (Weberpals et al., 2007).  

 
Figure 59. Penetration depth (welding depth) as a function of welding speed for different 

focal point diameters during welding of steel. (Weberpals et al., 2007) 

 
8.1.3. The effect of focal point position  
According to studies done by (Qin et al., 2007), (Gerritsen et al., 2005), (Thomy et al., 2007), 

(Fellman & Salminen, 2007), (Victor et al., 2009), (Liu et al., 2008), (Yamazaki & Kitagawa, 

2012), (Vänskä et al., 2013), (El Rayes et al., 2004) the position of focal point has an 

influence on the geometrical parameters of welds and quality since it determines the size of 

focal point, as a result, also the laser intensity impinging on the top surface of the workpiece. 

Particularly, the focal point position greatly influence on full penetration capability which 

makes the statement that full penetration cannot be adjusted only by welding speed (Zhang 

et al., 2014)  

 

An adequate weld could be obtained for a focal position on the surface (0 mm) or under the 

surface (-1 mm or -2 mm), mainly it depends on the thickness of the work piece and air gap. 

The focal point position controls the penetrations of the hybrid process. The correct focal 

point alignment gives maximum penetration.  (Antonsson & Grote, 2009), (Olsen, 2009) 
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Focal point position in hybrid welding differs from autogenous laser welding where the 

highest penetration depth is achievable at focal point position on the surface or slightly below 

it. In hybrid welding experiments conducted by El Rayes et al. (2004) and Gerritsen et al. 

(2005) where CO2 laser was combined with MAG source, indicate that focal point position 

depends on the applied arc current magnitude. With increase in arc current, the deeper focal 

point position should be used to achieve maximum penetration depth. Gerritsen et al. (2005) 

assumed that the molten weld pool surface is depressed by the arc pressure down to the 

plate, as a consequence, to achieve maximum beam density the focal point position should 

be approximate closer to the molten pool surface. However, it was assumed that the arc 

pressure is not so strong to depress weld pool surface significantly below the surface 

therefore it might be also due to increase in energy coupling effect between heat sources.  

 
Qin et al. (2007) studied the effect of focal point position on the penetration depth and weld 

bead geometry by combining Nd:YAG laser with a pulsed MAG source. According to his 

work, the penetration depth is the highest regardless arc current when location of laser focal 

point is 2 mm above the surface as can be seen from Figure 60a. Figure 60b shows a steady 

relationship of increase in weld width depending on deeper (down from the surface) focal 

point position for higher currents (295 A). (Qin et al., 2007) 

 
Figure 60. Variations of penetration depth (a) and weld width (b) during variation of the focal 

point position. 2 kW Nd:YAG, pulsed MAG source, trailing arc arrangement, Ar+18% CO2, 

low carbon steel, welding speed 1.5 m/min. (Qin, et al., 2007) 

 

Victor et al. (2009) by combining 10 kW fiber laser with MAG source found out that the 

maximum penetration depth is achieved when focal point position located at the surface of 

the work piece (0 mm) as shown in Figure 61. Moreover, it can be seen that hybrid welding 
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produces slightly higher penetration depth that autogenous laser beam welding. In hybrid 

welding, the focal point position tolerance range with decent penetration depth is much wider 

compared to autogenous laser welding, where penetration depth starts to decrease from 8 

mm below surface (from 1 mm for autogenous laser welding) and from 6 mm above surface 

(from 1 mm for autogenous laser welding). It can be concluded that the hybrid welding 

process has much wider process window according to focal point position.        

 
Figure 61. Influence of focal point position of the fiber laser on penetration depth. (Victor, et 

al., 2009) 

 
According to results obtained in HYBLAS projects, the focal point position which was varied 

in very wide range (from 0 mm to -12 mm) has insignificant influence on weld appearance 

and weld efficiency during CO2 laser-MAG hybrid welding of 12 mm plate (see Figure 62).  

 
Figure 62. The effect of focal point position during paraxial CO2-MAG hybrid welding of 

square butt joints. (Webster et al., 2008; Petring et al., 2007) 
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According to Thomy et al. (2007), the focal point position below the surface in hybrid welding 

of X70 pipeline steel, significantly reduces the penetration depth and top bead quality when 

welding is performed in bead-on-plate configuration with single mode fiber laser (1 kW) 

combined with MAG source (118 A, 18 V).   

  

In the experiments conducted by Fellman & Salminen (2007) where fiber laser was combined 

with MAG source during welding of 6 mm S355 carbon steel, focal point position 5 mm below 

the surface provided better penetration capability and weld quality. When focal point position 

was 5 mm above the surface, the geometry of welds were more similar to the arc welding 

produced welds accompanied by lower penetration depth. As a result, focal point position 

below surface provides better geometry of welds and higher penetration depth.  

 

8.2. The effect of arc parameters on hybrid welding process 
Arc related parameters significantly effects on the hybrid welding process stability and weld 

quality since arc welding possess more welding parameters than laser beam welding such as 

arc current, voltage, wire feed rate, shielding gas composition and flow rate, contact-to-

workpiece-distance (CTWD) or stick-out, polarity, torch orientation angle, and pulsing 

parameters when MAG-P is used. Another very important variable which comes from 

combination with the laser beam is the torch arrangement when torch is leading or trailing. 

 

8.2.1. The effect of torch arrangement on weld properties 
Torch arrangement (also referred to as arc orientation, torch direction) has a significant effect 

on weld properties and productivity, since it influences the molten metal flow direction, 

preheating mechanisms (in CO2 laser-arc welding) and on behaviour of the keyhole in 

general. (Antonsson & Grote, 2009), (Olsen, 2009) 

 

According to Fellman (2008) and Tsukamoto et al. (2008) the molten metal movement on the 

pool surface in leading and trailing torch configurations is different. Therefore this has an 

effect on the gap bridgeability, weld metal mixing or wire alloying elements distribution, and 

the formation of some weld defects.  

 

Figure 63 presents schematic illustration of the molten metal flow and forces acting on it 

during laser-MAG hybrid welding process. Trailing arc setup provides larger width of upper 

bead part due to driving forces during welding which cause the inward molten filler wire flow 

as shown in Figure 63. As a result, trailing arc arrangement provides better bridgeability due 

 
 



82 
 

to better capability to melt grooves during welding. It was identified that inward metal flow 

(trailing arc arrangement) advances distribution of wire elements or better weld metal mixing 

since wire elements can reach the weld root easily. The same results are confirmed by 

Fellman (2008) and Victor et al. (2009). In addition, when more than 2% of oxygen is used in 

shielding gas (MAG process), the molten metal flow is changed. For example, in trailing arc 

configuration with no oxygen in shielding gas, the molten metal flow will be outward, not 

inward. (Tsukamoto et al., 2008) 

 

Leading arc setup provides a narrower upper bead and higher reinforcement since torch is 

pulling or so-called forehand welding technique. However, Weman (2006) postulates that 

trailing arc configuration is more similar to laser-like welds and leading arc arrangement 

provides a more spread out weld geometry.  

 
Figure 63. Comparison of molten metal flow in carbon steel with different torch 

arrangement caused by arc forces and resulting width of the welds in the upper part. 

Shielding gas is a mixture of helium, 38% argon and more than 2% of oxygen. (Weman, 

2006; Fellman, 2008; Tsukamoto et al., 2008) 

 

Torch arrangement due to the molten metal flow has an effect on weld quality and tendency 

to create certain defects. Leading arc configuration more frequently produces undercuts, 

especially during high speed welding when MIG/MAG process cannot melt edges properly 

due to lack of time, and high bead reinforcement. Another reason for undercut effect is that 
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during hybrid welding the arc is narrower (or more constricted) and not capable to melt edges 

(Steen, 1980; Reisgen et al., 2008). Moreover, there is higher probability that droplet from 

the filler wire can strike the keyhole and destabilise welding process (see Figure 64). On the 

contrary, the trailing arc setup, tend to produce sagging, especially when large air gaps are 

implied (Fellman, 2008). Noteworthy, these abovementioned assumptions are based CO2 

laser-arc hybrid welding.  

 
Figure 64. The change in axial deposition trajectory of molten droplets at relatively high 

welding speeds. 

 

Penetration depth capability. As a rule, the penetration depth is slightly greater with leading 

arc configuration (when arc moves as backhand welding) due to preheating effect, especially 

when CO2 laser is used (Olsen, 2009), and the same tendency has arc welding process 

without laser (Weman, 2006) as shown in Figure 65. Another reason can be that in leading 

arc arrangement during high welding speed the molten droplets impinges the surface or 

grooves more closely to the keyhole, which, in turn, increases the temperature and exerts 

higher penetration depth. On the contrary, in trailing arc arrangement the molten droplets 

impinges slightly further from the keyhole due to small mass of molten droplets 

(approximately 0.12 g during pulsed welding and using 1.2 mm diameter filler wire) at 

relatively high welding speed (see Figure 61).     

 

Travis et al. (2004) and Reutzel et al. (2005a) studied arc current behaviour by varying the 

torch arrangement and process distance. MAG source and Nd:YAG laser were used for 

experimental part. As presented in Figure 65, leading arc arrangement produces higher 

 
 



84 
 

currents at different process distances, thereby during leading arc the penetration depth is 

higher and arc resistance decreasing. The same results were obtained by Sugino et al. 

(2005). By positioning of the laser beam and the arc closer to each other, the current signal 

decreases due to shorter arc length.  

 
Figure 65. The effect of MAG torch arrangement and separation distance between sources 

on arc current. Welding conditions: 22 V, 5.46 m/min welding speed. (Travis et al., 2004)  

 

Piili et al. (2008) reported that welds produced by leading arc configuration were similar to 

laser beam welds, however very much like as trailing arc at the same welding parameters. 

From high speed video camera it was identified that trailing torch produced wider melt pool. 

In addition, leading arc arrangement was not sensitive to increase in process distance unlike 

trailing arc setup where at 3 mm separation behaves as tandem welding. 

 

The studies made by Naito & Mizutani (2003) during Nd:YAG laser-TIG hybrid welding of 304 

type stainless steel reveals that leading arc configuration had deeper penetration result only 

when process distance was larger than 2 mm. When process distance is in range of 0-2 mm 

the trailing arc configuration had deeper penetration due to stronger natural concentration of 

an arc and reduced laser reflection in molten pool. From basic experiments performed by Joo 

et al. (2004), where also Nd:YAG laser-TIG hybrid process was tested on AH 36 shipbuilding 

steel in bead-on-plate (BOP) configuration, the results were absolutely the same as in 

experiments produced by Naito & Mizutani (2003) also conducted in bead-on-plate joint 

configuration, trailing arc process provided slightly deeper penetration when process 

distance was 0-2 mm. Further increase in process distance, leading arc showed better 

penetration results. It can be concluded that the penetration depth according to torch 

arrangement is not depend on the steel type.  
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According to Victor et al. (2009) when 10 kW fiber laser-MAG process has been used, arc 

leading configuration promoted deeper penetration for about 0.5-1 mm in average by striking 

deposited molten metal at any process distance as can be seen from Figure 66. Lower 

penetration depth during trailing arc is attributed to the laser is striking solid base material at 

any process distance. They also studied metal mixing phenomenon by using 308 stainless 

steel filler wire (base metal is mild carbon steel AISI 1018) in order to reveal the differences 

and results shows that filler metal mixing is more consistent during of arc leading, however at 

the root no mixing was observed at any process distance (see Figure 67). At nearly spaced 

(2 mm process distance) laser and torch during trailing arc arrangement very good weld 

metal mixing capabilities has been facilitated due to molten metal flow direction as was 

expected. If process distance becomes larger, then arc and laser pools are totally separated 

and generates two solidification zones (tandem process) therefore there is no weld metal 

mixing and that is very harmful for mechanical and corrosion properties of the joint. It can be 

claimed that for tandem process for better weld metal mixing leading arc configuration should 

be used and for hybrid process trailing arc configuration becomes more desirable.  

   
 Figure 66. The effect of torch arrangement on penetration depth. (Victor et al., 2009) 
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Figure 67. The effect of torch arrangement on filler wire mixing capabilities. (Victor et al., 

2009) 

 

Cao et al. (2011) successfully combined 5.2 kW fiber laser with MAG to produce welds with 

Y- and V-groove preparation for 9.3 mm thick HSLA-65 shipbuilding steel with clear benefits 

of using trailing arc process configuration. Trailing arc HLAW produced a wider top width for 

the fusion zone and lower face reinforcement. Moreover, trailing arc configuration produced 

much less face underfills which are not clearly dependent on the welding speed than leading 

arc configuration. The occurrence of undefill defects can be explained by reduction of 

expulsion of liquid metal in trailing arc process since a higher part of laser power was used to 

melt the base material. It was noticed that leading arc HLAW leads to a higher loss of 

alloying elements due to excessive evapouration and expulsion of liquid metal from filler wire 

or base metal. In addition, trailing arc HLAW showed relatively less porosity in the welds due 

to lower cooling rate which helps for gas bubbles to escape weld zone.  

 

No significant difference was observed in the hardness values of the fusion zone (FZ) for 

both arc configurations of HLAW due to very similar heat input and that means that both 

processes produced similar microstructures in the fusion zone (FZ) and consisting of 

predominantly acicular ferrite. The HLAW process showed reduction in formation of 

martensite and the susceptibility to hydrogen embrittlement. It is worthwhile to mention that 

HLAW produced much lower average hardness welds (HV 240) than autogenous welding 

process (HV 320, due to martensite and bainite) and surprisingly even lower than arc welding 
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(HV 280) in the fusion zone at 1 m/min welding speed when base metal hardness is 210 HV. 

(Cao et al., 2011) 

 

The observation made by Hong & Lee (2007) in welding of shipbuilding steel DH 36 with CO2 

laser-MAG welding, reveals the advantage of using leading arc configuration to increase 

impact toughness from -37 J to 50 J (at -20 °C). However, the experiments were conducted 

in a narrow range of welding parameters (welding speed (1 m/min) and laser power (12 kW) 

are fixed). It is noteworthy to mention that by using fiber laser the results can slightly differ 

due to different wavelength and beam quality.  

 

Studies conducted by Fellman & Westin (2008), where fiber laser was combined with MAG 

process to weld 316L and duplex 2205 stainless steels, reveals that it is more advantageous 

to weld with leading arc configuration general compared to trailing arc configuration due to 

higher weld quality (smooth surfaces, stable root formation, narrower weld bead, reduced 

spattering and porosity, higher quality microstructure (higher austenite formation and lower 

ferrite number), higher tensile strength and ductility). Trailing arc configuration revealed 

higher available welding speeds which indicate the higher penetration with this configuration 

however it caused lack of fusion and cold cracking in duplex stainless steel.  
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Table 9. Results of various researchers studying minimum laser-arc distance giving 

maximum penetration for various steels. 

References Arrangement Notes 

Naito & Mizutani 
(2003)  

Leading arc (>2 mm 
separation) 

Nd:YAG laser-TIG hybrid welding of 304 type 
stainless steel, bead-on-plate 

Joo et al. (2004) Leading arc (>2 mm 
separation) 

Nd:YAG laser-TIG , 3 kW, AH 32, bead-on-
plate 

Victor et al. (2009) Leading arc Fiber laser-MAG, 10 kW, any process 
distance, butt joint 

Cao et al. (2011) Leading arc Fiber laser-MAG, 5 kW, HSLA-65, butt joint 

Ishide et al. (2003) Leading arc  Nd:YAG-MIG, 3 kW, 140 A, 24 V, 1 m/min, 
bead-on-plate 

Nielsen  et al. (2002) Trailing arc (10%) CO2-MAG, 17 kW, AH 36 steel 

Abe et al. (1997) Trailing arc  CO2-MAG, 7 kW, 3 m/min, any process 
distance 

Leading arc (>2 mm 
separation) 

CO2-MAG, 5 kW, 0.6 m/min, 200 A, 25 V 

Hayashi et al. (2004) Leading arc (>0 mm) CO2-MAG, 30 kW, 500 A, 1 m/min, butt joint 

 

According to aforementioned analysis and Table 9, it can be concluded that the penetration 

depth relation to the torch arrangement also depends on the material, laser and arc power 

level (transfer mode), process distance, arc process type (gas metal arc, tungsten inert gas, 

or submerged arc), groove type and air gap.  

 

8.2.2. The effect of arc power  
The penetration depth of the arc welding mainly depends on the current that means the more 

current the deeper penetration can be reached. In hybrid welding the increase of arc current 

also promotes greater penetration depth. However, as discussed in Chapter 7.3, an 

excessive arc current can be harmful to penetration depth in hybrid welding due to increased 

absorption of the laser beam by arc plasma. In general, sufficient electric current is required 

to melt both the electrode and a proper amount of base metal. The power of the arc must be 

in balance with the power of the laser beam for the best quality as possible since the arc 

current can change weld shape dramatically (Liu et al., 2008; Qin et al., 2007; Gao et al., 

2008; El Rayes et al., 2004; Katayama et al., 2006). In addition, the metal transfer mode 

directly depends on the arc current.  
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Arc voltage (typical range is 17-40 V) influences on the total power of the arc which is equal 

to arc voltage and current multiplication. Hence, arc voltage also can affect penetration depth 

and weld width as well. (Khan, 2009) 

 

According to Liu et al. (2008) fiber laser-MAG hybrid welding produces ‘’V-shaped’’ welds. 

With the increase of MAG power, the penetration increased constantly (see Figure 68). 

However, the penetration with CO2 laser hybrid welding increased only from 100 A to 160 A, 

and then the penetration was not increased from 160 A to 200 A. The reason is that the 

plasma induced by MAG arc became stronger and stronger with the increased MAG current. 

The bead width increased with increase of MAG current in both hybrid welding processes.   

 
Figure 68. Effect of MAG power on penetration and bead width in laser-MAG hybrid welding 

(MAG leading) of high strength steel. A – is bead width of fiber laser-MAG welds, B – is bead 

width of CO2 laser-MAG welds, C – is penetration of fiber laser-MAG welds, D – is 

penetration of CO2 laser-MAG welds. (Liu et al., 2008) 

 

From experiments conducted by Chen et al. (2006) it can be clearly seen (Figure 69) that 

increase in arc current provides deeper penetration depth (up to 30% compared to LBW) 

until a certain critical point after which the penetration depth abruptly begins to decrease and 

becomes even lower than in LBW due to strong absorption of the laser beam by arc plasma. 

By using higher laser power, the critical point is reached at higher currents.   
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Figure 69. The effect of arc current on penetration depth in CO2 laser TIG paraxial hybrid 

welding. (Chen et al., 2006) 

 
The effect of arc power on weld penetration and weld bead shape has been studied by Qin et 

al. (2007). According to Figure 70a, with increase in arc power weld penetration increasing, 

however during hybrid welding excessive increase in arc power (more than 12-13 kW) 

penetration depth is not being high. As discussed in Chapter 7.3, the reason can be that 

large arc power begins to absorb laser power in larger amounts. Figure 70b shows steady 

increase in weld width with higher arc powers. 

 
Figure 70. The effect of arc power (current x voltage) on (a) weld penetration and (b) weld 

width. 2 kW Nd:YAG, pulsed MAG source, trailing arc arrangement, Ar+18% CO2, low 

carbon steel, welding speed 1.5 m/min. (Qin et al., 2007) 

 

According to Katayama et al. (2006), an increase in arc current helped to prevent 

significantly the internal porosity formation in hybrid welding due to more favourable direction 
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of the melt flow, increased width of the upper weld bead, and the keyhole diameter as 

presented in Figure 71.  

 

 

Figure 71. Schematic representation of the porosity formation and prevention during hybrid 

welding of stainless steel according to X-ray transmission real-time observation. (Katayama 

et al., 2006) 

 

According to studies conducted by Lappalainen et al. (2011), the MAG power fraction of the 

total used power does not affects the hardness change of the weld significantly in welding of 

9 mm thick S355 and AH 36 steels. However, the weld quality (less undercuts and lack of 

fusion) is increasing when the MAG power is higher. Welding of 10 mm thick plates (AH 36 

steel), the quality of welds increases only up to 70% of the MAG power fraction and hardness 

is not changing.      

 

Roepke et al. (2010) studied the effect of CO2 laser and MAG arc power on the 

microstructure of the EH 36 and DH 36 microalloyed steels. It was identified that the change 

in laser power do not alters the microstructure. However, the change in arc power produces 

significant changes in the microstructure. With higher arc power values (all other parameters 

are constant) the amount of acicular ferrite is increasing and ferrite with second phases is 

decreasing. Roepke et al. (2010) explained this trend by assuming that the higher arc powers 

provide higher heat input therefore slower cooling rate and by increasing arc power the 

amount of filler wire also increases.  
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8.2.3. The effect of modified metal transfer arc types on weld quality 
Recently, the Cold Metal Transfer (CMT) technique becoming popular, however combination 

of the CMT with a laser beam is not studied much. The CMT technique was developed by 

Fronius GmbH (Austria) which is MIG/MAG dip-transfer (short circuiting) arc process, where 

filler wire digitally controlled detects a short circuit and retracts the wire in order to promote 

droplet detachment. The CMT’s major advantages are reduced spattering problem due to 

more stable arc, outstanding gap bridging capability, reduced thermal input and high process 

flexibility. However, CMT has limitation in filler wire feed rate. (Karlsson & Kaplan, 2012) 

 

Karlsson & Kaplan (2012) compared the CMT mode to the conventional MAG-P and spray 

metal transfer mode hybrid welding. It was identified that CMT mode resulting narrower HAZ 

than spray and pulsed modes (see Figure 72) since lower power needed for filler wire 

melting; better stability and gap bridgeability of the hybrid process; and smaller weld pool 

geometry. All modes had excellent tolerance to surface position change from +1 to -1 mm. 

 

 

 

Figure 72. Hybrid welded high strength steel and resulting cross sections by combining a 

fiber laser beam with a) spray arc mode, b) pulsed arc mode, c) Cold Metal Transfer arc 

mode; d) HAZ and fusion zones. (Karlsson & Kaplan, 2012) 

 
 
 
 
 

Constant welding parameters 

7 mm Domex 420MC high strength steel 

CW 7 kW Yb:fiber laser (BPP = 10.3) 

400 µm focal point diameter 

Focal point position -3 mm 

2.6 m/min welding speed 

Process distance 3 mm 

Mison18 (82% Ar and 18% CO2), 20 l/min 

7 kW arc power (30 V) for spray and pulsed 

4.5 kW arc power (19 V) for CMT 

8 m/min filler wire feed rate 
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8.3. The effect of process distance 
The longitudinal distance between the centre of focused laser beam and the electrode wire 

tip is termed as process distance (also referred to as spacing, separation distance, or beam-

to-wire distance BTWD), with transversal process distance and transversal displacement 

equal to zero. The process distance characterise the efficacy of the hybridisation process 

and is considered as a key variable in HLAW (Ferjutz & Davis, 2004). By increasing the 

distance between two sources, eventually the coupling will be terminated, in other words the 

major part of the advantages of hybrid welding will be lost. In this situation, the process 

behaves as tandem welding. (Zhiyong et al., 2013) 

 

The process distance when two or more welding sources are hybridised, straightforwardly 

depends on the power balance (laser/arc power balance) which effect the molten pool size, 

joint preparation (type, bevelling type and air gap), material, process orientation (or torch 

arrangement), and travel speed.  (Ferjutz & Davis, 2004), (Piili et al., 2008) 

 

According to many studies, it can be concluded that the process distance mainly affects the 

penetration depth, bead geometry, and weld metal mixing. Weld metal mixing between base 

material and filler wire in MAG process has the major influence on the mechanical properties 

of the weld and therefore it must be considered more closely. The reason why process 

distance effect the mixing is that it changes the solidification morphology and increase in the 

distance will eventually separate laser form arc solidification pool (Ferjutz & Davis, 2004).  

 

Very accurate prediction of the process distance, in order of fraction of millimetre, with 

maximum synergy is the difficult task therefore the optimal process distance is used. The 

optimal process distance provides the highest penetration depth and logically this distance 

should be short enough, approximately 0-3 mm. (Olsen, 2009), (Fellman & Salminen, 2007) 

The results of the observed optimal process distance are compiled in Table 10. 

 

Table 10. Results of various researchers studying minimum laser-arc distance giving 

maximum penetration for various steels. BOP is bead-on-plate configuration. 

Research 
group/researcher 

Laser 
type and 

power 

Arc 
source 

Carbon steel, 
thickness 

Joint type Process 
distance of 
maximum 

penetration 

Other notes 
and used 

parameters 

Joo et al., 2004 Nd:YAG, 
3 kW 

TIG  AH 32  BOP 2 mm Leading arc 

Reutzel et al., 
2008 

Nd:YAG, 
4.5 kW 

MAG  AH 36, 10 
mm 

I-butt V, 
12D, 3 

2 mm (4 
mm 

At 16 mm 
distance 
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mm included) penetration 
occurs again 

Fellman & 
Salminen, 2007 

Fiber, 5 
kW 

MAG S355, 6 mm I 2 mm Trailing arc 
showed 

much better 
results 

Kim et al., 2008 Disk, 4 
kW  

MAG A grade, 10 
mm 

V 2 mm The lowest 
penetration 

at 4 mm 
Liu et al., 2008 Fiber, 2 

kW 
MAG HSLA 590 

MPa, 6 mm 
BOP 0 mm Trailing arc 

Thomy et al., 
2007 

Fiber, 1 
kW 

MAG X702, 12 mm BOP 4 mm 1.5 mm 
distance 

showed less 
depth 

Qin et al., 2007 Nd:YAG, 
2 kW 

MAG Low carbon 
steel, 10 mm 

BOP 1-3 mm Trailing arc 

Victor et al., 
2009 

Fiber, 10 
kW 

MAG AISI 1018 
(carbon steel) 

BOP 3 mm Leading arc 
gave higher 

depth 
Piili et al., 2008 Fiber, 5 

kW 
MAG S355, 6 mm I 0-2 mm Both torch 

arrangement  
Naito & Mizutani, 
2003 

Nd:YAG, 
1.7 kW 

TIG AISI 304, 5 
mm 

BOP 1 mm Trailing arc 

Ishide et al., 
2010 

Nd:YAG, 
3 kW 

MIG  SUS 3042 - 2 mm Coaxial 
hybrid 

welding 
1 High strength pipeline steels 
2 Japanese designation system of stainless steel 304 

 

As can be seen from Table 10, the optimal process distance for 1000 nm wavelength laser 

(fiber, disk and Nd:YAG) varies due to different laser power, arc source type and arc power, 

material, and joint configuration.  

 

Reutzel et al. (2008) at the Applied Research Laboratory at Pennsylvania State University 

studied Nd:YAG laser-MAG hybrid welding of thick section made of grade AH 36 shipbuilding 

steel by changing the process distance as one of the main variables. In case of 2 and 4 mm 

process distance during trailing arc configuration, full penetration and full metal mixing has 

been reached as can be seen from macrosections in Figure 73 since enough heat was 

provided to the welding area. When process distance is increased up to 6 mm, neither full 

penetration nor proper metal mixing can be achieved because no additional material and 

heat from the arc was provided. At even higher process distance 10 mm, full penetration is 

achieved again. However, two completely separated fusion zones occurred with some 

undercuts due to backside blow-through similar as in the autogenous Nd:YAG laser welding. 

(Reutzel et al., 2005b), (Reutzel et al., 2008) 
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Figure 73. Macroscopic analysis of fusion zone profile in hybrid welded joints by changing 

process distance (10 mm thickness plate, V preparation with 40° bevel angle, 0.9 m/min 

welding speed and 8.9 m/min wire feed speed, laser-leading configuration). (Reutzel et al., 

2008) 

 

Figure 74 represents how penetration depth is depends on process distance and welding 

speed. Since the increase in welding speed reduced the heat flux per unit length therefore 

reduction in penetration depth is occurred at any process distance up to 10 mm. However at 

higher process distances (10 mm) and welding speeds (1 m/min) full penetration is achieved. 

It was suggested that at such process parameters the arc does not interact with the laser. In 

addition, smaller bevelling angle eliminates undercuts in welds. (Reutzel et al., 2005b), 

(Reutzel et al., 2008) 

 
Figure 74. Macroscopic analysis of welds according to various welding speed and process 

distance 10 and 16 mm (10 mm thickness plate, V preparation with 12° bevel angle, trailing 

arc configuration). (Reutzel et al., 2005b) 

 

Qin et al. (2007) studied the penetration depth and weld bead geometry variations according 

to the process distance at different current levels as shown in Figure 75. Maximum 
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penetration has been reached at 3 mm process distance (trailing arc arrangement) with 

higher arc current.   

 
Figure 75. Variations of weld shape parameters according to laser-arc distance (2 kW 

Nd:YAG, pulsed MAG source, Ar+18% CO2, low carbon steel, welding speed 1.5 m/min). 

Positive sign means trailing arc arrangement, negative is leading arc. (Qin et al., 2007) 

 

Kim et al. (2008) studied the effect of process distance on weld quality and penetration by 

using 4 kW disc laser with MAG source 320-400 A in active shielding gas (Ar 80%+CO2 

20%). Sources separated at 0 mm distance have generated undercuts.  The maximum 

penetration depth was achieved during 2 mm process distance. Subsequent increase in 

process distance from 2 mm to 4 mm gave a sharp decrease in penetration depth.  

 

The studies where Nd:YAG laser and MIG source were combined by Ishide et al. (2010), 

suggest that for gaining maximum penetration depth it is advisable to create some deviation 

equal to 2 mm between two sources since in case of 0 mm process distance the laser energy 

mainly is used to melt filler wire instead of creating deeper penetration in the keyhole. If 

deviation is more than 2 mm, the penetration depth starts to decrease again.  

 

Figure 77 clearly shows a decrease in penetration with increase in process distance for both 

CO2 and fiber laser-arc hybrid welding. However the fiber laser-MAG hybrid welding process 

shows a rapid fall in penetration depth from 0 to 1 mm process distance and from 1 to 2 mm 

constant penetration. The reason of very deep penetration in case of 0 mm separation lies in 

the absence of plasma plume during process as shown in Figure 76a and therefore there is 

no attenuation of the laser beam due to absorption by plasma plume. In contrast, CO2 laser-

MAG hybrid welding shows a slight increase in penetration from 0 to 2 mm and after 

 
 



97 
 

gradually decline similarly to fiber laser-MAG hybrid welding. The reason of such tendency is 

due to attenuation of the CO2 laser beam by formed plasma plume which has large volume 

and high brightness compared to fiber laser induced plasma plume (see Figure 76b), and it 

seems that the volume and brightness is increasing with shorter distance. In addition, the 

average penetration depth of fiber laser-MAG is higher by 0.5 mm. (Liu et al., 2008) 

 
Figure 76. Plasma plume formation during (a) fiber laser-MAG hybrid welding and (b) CO2 

laser-MAG hybrid welding when process distance is 5 mm. (Liu et al., 2008) 

 
a)                                                                   b) 

Figure 77. The effect of process distance on penetration depth (a) and resulting cross-

section (b) of hybrid welding in fiber laser-MAG and CO2 laser-MAG hybrid welding. (Liu et 

al., 2008) 

 

Studies made by Thomy et al. (2007) revealed that shorter process distance, namely 1.5 

mm, provides less penetration depth than in case of 4 mm distance. The suggested reason 

was that the spot of the laser beam is defocused on the melt pool surface due to depression 

of melt pool area by the arc. However the weld cross-section area (reinforcement area is 

excluded) in case of 1.5 mm separation is larger, that means increased melting efficiency. In 

addition, in both cases weld metal mixing is satisfied, in other words there is no two separate 

melt pool. (Thomy et al., 2007) 
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From studies performed by Victor et al. (2009) who welded carbon steel AISI 1018 in bead-

on-plate configuration, the process distance had a minor effect on penetration depth (see 

Figure 66), the maximum peak was at 3 mm in arc leading configuration. However the 

process distance had some effect on the metal mixing. At short distance, the weld zone had 

the one solidification zone compared to longer distances (5 mm) between beam and arc 

where two solidification zones were distinguished at 2 m/min welding speed. (Victor et al., 

2009)  

 

According to Piili et al. (2008), it was identified that 0-3 mm process distance between 

sources affects neither the weld quality nor the weld cross-sectional area significantly (see 

Figure 78) by using fiber laser power in the range of 1980-2200 W combined with arc in 

synergetic regime (wire feed rate 4.5 m/min), 1.0 m/min welding speed, focal point position is 

-3 mm, and 0.5 mm air gap. When process distance increased to 3 mm, trailing arc setup 

produced unacceptable quality welds due to severe porosity in the upper part of the joint. 

Moreover, trailing arc arrangement behaves as tandem hybrid welding due to visible 

distinction between two weld pools.   

 
Figure 78. The macrographs of welds made with various process distances and torch 

directions. (Piili et al., 2008)  

 

The distance between the laser and arc needs to be longer in case of leading arc compared 

to trailing arc configuration since the keyhole was not formed when process distance was 0-1 

mm, and produced unacceptable weld quality as presented in Figure 79 due to lack material 

in front of the laser beam. When the trailing arc was used at 0 mm process distance, the arc 

generated appropriate amount of molten metal which promotes the keyhole formation. As it 

was expected, undercutting occurred in leading torch arrangement at 0-4 mm process 
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distance because of narrower arc and molten metal being transferred mostly to the middle of 

the groove. Trailing arc arrangement tends to produce sagging when process distance is 

increasing. From experiments, it can be concluded that torch arrangement affects required 

process distance in order to produce acceptable quality welds. (Fellman & Salminen, 2007)  

 
Figure 79. The effect of process distance and torch arrangement on weld shape. Welding 

conditions: 5 kW fiber laser, 0.5 mm focal point diameter, 6 mm S355 steel, focal point 

position -5 mm, 3 m/min welding speed, 11.8 m/min filler wire feed rate, and 0.5 mm air gap 

in a butt joint. (Fellman & Salminen, 2007)  

 

According to Roepke et al. (2010) the process distance has very strong effect on the 

developed microstructure during welding of microalloyed shipbuilding steels EH 36 and DH 

36. Higher amount of acicular ferrite can be delivered by increasing process distance. As a 

result, the hybrid welds produced at higher process distance are similar to MAG welds since 

lower penetration depth is achieved and thereby the dilution of the filler material is 

decreased.  

 

Based on aforementioned analysis of the scientific articles it can be concluded that: 

• The optimal of process distance between the short-wavelength laser beam (1000 nm) 

and the arc is 0-2 mm regardless workpiece thickness, however depend on power 

balance of the sources and torch arrangement; 

• At longer process distance (>4 mm), the base metal and the filler wire has no proper 

mixing, therefore two solidification zones occurs in weld. While at short distances (0-3 

mm) there is better weld metal mixing;  

• Higher process distance can generate more favourable microstructure, however the 

penetration depth will be decreased; 
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• Despite the fact that Nd:YAG and fiber laser has the same wavelength, the optimal 

process distance can slight differ due to other beam properties such as laser beam 

quality. 

 

8.4. The effect of groove preparation and air gap  
Bridgeability is one of the main reasons why laser-MAG hybrid welding is used. Therefore 

the combination of MAG process with laser beam provides the highest possible bridgeability 

compared to autogenous laser welding and other laser-arc process such as laser-PAW or 

laser-TIG hybrid welding. The reason is that MAG process generates higher amount of the 

molten filler material during welding which is sufficient to bridge large air gap and to fill the 

groove faster and more efficiently.  

 

According to many studies (Hong & Lee, 2007; Piili et al., 2008; Hayashi et al., 2003; Ishide 

et al., 2010; Thomy et al., 2007; Cao et al., 2011; Fellman & Salminen, 2007; Grünenwald et 

al., 2010; Tsukamoto et al., 2008; Vollertsen & Gruenenwald, 2008) air gap has a significant 

effect on productivity and quality. The use of air gap the welding speed can be increased 

significantly or with increase in air gap the power of the laser can be reduced at lower 

welding speed since the laser needs to melt less material compared to no air gap joints 

(bead-on-plate). The implementation of air gap can help to weld thicker plates (see Figure 

80) at the same parameters as reported by Vollertsen & Gruenenwald (2008). Another 

suggestion of the air gap advantage is reduced porosity due to larger area of the weld which 

increases the possibility for gas escaping from weld before solidification. However with an 

increase in air gap, the process becomes more unstable since at some point, the diameter of 

the laser beam becomes smaller than the air gap therefore there is no material to melt and 

keyhole cannot be emerged. In this situation the filler wire feeding must be increased as well 

as the total arc power to supply appropriate amount of metal for the keyhole generation. The 

excess of the molten metal from filler wire in the process area also can generate instabilities 

of the keyhole dynamics.  
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Figure 80. The effect of small air gap on fiber laser-MAG two-pass welding capability of 16 

mm X65 pipeline steel. (Vollertsen & Gruenenwald, 2008)  

 

According to the studies conducted by Hayashi et al. (2003), it was concluded that the 

keyhole in case of air gap larger than 1.0 mm, when diameter of laser beam is smaller than 

air gap, is formed by vapourisation recoil pressure (see Figure 81a) in trailing arc 

configuration and horizontal welding position (PC according to ISO 6947). 

        
a)                                                 b) 

Figure 81. (a) Phenomenon during laser-MAG hybrid welding which shows flow of the molten 

filler wire into the air gap in trailing arc configuration (Hayashi et al., 2003). b) The pressure 

balance at the root Y-groove preparation (Petring et al., 2007). 

 

Identification of the maximum bridgeability. To identify maximum bridgeability in the hybrid 

weld joint is a difficult task. During the HYBLAS project, Fraunhofer ILT developed a physical 

model of the gap situation (Figure 81b) by implementing a momentum or pressure balance 

approach. The physical model is valid for Y-groove preparation. The amount of wire is easy 

calculable since it straightforwardly depends on bevelling (groove volume to be filled), gap 

volume between plates and welding speed. The factors determining the limits of the 

maximum possible air gap width (wmax) can be understood from the equation: 

 
 



102 
 

( )2/
2

2max
mvgt

w
+

=
ρ

σ
                                                    (19.0) 

 

Where σ is the surface tension, ρ is the metal density, g is the gravitational constant (9.81 

m/s), t is the thickness of specimens, and vm is melt flow velocity. (Petring et al., 2007) 

 

According to the equation 19.0 it can be clearly seen that the maximum allowable gap width 

wmax can be regulated by the surface tension which can be increased by root protection with 

shielding gas, melt flow velocity vm (reducing melt velocity vm by ensuring a stable process 

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

gravitation effect (avoiding gravitational effects by using horizontal welding position PC 

according to ISO 6947). The arc pressure is excluded from the equation due to its minor 

contribution. (Petring et al., 2007) 

 

From HYBLAS project it was identified that maximum bridgeability achievable in flat position 

is 0.75 mm and in horizontal position 1 mm (see Figure 82) at the same welding parameters 

during CO2 laser-arc hybrid welding of 15 mm structural steel in butt joint configuration. 

During welding in horizontal position by lowering welding speed the bridgeability can be 

extended up to 3 mm.  

   
a)                                                        b) 

Figure 82. Maximum achievable bridgeability (a) in flat position (6° V, PA) with 1.2 m/min 

constant welding speed and (b) in horizontal position (6° V, PC). (Petring et al., 2007) 
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The studies conducted by Cao et al. (2011) who utilised the fiber laser-MAG hybrid welding 

for joining thick section made from high strength low alloy steel HSLA-65, clearly reveals the 

advantages of the air gap in the joint. In tests with no air gap (Y-groove preparation with 12º 

bevelling angle, 2 mm root size) with various welding speeds (1.0-2.4 m/min) at constant 

laser power of 5.2 kW, lack of penetration was seen. As a consequence, to achieve full 

penetration welding speed must be lower than 1.0 m/min however the productivity will be 

reduced dramatically. Moreover, at such low welding speeds for hybrid welding, the keyhole 

cannot be maintained as stable and leads to severe porosity. Since laser was power limited 

up to 5.2 kW, the last options were to facilitate air gap in the joint, change torch arrangement, 

or optimise root size. By increasing air gap from 0 mm to 0.1 mm, full penetration was 

achieved even at 1.4 m/min welding speeds with leading arc configuration. Further increase 

in air gap size showed that welding speed can be enhanced, otherwise drop-through and 

undefills in the welded joint occurs.   

 

Piili et al. (2008) tested the behaviour of two different air gaps (0.5 mm and 0 mm) on weld 

quality. According to the results, it was more difficult to achieve full penetration with no air 

gap configuration, especially with leading torch arrangement. When air gap was 0.5 mm, 

penetration is complete and base and filler wire material mixing is better. In general, the 

implementation of 0.5 mm air gap facilitates better quality of welds due to more stable 

keyhole and deeper penetration is reached. Similar results are reported by Fellman & 

Salminen (2007), and it was observed that leading arc arrangement with increase in air gap 

caused more severe undercutting and incomplete filled weld are formed even if filler wire 

feed rate is increased.  

 

Thomy et al. (2007) studied the presence of air gap effect on weld bead quality, weld cross 

section, hardness, and static strength. In experiments they have used single-mode fiber laser 

(IPG YLR-1000) combined with MAG source welding of 1.5 mm thin DC05 (1.0312, 

automotive steel, designation according to EN 10027-1) cold rolled low carbon steel sheet.  
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a)                                                               b)        

Figure 83. Effect of air gap on top region hardness (a) and tensile strength (b). (Thomy et al., 

2007) 

 

The observations showed that hardness of welds does not change if air gap is changing from 

0 to 0.8 mm. However the air gap had a significant effect on weld bottom region hardness as 

shown in Figure 83a, where larger air gap (0.8 mm) generated higher hardness. The reason 

of such effect is that in case of larger air gap larger quantity of filler metal was supplied to the 

bottom of the joint. Researchers claimed that cooling conditions does not have very 

significant effect on hardness and the hardness distribution on top region proves it. Tensile 

testing yields that ultimate tensile strength is comparable to base metal regardless air gap 

size. However from Figure 83b it can be noticed that with increase in air gap the ultimate 

tensile strength is slightly improved. (Thomy et al., 2007)   

 

According to Hong & Lee (2007), the weld metal toughness of DH 36 microalloyed steel can 

be improved from 37 J to 55 J (at -20 °C) with 0 mm air gap compared with 1 mm air gap. 

The main reason was the dilution conditions of the base and filler metal. In case of smaller 

air gap, the dilution is increasing between base material (CE=0.34) and filler wire (CE=0.25-

0.31). As a result, carbon equivalent in weld metal is increasing therefore lower bainite is 

generated which is more favourable than upper bainite which form with larger air gap 

distance. However researchers have used CO2 laser hybrid welding system and results for 

fiber and disk laser hybrid system can show different results.  

 

Grünenwald et al. (2010) reported the significant improvement in weld quality by 

implementing 0.5 mm air gap compared to zero gap configuration during fiber laser-MAG 

hybrid welding of 9.5 mm X65 and 14 mm X70 pipeline steels.  
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According to Tsukamoto et al. (2008), the air gap also effects on distribution of filler wire 

elements. The study confirms that the element distribution is better with trailing arc 

arrangement even with 0 mm air gap. However, during leading arc arrangement increase in 

air gap helps to achieve more homogenous distribution of the elements as well as for trailing 

arc arrangement. The presence of ar gap is always beneficial for elements distribution or 

weld metal mixing since the droplets from filler wire easier reaching the root of the joint 

(Fellman, 2008) compared to bead-on-plate or zero air gap joint configurations.  

 
9. Fiber and disk laser-arc hybrid welding of AHSS  
It was proven by many studies that combination of new fiber and disk lasers with MAG and 

other arc welding processes can achieve the highest weld quality for carbon steels 

(Lappalainen et al., 2011; Fellman & Salminen, 2007; Piili et al., 2008), shipbuilding steels 

(Cao et al., 2011), stainless steels (Fellman & Westin, 2008), and conventional HSS (Liu et 

al., 2008; Eriksson et al., 2013; Grünenwald et al., 2010). However fiber or disk laser-arc 

hybrid welding can be successfully applied in joining of extra- and ultra-high strength low-

alloy steels (Laitinen et al., 2009; Siltanen & Tihinen, 2012; Siltanen et al., 2011; Laitinen et 

al., 2013). 

 

Laitinen et al. (2013) studied disk laser-MAG hybrid welding on butt joints of two extra-high 

strength steels produced by different manufacturing processes, thermomechanically hot 

rolled with direct quenching and tempering Optim 700 QL steel (equivalent to S690 QL steel 

according to EN 10025-6), and thermomechanically hot rolled followed by an accelerated 

cooling Optim 700 MC Plus steel (equivalent to S700 MC steel according to EN 10149-2).  

 

According to the results presented in Figure 84, it can be concluded that Optim 700 QL steel 

experienced excessive hardening (411 HV5) of the HAZ compared to Optim 700 MC Plus 

since hardening is the limiting factor for higher cooling rate or minimum heat input. In 

addition, welded Optim 700 QL steel showed poorer results in bending tests. On contrary, 

Optim 700 MC Plus steel experienced minor softening of the HAZ since softening is the 

limiting factor for low cooling rate or maximum heat input. As a result, decreased heat input 

by increasing welding speed can reduce softening of the HAZ and increase impact to 

toughness, yield, and tensile strength, accompanied by lower grain coarsening. (Laitinen et 

al., 2013) 
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Impact toughness testing was performed at -40 °C successfully for both steels. Optim 700 

MC Plus steel joint had better results in the CGHAZ (1 mm distance from fusion) due to more 

favourable microstructure which was bainite compared to coarse lath martensite of the Optim 

700 QL. However, Optim 700 QL had better results in weld metal region. (Laitinen et al., 

2013) 

 

 
a)                                                       b) 

Figure 84. Resulting mechanical properties of hybrid welded 10 mm thick plates of Optim 

700QL and Optim 700MC Plus by using 1.0 mm diameter matching solid filler wire Bӧhler 

X70-IG. (a) Impact toughness. (b) Hardness profiles when heat input is 0.5 kJ/mm. (Laitinen 

et al., 2013) 

 
 
Siltanen et al. (2011) investigated the effect of base material Optim 96 0QC and S96 0QL, 

groove preparation (Y-joint with 20° and 10° groove angles), heat input (0.31 kJ/mm for Y-

10° joint and 0.63 kJ/mm for Y-20° joint) and filler wire material (matching Böhler Union X96, 

undermatching Bӧhler X70-IG and ESAB OK Autrod 12.51) on mechanical properties of fiber 

laser-MAG hybrid welded joints. The experiments demonstrated that strength of joints do not 

depend much on the filler wire therefore it was proven that even non-alloyed ferrite welding 

wire such as OK 12.50 can be utilised without reduction in mechanical properties of the joint  

which leads to cost savings since Union X96 is more expensive due to Ni, Mo, V, Cr, Ti 

alloying elements. Moreover, undermatched filler wires X70-IG and ESAB OK Autrod 12.51 

produced fairly adequate mechanical properties of the welds and it can be concluded that fro 

extra-high strength low-alloy steels matching and undermatching filler wire are suitable. As 

shown in Figure 85, the undermatched filler wires Bӧhler X70-IG and ESAB OK Autrod 12.51 

promoted higher impact toughness at low temperatures. However, undermatched filler wires 

can increase softening of HAZ. Conversely, matching filler wire can create excessive 
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hardness in welds. In addition, Optim 960 QC showed wider and deeper soft zone compared 

to S960 QL. 

Figure 85. The results of Charpy-V impact toughness test at -40 °C temperature. 

Requirement value is 14 J (red line). (Siltanen et al., 2011) 

 

Laitinen et al. (2009) studied differences in welding of direct quenched S690 QL high 

strength steel by using 8 kW disk (TruDisk 8002) and fiber laser (IPG 8000 YLR) combined 

with MAG. The results of the experiments revealed that 10 mm S690 QL can be welded with 

1.6-2.0 m/min range welding speeds by disk- and fiber laser, both processes successfully 

passed impact toughness testing (20 J at -40 °C) and small hardness variation (see Figure 

86), and very narrow soft zones were achieved. In addition, it was determined that impact 

toughness decreases with increase in welding speed. However, welding speed had no 

significant difference on the impact toughness of the HAZ.   

 

 
Figure 86. Hardness profiles of disk laser-MAG hybrid welding on the left and fiber laser-

MAG hybrid welding on the right. (Laitinen et al., 2009) 
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10. Conclusions and summary 
The main purpose of this thesis is to review short-wavelength laser-arc hybrid welding 

parameter on the quality and productivity of the various types of steel. In order to gain better 

understanding of arctic conditions, these are briefly discussed. To indicate possible 

applications of the materials, the most important offshore projects were introduced and briefly 

described.  

 

Generally, hybrid welding provides many advantages. Recently, by developing fiber lasers 

hybrid welding can offer even more improvements. According to the analytical study of the 

hybrid welding parameters and comparing short-wavelength lasers (Nd:YAG, fiber and disk) 

with CO2 laser combined with arc source it can be concluded: 

 

• Fiber laser-arc hybrid welding process offers improved joining capabilities due to 

short-wavelength and excellent laser beam properties therefore energy and cost 

savings, higher joining efficiency, deeper penetration, higher welding speed (at the 

same power level), improved weld quality and mechanical properties are achieved. 

• Short-wavelength of fiber laser generates weakly ionised plasma compared to CO2 

laser, as a result neither considerable absorption of the laser beam by plasma plume 

nor destabilisation of the metal transfer occurs.  

• Fiber laser-MAG welding process promotes suitability to weld high strength steels up 

to 1100 MPa due to shallower HAZ zone width and little softening of the HAZ. 

• Fiber laser due to its flexibility can be implemented to weld in Arctic conditions ‘‘in 

field‘‘, for example, in pipe-laying industry. 

• Shielding gas used for fiber laser-arc hybrid welding is argon which is much cheaper 

than helium used for CO2 laser-arc hybrid welding. Moreover, addition of the CO2 or 

O2 shielding gas to argon further decrease the operating costs significantly and 

stabilise the arc during welding of steels. 

• Leading arc process configuration provides higher penetration however it depends on 

the air gap widening, process distance and power levels of the sources. 

• Leading arc process at higher welding speeds can be destabilise the keyhole since 

trajectory of the droplets are closer to the keyhole formation. 

• Leading arc configuration is more prone to undercut formation whereas in trailing arc 

configuration sagging is highly probable.  

• Trailing arc configuration provides better weld metal mixing and distribution of alloying 

elements due to inward molten metal flow. However oxygen can change molten metal 
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flow from inward to outward. In addition, the bridgeability is more improved compared 

to leading arc configuration. 

• Implementation of the air gap in butt joints can be beneficial for improved mechanical 

properties of the weld and productivity. 

• Optimal longitudinal process distance between source in case of short-wavelength 

lasers (fiber, disk, and Nd:YAG) is from 0 to 2-3 mm which is more closer than in case 

of CO2 lasers due to laser beam properties and laser-induced plasma plume 

dependency on the shielding gas composition. 

• Increase in longitudinal process distance between source is harmful for penetration 

depth and weld metal mixing, however favours microstructural development. 

• Mechanical properties can be improved further by increasing the arc power, however 

due to higher filler metal feed rate the keyhole might be destabilised.  

• During hybrid welding, lower power level is required induce keyhole mode at low 

powers, therefore melting efficiency can be significantly improved. 

• Additional heat from laser beam irradiation and plasma plume can change the metal 

transfer from short-circuiting into spray metal transfer mode.  

• Coaxial hybrid welding offers even more advantages over paraxial arrangement of 

the welding sources however it can be limited in welding of thick plates due to 

degradation of the laser beam quality and limited power. 

• By combining laser beam with MAG process provides the best option for filling 

grooves and bridgeability compared to other laser-arc combinations. 

• An increase in arc current promotes higher absorption of the laser beam by arc 

plasma therefore penetration depth can be decreased.   

• Focal point position in hybrid welding is tolerated in wide range compared to LBW 

whereas it significantly affects the penetration depth and geometry of the weld. 

• Modulation of the laser beam provides extended capabilities in hybrid welding 

however synchronisation between laser beam and arc parameters is difficult to 

perform. 

 
According to the major findings it can be also concluded that hybrid welding is a proven 

technology in joining of various thicknesses with improved mechanical properties. 

 

Hybrid welding due to many additional arc parameters is flexible and adaptive joining 

process with high and even unexplored capabilities. Moreover, recent developments offers 

different and unique pulsing and other arc regimes with capabilities in building the unique 
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pulse shapes which provides opportunity to increase the productivity. Hybrid welding usually 

utilised CW laser mode which can cause certain problems for pulsed arc source, therefore 

the pulsed laser which is synchronised with an arc can improve process stability and even 

productivity. However, not much research is done in this particular phenomenon which can 

bring interesting results.  
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APPENDIX 1 
Hybrid welding capabilities in joining of various steels with a single pass (welding parameters which give appropriate quality of welds)  

 
Notes: in hybrid welding focal spot position is irrelevant since usually it is below surface, beam quality is irrelevant, leading arc designated as LA, 

leading laser designated as LL, if parameters are available for both torch directions then it is designated as B. Arc is pulsed, if current and voltage is not 

identified that means synergetic control is used.  
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X65 9.5 Fiber+MAG 

(4.2) 

I 0 1.0-2.0 8 0.22 LA 312 24 7.5 1.2  Grünenwald et al. 

(2010) 

S960 QL 10 Fiber+MAG 

 

I  1.6 8  LA 309 24 7.5 1.2 2-5 Laitinen et al. 

(2009) 

S960 QL 10 Disc+MAG I  1.8-2.0 7.6  LA 265 26.5 6 1.2 2-5 Laitinen et al. 

(2009) 

AH36 10 Nd:YA+MIG 20°Y  0.9 4.5 0.6    8.9 1.2 2-4 Reutzel et al. 

(2008) 

316L 8 Fiber+MAG 

(6.0) 

I 0.5 1.5 5  B 188 28 7.5 1.2 2 Fellman & Westin 

(2008) 

2205 duplex 8 Fiber+MAG I 0.3 1.5 5  LA 192 34 11 1.2 2 Fellman & Westin 



 
 

(6.0) (2008) 

960 QC 6 CO2+MIG I 0.5 1.5-2 5  LL   8-10.7 1.0 2-3 Leiviskä et al. 

(2007) 

960 QC 6 Fiber+MAG 

(6.0) 

I 0.5 2-3 5.1  B   9.2-15 1.0 2-3 Leiviskä et al. 

(2007) 

960 QC/ 

S960 QL 

6 Fiber+MAG 10°Y 0 3.3 9.2  LA 230 33 14 1.0 3.5 Siltanen et al. 

(2011) 

960 QC/ 

S960 QL 

6 Fiber+MAG 

(6.0) 

20°Y 0 1.8 10  LA 245 34 16 1.0 3.5 Siltanen et al. 

(2011) 

HSLA-65 9.5 Fiber+MAG 

(6.0) 

6°Y 0.1-0.3 1.4-1.6 5.2 0.33 LL 226-

233 

22.9-

23.3 

8 1.2 2 Cao et al. (2011) 

HSLA-65 9.5 Fiber+MAG 

() 

6°Y 0.1-

0.25 

1.4-1.6 5.2 0.33 LA 220-

228 

23 8 1.2 2 Cao et al. (2011) 

HSLA-65 9 Fiber+MAG 6°Y 0.1 1.4-1.7 5     8   Munro et al. 

(2012) 

X65 16 Fiber+MAG 

(11.2) 

I  2.2 17-

19 

0.5 B 364-

436 

35-

37 

14 1.2  Gook et al. (2011) 

S355 6 Fiber+MAG 

(4.5) 

I 0 1.0 2.0 0.5 B S S 4.5 1.2 0-2 Piili et al.(2008) 

X80 12.7 Fiber+ MAG I  1.8 7 0.6  215 25 10 1.0  Howse et al. 

(2005) 

DC05 1.5 Fiber+MAG I 0-0.8 2 1.0 0.02  118 18 3 1.2 1.5 Thomy et al. 

(2007) 

DH36 8 Nd:YA+MIG I  0.9 4     17.3   McPherson et 

al.(2005) 

 
 



 
 

DH36 6 Nd:YAG+MIG I  1.0 4     17.3   McPherson et 

al.(2005) 

DH36 4 Nd:YAG+MIG I  1.5 4     17.3   McPherson et 

al.(2005) 

DH36 12 CO2+MIG I  1.6 10.5     17.5   McPherson et 

al.(2005) 

DH36 9 CO2+MIG I  2.2 9.3     17.5   McPherson et 

al.(2005) 

DH36 6 CO2+MIG I  2.8 8.2     17.5   McPherson et 

al.(2005) 

S355 6 Fiber+MAG 

(4.4) 

I 0.5 3 5 0.5 LL   11.8 1.2 0-1 Fellman & 

Salminen (2007) 

S355 6 Fiber+MAG 

(4.4) 

I 0.5 3 5 0.5 LA   11.8 1.2 2-4 Fellman & 

Salminen (2007) 

S355 6 Fiber+MAG 

(4.4) 

I 0-0.5 3 5 0.5 LA   5-11.8 1.2 2 Fellman & 

Salminen (2007) 

S355 6 Fiber+MAG 

(4.4) 

I 0-1 3 5 0.5 LL   5-19.1 1.2 2 Fellman & 

Salminen (2007) 

EH36 12 CO2+MIG 4°Y 0.5 1.2 9.6  B   12.0 1.2 1-7 Petring et al. 

(2007) 

EH36 20 CO2+MIG I  0.8 16.2     10.0 1.2  Petring et al. 

(2007) 

DH36 4 CO2+MIG I 1.0 1.3 5 0.6    9 1.0  Allen et al. (2007) 

S275 8 Nd:YAG+MIG I 0.5 0.85 3.7 0.6    9 1.0  Allen et al. (2007) 

DH36 8 CO2+MIG I 0.5 0.9 5 0.6    7.5 1.0  Allen et al. (2007) 

 
 



 
 

APPENDIX 2 
The list of some carbon steel which can be used in Arctic conditions  

 

Standard Steel Design 
temperature, °C 

(27 J) 

SFS-EN 10025-3 (Normalised/normalised rolled weldable fine grain structural steels) S275NL 

S355NL 

S420NL 

S460NL 

-40 

-40 

-40 

-40 

SFS-EN 10025-4 (Thermomechanical rolled weldable fine grain structural steels) S275ML 

S355ML 

S420ML 

S460ML 

-50 

-50 

-50 

-50 

SFS-EN 10025-6 (Flat products of high yield strength structural steels in quenched and 

tempered condition) 

S460QL 

S500QL 

S550QL 

S620QL 

S690QL 

S890QL 

S960QL 

S460QL1 

S500QL1 

-40 

-40 

-40 

-40 

-40 

-40 

-40 

-60 

-60 

 
 



 
 

S550QL1 

S620QL1 

S690QL1 

S890QL1 

-60 

-60 

-60 

-60 

SFS-EN 10028-2 (Flat products made of steels for pressure purposes. Non-alloy and alloy 

steels with specified elevated temperature properties) 

P275NL1 

P275NL2 

P355NL1 

P355NL2 

P460NL1 

P460NL2 

-40 

-50 

-40 

-50 

-40 

-50 

 
 



 
 

Offshore standard DNV-OS-B101 (Metallic materials). IACS (International Association of 

Classification Societies) member.  

NV E 

NV E27S 

NV E32 

NV E36 

NV E40 

NV E420 

NV E460 

NV E500 

NV E550 

NV E620 

NV E690 

NV F 

NV F27S 

NV F32 

NV F36 

NV F40 

NV F420 

NV F460 

NV F500 

NV F550 

NV F620 

NV F690 

-40 

-40 

-40 

-40 

-40 

-40 

-40 

-40 

-40 

-40 

-40 

-60 

-60 

-60 

-60 

-60 

-60 

-60 

-60 

-60 

-60 

-60 

 
 



 
 

ISO 3183 (Petroleum and natural gas industries – Steel pipe for pipeline transportation 

systems) 

L320 or X46 

L360 or X52 

L390 or X56 

L415 or X60 

L450 or X65 

L485 or X70 

L555 or X80 

Lower than -60 

Lower than -60 

Lower than -60 

Lower than -60 

Lower than -60 

Lower than -60 

Lower than -60 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 
 
 

APPENDIX 3 

The Arctic projects and offshore structures 

 

Project, 
offshore 
structure 

Description Figures 

Ice-resistant 

platform 

‘’Prirazlomnaya’’ 

OIRFP (Offshore Ice-Resistant Fixed Platform) ‘’Prirazlomnaya’’ designed for 

drilling, production of oil in the Arctic region (operating in the Prirazlomnoye 

oilfield, the Pechora Sea, 60 km from shore and in 19-20 m water depth) and 

built in 2004. It was estimated that the ‘’Prirazlomnaya’’ costs are about $800 

million.  

The platform consists of the topsides (weights 39 000 tons) and caisson 

superblocks for oil and water storage (total weight of 97 000 tons). A large 

variety of microalloyed steels such as E36CB, E36W, E40W, F36SCB, F36SW, 

F40W in thicknesses from 15 to 45 mm were used and have a total weight of 38 

000 tons. For various technological modules (production of oil, offloading 

systems) other steel types were used such as stainless steel. 

Technical parameters of the platform: height 141 m, length and width 126 m, 

crew 200 workers. 

 

References: 

1. Gorynin, I.V., Rybin V.V., Malyshevskij V.A., 2009. Materials for the hull 

 

 

 
 



 
 

constructions and energetic equipment. Questions of Material Science, 

3(59), (In Russian), p.108-126. 

2. http://www.shelf-neft.gazprom.ru/en/?type=ecology (In English) 

3. http://sdelanounas.ru/blogs/7112/ (In Russian) 

4. http://www.offshore-technology.com/projects/prirazlomnoye/ (In English) 

Cold-resistant 

oil drilling 

offshore 

platform 

’’Arcticheskaya’’ 

 

Non-self-propelled SFDR ‘’Arcticheskaya’’ designed by CDB ‘’Corall’’ company 

(Ukraine) for drilling oil in the Arctic region design to withstand -40 °C low 

temperatures and to the depth of 6500 m. The owner of the platform is RJSC 

‘’Gasprom’’ (Russian Federation).  

The platform was made from cold-resistant microalloyed D500W, E500W, 

F500W extra-high strength steels in thicknesses of 20-50 mm. The overall size 

of the platform is 106x75x75 m with the total weight of 14 800 tons which stands 

on three cylindrical supports of 6 m in diameter. 

 

References: 

1. http://www.oaoosk.ru/product12_m.html (In Russian) 

2. Gorynin, I.V., Rybin V.V., Malyshevskij V.A., 2009. Materials for the hull 

constructions and energetic equipment. Questions of Material Science, 

3(59), (In Russian), p.108-126. 

3. http://www.sevmash.ru/eng/production/sea-tech/arctic (In English) 

 

 
 

http://www.shelf-neft.gazprom.ru/en/?type=ecology
http://sdelanounas.ru/blogs/7112/
http://www.offshore-technology.com/projects/prirazlomnoye/
http://www.oaoosk.ru/product12_m.html
http://www.sevmash.ru/eng/production/sea-tech/arctic


 
 

The ‘‘Goliat‘‘ 

development 

project 

The Goliat field is an offshore oil field located in the Barents Sea (water depth 

400 m), north of Russia and Norway. The oil in this field was discovered in 2000 

and contains oil reserves about 174 million barrels (27.7×106 m3). The 

development concept was started in 2009 by the Government of Norway and 

expected to execute in 2013 (the fourth quarter). The project id driven by two 

companies: operator Eni Norge (65%, Norway) and Statoil (35%, Norway). For 

preliminary investigation of the project strategy other companies were included 

such as Sevan, ABB, Hyundai, SAL, AGR and Aker. The estimated project price 

is about $ 4.34 billion. 

The field will be developed by using Goliat FPSO, a floating production storage 

and offloading unit. Goliat FPSO was built (in 2012) at Ulsan yard  by Hyundai 

Heavy Industries (South Korea).  

 

References: 

1. http://www.eninorge.com/en/Field-development/Goliat/Timelapse/ (In 

English) 

2. http://www.subseaiq.com/data/Project.aspx?project_id=400&AspxAutoD

etectCookieSupport=1 (In English) 

3. http://www.offshore-technology.com/projects/goliat/ (In English) 

 

 
 

http://www.subseaiq.com/data/Project.aspx?project_id=400&AspxAutoDetectCookieSupport=1
http://www.subseaiq.com/data/Project.aspx?project_id=400&AspxAutoDetectCookieSupport=1
http://www.offshore-technology.com/projects/goliat/


 
 

Moss Maritime 

828 MISV 

icebreaker 

Ice class 828 MISV (Multi Purpose Icebreaking Tug Supply Vessel) or ‘’Yury 

Topchev’’ designed by ‘’Moss Maritime’’ was built at ‘’Havyard Leirvik’’ shipyard 

and devilred to FEMCO company owned by ‘’Rosneft’’ and ‘’Gazprom’’ (Russian 

Federation). The Moss 828 MISV can operate in the Arctic areas at low 

temperatures as low as -45 °C, where ice thickness is up to 1.5 m. The ship is 

powered by two Azipod diesel electric propulsion engines (7.5MW) which is the 

part of transport-technological system for offshore production drilling platform 

‘’Prirazlomnaya’’. 

Technical specifications: length 99 m, breadth 19 m, dead weight 3949 tons, 

maximum speed 14 knots. 

 
References: 

1. http://www.oilpubs.com/oso/article.asp?v1=5275 (In English) 
2. http://www.shipspotting.com/gallery/photo.php?lid=211644 (In English) 

3. http://www.marinetraffic.com/ais/shipdetails.aspx?MMSI=273319940 (In 

English) 

 

 
 

http://www.oilpubs.com/oso/article.asp?v1=5275
http://www.shipspotting.com/gallery/photo.php?lid=211644
http://www.marinetraffic.com/ais/shipdetails.aspx?MMSI=273319940


 
 

Moss Maritime 

CS50 MKII 

project platform 

Moss Maritime CS50 MKII is design project of the semi-submersible 
multifunctional drilling platform (SSDR), which is self-propelled, for harsh-

environment (the Arctic area). Some of them are operating in the Norwegian 

Continental Shelf and made from F36W microalloyed steel in thicknesses of 35-

60 mm (2500 tons) and E36W up to 60 mm (6000 tons).  

Technical specification of the platform (approximate values): length 120 m, width 

120 m, height 10 m (pontoon), accommodation 180 persons, transit speed 8-10 

knots. 

 

References: 

1. Gorynin, I.V., Rybin V.V.,Malyshevskij V.A., 2009. Materials for the hull 

constructions and energetic equipment. Questions of Material Science, 

3(59), (In Russian), p.108-126. 

2. http://www.mossww.com/pdfs/Moss%20Maritime%20General%20Brochu

re.pdf (In English) 

3. http://www.fincantieri.it/cms/data/pages/files/000150_resource1_orig.pdf 

(In English) 
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http://www.fincantieri.it/cms/data/pages/files/000150_resource1_orig.pdf


 
 

The Varandey 

field project 

Arctic tanker-icebreaker ‘‘Vasily Dinkov‘‘ was built in 2008 by Samsung Heavy 

Industries (South Korea) for SOVCOMFLOT company operating in the Barents 

Sea (the Varandey field project) to transport oil. This tanker-icebreaker is unique 

since it can overcome up to 1.5 meters of ice thickness by travelling in the Arctic 

area and has excellent manoeuvrability. Technical data of the ‘‘Vasily Dinkov‘‘: 

length 257 m, width 34 m, maximum speed 14 knots (in ice 2 knots), crew 32, 

gross weight: 49 597 tons, dead-weight: 72 722 tons. 

Offshore ice-resistant fixed shipping terminal ‘‘Varandey‘‘ for the Varandey field 

project was built in 2007 and owned by LUKOIL and ConocoPhillips companies 

which is the caisson type structure with an octal substructure. F36W 

microalloyed steel was used for the construction in thickness of 40-50 mm. The 

purpose of this terminal is  offloading of the commercial oil which goes through 

the underwater pipeline from the shore to tankers with 20-70 thousand tons draft 

with non-contact mooring. 

Technical data of the terminal: overall length about 108 m, overall breadth 

(width) 63 m, overall height from the base plane 64 m, overall height from the 

sea level (at 17 m sea depth) 43 m, and self-sustaining period for water and 

provision supply is 30 days 

 

References: 

1. http://korabley.net/news/arkticheskii_tanker_ledokol_vasilii_dinkov/2009-

01-01-112 (In Russian) 

2. Gorynin, I.V., Rybin V.V.,Malyshevskij V.A., 2009. Materials for the hull 
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constructions and energetic equipment. Questions of Material Science, 

3(59), (In Russian), p.108-126. 

3. http://www.cnrg.ru/about/presscenter/promotional%20material/Catalogue

_CNRG_A4_eng.pdf (In English) 

4. http://www.marinetraffic.com/ais/shipdetails.aspx?MMSI=273345020 (In 

English) 
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