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High power fiber laser systems have reached output powers far beyond 30 kW and a fiber 

laser source of 100 kW output power has recently become available for fundamental 

research. With the high laser power that is now attainable and the ability to deliver a high-

quality beam in a flexible fiber with high wall plug efficiency and low maintenance 

requirements, high power fiber laser systems are becoming of increasing interest for 

joining thick section materials in industrial applications. 

In this work, fiber laser systems with output power of up to 30 kW are used to investigate 

the feasibility of autogenous laser welding and laser arc hybrid welding for joining thick 

section materials. The focus is placed on joining pipe steels and shipbuilding steels of up 

to 28 mm thickness with the aim of developing welding strategies and parameter sets that 

can meet the requirements of industrial standards and guidelines. The reliability of the 

parameter sets developed for the joining processes is tested against process boundaries or 

limits such as maximum penetration depth, ability to compensate for linear misalignment, 

air gaps and change in welding position. To verify the quality of the welded joints, 

characterisation of the material properties is carried out using destructive and non-

destructive test methods. 

The results of the experimental test series and materials characterisation support the use 

of high power fiber laser sources as suitable tools for laser arc hybrid welding and 

autogenous laser welding of thick section materials. Considering especially the 

autogenous laser welding process, it is shown that varying the power density or oscillating 

the laser beam can benefit the weld result to the same extent than laser arc hybrid welding. 

The research presented in this work provides an improved understanding of the behaviour 

of deep penetration welds in thick section material, referring to the properties of the 

welded joint and performance of the process. The achieved results are a solid foundation 

for meeting the requirements of industrial applications in the pipeline and shipbuilding 

industry. 

Keywords: high power fiber lasers, laser arc hybrid welding, autogenous laser welding, 

thick section material, X65, X70, imperfections, air gap, linear misalignment, power 

density, oscillated laser beam welding 
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THz tetrahertz 
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VAD vapour axial deposition 
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WM weld metal 
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1 Introduction 

In this work, fiber laser sources with a maximum output power of 30 kW are used to study 

process performance and weld properties when joining thick section steel material. The 

aim is to experimentally examine the use of autogenous laser welding and laser arc hybrid 

welding processes to join thick section material and establish parameter sets, which 

provide welds of such a quality that meet requirements for industrial applications. 

Employing a laser arc hybrid welding process, the first objective was to investigate 

boundaries or limits that influence the maximum weldable thickness and quality of the 

weld with the purpose of establishing a welding strategy with parameter sets that produce 

acceptable welds that meet industrial standards and guidelines. The most important 

process boundary investigated was the relationship between the material thickness and 

the available laser power. In the work, welding strategies were developed to adapt the 

welding process and joint preparation to different material thickness and laser power to 

maintain full penetration. Further process boundaries investigated were variation of the 

air gap size, linear misalignment and the welding position. Suitable parameter sets were 

developed to control the stability of the melt pool and avoid droplets on the root side of 

the weld. 

The second objective was to explore the feasibility of an autogenous laser welding process 

for deep penetration welding as an alternative to laser arc hybrid welding. The focus of 

the research was on controlling the heat input, i.e. the energy absorbed by the material, 

by varying the power density and oscillating the laser beam. 

To verify the quality of the welded joints, characterisation of the material properties was 

carried out by using destructive and non-destructive test methods. The approach 

employed to achieve the desired outcome is described in detail by presenting individual 

results of each test series and explaining the influence of the main parameters of the 

welding process on the weld result.  

The scientific contribution of this work is an improved understanding of the behaviour of 

deep penetration welds in thick section material, referring to the properties of the welded 

joint and the performance of the process. The main findings are, first, experimental 

validation that up to 30 kW of laser power can be used for a controlled deep penetration 

welding process. Second, identification of the interaction of laser power and welding 

speed with other critical parameters to achieve high quality welds when the initial 

conditions are limited by given imperfections in the joint preparation and welding 

position. Third, research of the impact on the weld result when varying the power density 

and oscillating the laser beam. Fourth, contribution of a welding strategy with a 

knowledge base to be used for further developing deep penetration welding processes, 

simulation models and industrial applications.  
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The structure of this dissertation is organized in two parts. The first part reviews the state 

of the art, giving a detailed overview of the basic principles of fiber lasers and the 

development of high power fiber laser systems. In addition, it describes the principles of 

laser-based welding processes and gives a summary of welding of thick section materials 

with high power fiber lasers. The second part provides a detailed summary of the main 

findings of the publications. This includes the materials and equipment used for the 

experiments and the discussion of the achieved results from laser arc hybrid welding and 

autogenous welding. The publications are included at the end of the dissertation. 
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2 State of the art 

 

Based on the theoretical description of Einstein, the principle of light amplification by 

stimulated emission of radiation was used by Maiman to develop the first ruby laser in 

1960 (Einstein, 1916), (Maiman, 1960). Since then the development of different laser 

types and systems has led to a variety of applications for laser technology. For welding 

of thick section material, high power laser systems are particularly interesting. This 

chapter reviews the basic principle of fiber lasers and describes the development and 

current state of high power fiber lasers. The second part of the chapter focuses on welding 

with laser-based processes, the interaction between laser radiation and material, and 

definition of autogenous laser welding and hybrid laser welding processes. The third part 

gives an overview of welding of thick section materials, the influence of different 

parameters on the process and development of laser-based welding processes for 

industrial applications in the pipeline and shipbuilding industry.  

 

2.1 High power fiber lasers 

Snitzer laid the conceptual foundation for the fiber laser in the 1960s by initially 

considering a light pipe in which electromagnetic energy propagates by internal reflection 

off the pipe walls (Snitzer, 1961). The light pipe is there more accurately described as a 

cylindrical metallic or dielectric waveguide consisting of a core and cladding. A few years 

later, Koester et al. experimentally investigated parameters affecting the gain in a fiber 

laser. This work amplified a neodymium glass laser beam by pumping a 1 m long glass 

fiber with a Nd doped core coiled around a flashtube (Koester, 1964).  

Further research in the development of rare earth doped optical fibers was carried out in 

the beginning of the 1980s (Hegarty, 1983), (Poole, 1986), (Mears, 1987). The 

availability of laser diodes as pump sources in the subwatt level (Hayashi, 1970), (Snitzer, 

1988a), (Nakazawa, 1989) led to successful development of optical fiber amplifiers in the 

telecommunication industry in the 1980s and 1990s (Goodno, 2011), (Okhotnikov, 2012). 

The step to high power fiber lasers became possible in 1988 when Snitzer (1988b) 

proposed the concept of cladding pumping, where the pump light is coupled into a 

cladding instead of the core. This approach allows the use of a high power pump source 

with a low beam quality to generate a much brighter and more intense laser output 

(Zervas, 2014).  

In further review of high power fiber lasers, the focus in this dissertation is placed on 

laser configurations with continuous wave-operation (cw) for materials processing 

purposes. 
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2.1.1 Fiber design 

The fundamental part of a high power fiber laser is the double clad fiber as proposed by 

Snitzer in 1988. A double clad fiber consists of a doped core which is surrounded by an 

inner cladding and an outer cladding that acts as a second waveguide (Eichler, 2006), 

Figure 2.1. Low brightness pump light is coupled into the inner cladding and because of 

the decreasing refractive index profile from the core towards the outer cladding the pump 

light is confined between the inner and outer cladding. As the light propagates along the 

fiber it is gradually absorbed by the doped core and the stimulated emission is generated 

as high brightness signal laser radiation. 

 

 

 
Figure 2.1: Structure of a double clad fiber showing the pumping scheme (left) and refractive 

index profile (right), based on Nilsson (2011) and Zervas (2014). 

 

Power scaling of fiber lasers to levels in the range of several kilowatts of continuous wave 

single mode laser power and up to more than 100 kW multimode can be achieved by 

utilizing double clad fibers with suitable pump sources, the appropriate fiber design and 

material but also consideration of optical and thermal effects (Goodno 2011), 

(Okhotnikov 2012), (Richardson, 2012), (Zervas, 2014), (Dragic, 2018). 

Optical fibers for high power laser applications are silica-based and drawn from glass, 

using a chemical vapour deposition process. Industrially applied processes are modified 

chemical vapour deposition (MCVD), outside vapour deposition (OVD), vapour axial 

deposition (VAD) and plasma chemical vapour deposition (PCVD). The manufacturing 

process of a cylindrical optical fiber involves fabrication of the preform of the raw 

material, drawing of the fiber and application of the required coating materials 

(MacChesney, 1990). In order to achieve the desired waveguiding and thermal and 

thermomechanical properties of the fiber, co-dopants are added. Relative to the base 

material, germanium dioxide (GeO2) and silicon dioxide (SiO2), for example, increase the 

refractive index and enhance the increase in reflectivity of the permanent refractive index, 

the so-called photosensitivity. Aluminium oxide (Al2O3) enhances the maximum 

concentration of lanthanide dopants. Phosphorous pentoxide (P2O5) raises the refractive 

index and reduces the viscosity (Li, 2018), (Peng, 2019). 
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To dope the active core itself, rare-earth elements such as erbium (Er), holmium (Ho), 

neodymium (Nd), thulium (Tm) or ytterbium (Yb) from the group of lanthanides can be 

used. Common rare-earth elements for the production of fibers for laser systems are 

erbium, thulium and ytterbium, which are incorporated in the silica-based fiber core as 

trivalent ions Er3+, Tm3+ and Yb3+ (Träger, 2012). The most interesting fiber type for high 

power fiber lasers are Yb-doped fibers, which will be discussed in the following sections.  

Yb-doped fibers have a simple electronic two-level system with only one excited state 

level (2F5/2) and a ground state level (2F7/2). In principle, this structure is a configuration 

in which population inversion leads to an equilibrium on both levels, and optical gain is 

thus not achieved and lasing is not be possible (Dragic, 2018). By placing the dopant ions 

into a glass or crystal structure, splitting of the energy level into different manifolds can 

be achieved, so-called Stark splitting (Stark, 1914). This splitting effect can enable 

operation of three- or four-level Yb3+ systems, with up to twelve levels being physically 

possible, and enables lasing activity (White, 2009), Figure 2.2.  

The emission and absorption spectra vary depending on the composition of the co-dopants 

of the silica-base of the Yb-doped fiber. In general, the absorption band ranges from 

850 nm to 1080 nm, which is particularly suitable for the wavelength spectrum at which 

high power pump laser diodes work best. The gain bandwidth extends from 975 nm to 

1180 nm. High power fiber laser systems are mostly operated between 1060 nm and 

1100 nm, (Lu, 2002), (Barua, 2008), (Träger, 2012), (Li, 2018), Figure 2.3.  

 

 

Figure 2.2: Energy level diagram for Yb3+ ions in a silica-base with approximate 

values for wavelength and splitting, based on Dieke (1963) and Pask (1995). 
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Figure 2.3: Emission and absorption spectrum of ytterbium ions in different silica-

based fibers, (Richardson, 2012). 

Using knowledge of the basic material properties and their effect on the stimulated 

emission of radiation, it is possible to design an optical fiber that fits the requirements of 

different laser applications and systems. The simplest and most common configuration of 

optical fibers is the step-index fiber, in which the core is surrounded by one or more 

cladding of a lower refractive index to ensure the required total internal reflection (TIR). 

Rays of light propagating in an optical fiber must meet the smallest angle of incidence 

that yields TIR, known as critical angle θc, according to Snell’s law, to avoid losses 

between the interfaces of the cladding and the core. To fulfil this criterion, the ray of light 

must enter the fiber under the acceptance angle θa also expressed in terms of the numerical 

aperture (NA), Figure 2.4 (Pedrotti, 2002): 

 
𝑁𝐴 = 𝑛0 sin 𝜃𝑎 =  𝑛1 sin 𝜃𝑐 = √𝑛1

2 − 𝑛2
2 (2.1) 

where n1 and n2 represent the refractive indices of the core and the cladding, and n0 = 1 is 

the refractive index of air. 

 

Figure 2.4: Propagation of light through a step-index fiber with total internal 

reflection.  
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The normalized frequency V is used to describe the spatial distribution of the energy that 

propagates through the fiber. The value of V is dependent on the optical wavelength λ, 

the core radius a, and the refractive indices contained in the numerical aperture NA 

(Gloge, 1971): 

 
𝑉 =

2𝜋

𝜆
𝑎 𝑁𝐴 (2.2) 

For a value of V below 2.405, an optical fiber supports a single guided optical mode for 

a given wavelength, which can be approximated by a Gaussian distribution. For values 

> 2.405 the fiber is considered to be multimode. Based on a Gaussian or LP01/TEM00 

intensity profile of a single guided mode, the beam quality factor M2 or the beam 

parameter product (BPP) can be derived (Eichler, 2006), (Ross, 2006):  

 𝑀2 =
𝜋

𝜆
𝜔𝐵𝜃𝐵 (2.3) 

 

 𝐵𝑃𝑃 = 𝜔𝐵𝜃𝐵  (2.4) 

where ωB is the mode field radius and θB is the angle of divergence of the laser beam. For 

an ideal Gaussian beam M2 =1 and for real laser beams M2 > 1.  

The maximum pump power (PP) coupled into the inner cladding of a fiber is proportional 

to the brightness (B) of the pump source, and the radius (rcl) and numerical aperture (NAcl) 

of the outer cladding. According to the definition of brightness by Ross (2006):  

 
𝐵 =

𝑃𝑃

𝜋2𝐵𝑃𝑃2
=  

𝑃𝑃

(𝑀2𝜆)2
 (2.5) 

with the given beam quality BPP or M2, in combination with the wavelength λ, the 

maximum pump power coupled into a circular fiber can be described as:  

 𝑃𝑃 =  𝐵(𝜋𝑟𝑐𝑙
2 )(𝜋𝑁𝐴𝑐𝑙

2 ) (2.6) 

When considering the delivery of the pump light to the laser active core in a double clad 

fiber, one drawback is the rotational symmetric cladding-core design, which reduces the 

absorption of pump light. Different designs exist where the symmetry of the inner 

cladding is altered to increase the overlap of the pump light and direct skew rays towards 

the active core. Figure 2.5 shows different cross sections of non-symmetric inner 

claddings (Snitzer, 1988b), (Grubb, 2000). Investigations with numerical models of the 

local absorption rate of the pump light into the core show that already small deformations 

in the cladding can lead to improvement in pump light absorption (Kouznetzov, 2002a 

and 2002b), (Javadimanesh, 2016). 
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To avoid non-linear effects, limited thermal capabilities and a simultaneous increase in 

the numerical aperture, and to allow a higher pump power to be coupled into the fiber 

while still providing high brightness of the output laser beam, the fiber design can be 

adjusted further. For example, microstructuring the fiber can add properties to the fiber 

that enable the challenges inherent in the fiber design to be overcome. Photonic crystal 

fibers (PCF), Figure 2.6, with an array of cylindrically arranged air holes around the core 

throughout the whole length of the fibre allow a larger multimode core than is usually 

required when utilizing regular fibers whilst still enabling a single mode operation by 

adjusting the refractive index between the core and cladding. In combination with another 

adjustment, so-called air-cladding, on the boundary of the outer and inner cladding, the 

numerical aperture can be increased to values higher than 0.8 and the diameter of the 

inner cladding can be decreased. Both design features allow a considerable increase in 

the pump power, an increased absorption rate and shorter absorption lengths of the pump 

light in the fiber. If the diameter of the inner cladding is not reduced, the need for complex 

coupling structures of the pump light into the fiber can be avoided (Wadsworth, 2003), 

(Limpert, 2004), (Limpert, 2007), (Hansen, 2011). 

Further microstructuring of optical fibers is also possible, such as leakage channel fibers, 

higher order mode fibers, chirally-coupled core fibers and photonic bandgap fibers. 

However, these designs and their applications concentrate on scaling of the effective 

mode area with the goal of, for example, improving single mode guidance with lower 

non-linear effects and a higher damage threshold. Further development is needed to be 

able to use these fiber designs in current high power fiber lasers systems; however, such 

fiber designs will be critical for further power scaling of fiber lasers (Dong, 2015). 

 

  

Figure 2.5: Cross sections of non-symmetric 

cladding structures to improve overlapping of 

pump light with the core, based on Snitzer 

(1988), Grubb (2000), Kouznetzov (2002b). 

Figure 2.6: Scanning electron 

microscope (SEM) cross section of a 

PCF with air holes around the core 

(circled in red) and air cladding on the 

boundary between the inner and outer 

cladding (Wadsworth, 2003). 
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2.1.2 Cavity design 

The cavity design of a fiber laser system for high power applications is typically based 

on either fiber-Bragg-gratings (FBG) or bulk optics such as lenses to form the beam or 

mirrors that act as reflectors. FBG are a periodic perturbation of the refractive index and 

are inscribed into the fiber core. They act as a wavelength specific optical filter and reflect 

or pass selected wavelengths. The pump light can be coupled into the cavity at the end of 

the fiber through the FBG or between the ends of the fiber, Figure 2.7 left (Archambault, 

1997), (Giles, 1997), (Hill, 1997). A bulk mirror cavity comprises, for example, high 

reflectivity mirrors and low reflectivity output couplers in combination with lenses and 

dichroitic mirrors to couple the pump light into the cavity, Figure 2.7 right (Jeong 2004), 

(Boullet, 2008), (Wirth, 2011). Bulk mirror elements need to be properly aligned and the 

fiber end facets prepared with anti-reflective coatings or angle polishing to reduce the 

effective feedback Fresnel reflection and to prevent damage to optical components and 

the fiber itself (Wang, 2007). 

 

  

Figure 2.7: Fiber laser cavity with end-pumped design using fiber Bragg gratings 

(FBG), left and bulk optical elements, right, based on Giles (1997) and Boullet (2008). 

 

Different aggregation or pumping schemes exist to deliver the pump light to the cavity 

and couple it into the cladding pumped optical fiber. Bulk optics can also be used as well 

as so-called combiners or a combination of both approaches (Fan, 1990), (Liu, 2004), 

(Calles-Arriaga, 2008). Combiners are designed to combine the output from one or 

several fiber-coupled pump diodes into the inner cladding of the double clad fiber. In 

general, two methods of coupling the pump light into the optical fiber can be 

distinguished, side pumping and end pumping, see Figure 2.8, (DiGiovanni, 1999), 

(Noordegraaf, 2012), (Stachowiak, 2018). To keep the benefit of the high initial 

efficiency and brightness of the diode pump source, a combination of both pumping 

schemes can be employed, in two steps, for high power fiber laser systems. The pump 

light from several diode stacks or single emitter diodes is collected in the first step and in 

a second step is fed into a tapered multi-fiber bundle, Figure 2.9, (Krummrich, 2014), 

(Zervas, 2014). 
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Figure 2.8: Schemes for cladding 

pumping, end pumping (left side) and side 

pumping (right side), (Zervas, 2014). 

Figure 2.9: Combination of cladding 

pumping schemes for high power fiber 

laser systems, step 1 (left side) and step 2 

(right side), (Zervas 2014). 

 

2.1.3 Pump sources 

The most common pump sources are diode lasers as they possess the highest wall plug 

efficiency, are available in different configurations, and provide output in a wide optical 

spectrum from UV radiation to the mid-infrared range (Fan 1988), (Röhner, 2013), 

(Midilli, 2017). To pump high power fiber lasers, either diode bars or stacks and a broad-

area single emitter can be employed. The advantage of bars and stacks is the high power-

to-package volume provided; however, they have a low brightness and thus require a 

complicated optical arrangement for the pump light to be coupled into the optical fiber. 

Furthermore, because of the high thermal load produced within a small volume of bars 

and stacks, the technical demands for cooling are very high. Broad-area single emitters, 

in comparison, have a high brightness but lower power and thus thermal management is 

much simpler (Leers, 2008), (Richardson 2010), (Träger, 2012), (Abed, 2015). 

Other pump sources can be thin disk lasers or other fiber lasers. If the fiber laser is pumped 

with a high brightness beam source, an even higher beam quality in the diffraction limited 

regime can be achieved. In this case, the fiber laser is merely a converter to enhance the 

brightness of the pump beam (Popp, 2010). 

 

2.1.4 Power scaling 

Power scaling of fiber lasers has several limiting effects that need to be considered when 

increasing the output power of fiber laser systems. While the development of improved 

fibers, optical components and pump sources to increase the output power is a limiting 
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factor, non-linear optical effects, transverse mode instability (Jauregui, 2016) and thermal 

limitations (Codemard, 2009) also need to be considered (Dawson, 2008), (Zervas 2014), 

(Dragic, 2018). 

Non-linear effects are linked to energy transfer in unwanted spectral regions. Specifically, 

long fiber lengths with the light confined and propagating in the core lead to non-linear 

effects even at modest laser powers. The effects with greatest impact are stimulated 

Raman scattering (SRS) and stimulated Brillouin scattering (SBS). Furthermore, because 

of the optical Kerr effect, self-focusing, four wave mixing (FWM) and self-phase 

modulation (SPM) occur as unwanted non-linear effects.  

SRS and SBS arise from inelastic scattering processes involving acousto-optic 

interaction. SRS is the interaction of light with vibrations of the glass lattice, where above 

a certain threshold of ~13 THz part of the radiation energy is transferred as excited 

vibrational modes into the silica base of the fiber. SRS acts on broadband signals and the 

scattered light can propagate in the core in both directions and destabilize the laser cavity 

which limits the maximum output power. These two interactions constrain cw-fiber lasers 

in particular (Smith, 1972), (Jauregui, 2013). Strategies to minimize SRS are, for 

example, to inscribe long-period FBG to attenuate the scattered beam (Nodop, 2010), the 

use of special fibers with wavelength-selective transmission to prevent the propagation 

of radiation with the scattered light in the core (Kim, 2006), (Alkeskjold, 2009) or the use 

of shorter fiber lengths, which is a technique applied for high peak pulsed lasers (Morasse, 

2013). 

SBS is the interaction of light with acoustic waves propagating in the fiber. The power 

threshold at which the lasing energy is transferred to a down-shifted laser beam is around 

11 GHz. This down-shifted beam propagates in the opposite direction to the lasing energy 

and can thus cause catastrophic effects. The scattered beam propagating backwards can 

break up the original pulse and produce high peak power sub-pulses that can cause optical 

damage and catastrophic fiber failure (Stiller, 2012), (Jauregi, 2013), (Zervas 2014). 

Techniques to minimize SBS include, for example, increasing the mode area by using 

fiber with an appropriate NA (Taverner, 1997) and the use of fibers that reduce the 

overlap between the light and the acoustic modes (Li, 2007) or are highly doped to absorb 

the pump light in a short length (Dajani, 2010).  

Research is being undertaken to further improve the power scalability and also to enhance 

the reliability and robustness of laser systems. For example, by optimizing the fiber design 

and use of dopants, improving the methods of pumping the laser or minimizing non-linear 

effects as described above. 

In development of new fibers, nanoparticle-doping is one area of current research interest. 

Rare-earth ions, which are currently incorporated directly into the glass matrix, may also 

be incorporated into nanoparticles, which are then doped into the glass matrix. Thus, 

improved performance can be achieved by adjustment of the distribution of the rare-earth 

ions and the chemical environment (Baker, 2017). By developing a direct nanoparticle 
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deposition method that maximizes the physical separation of the Yb atoms it was possible 

to reduce deleterious optical effects such as photodarkening and increase the efficiency 

of the laser operation (Tammeta, 2006). Other research, for example, investigated the 

introduction of heavy metal ions into the glass matrix with the aim of reducing the phonon 

energy while still enabling a relatively low NA in the fiber core (Lezal, 2001), (Vermillac, 

2017).  

Improvement in pumping of the fiber laser can be achieved by employing the tandem 

pumping method. Yb-doped fiber lasers are usually pumped at around 900 nm, where 

high power laser diodes are available and the absorption maximum of the pump energy 

is achieved. However, the output power is limited by non-linear effects or detrimental 

thermal and optical effects in the fiber. To increase further the power output of a fiber 

laser, the brightness of the pump source needs to be increased. Consequently, disk or fiber 

lasers emitting at around 1000 nm, are used as the initial pump source. Even though at 

this wavelength the absorption rate of the pump light in the core is up to 10 times lower, 

the brightness of the output beam can be up to 100 times higher. (Codemards, 2009), 

(Xiao, 2015), (Zhou, 2017). Using this approach, losses arising from the quantum defect 

can be reduced and a shorter fiber length can be used, thus minimizing thermal and non-

linear effects. High power fiber lasers with near diffraction-limited output in the range of 

several kW of laser power are possible (Hecht, 2018). 

 

2.1.5 High power fiber laser systems for industrial applications 

From the above description of the physical principles of fiber lasers, it can be seen that 

several physical attributes distinguish high power fiber lasers from other types of lasers. 

The design of the fiber laser allows a controlled spatial distribution of the laser beam in 

the active fiber, enabling high beam qualities with low transmission losses, which results 

in high efficiency. The fiber itself has a large heat-dissipating surface which allows 

effective thermal management. The power scalability of fiber lasers has surpassed 

100 kW of output power for cw-multimode fiber laser systems and the 10 kW limit for 

cw-single mode fiber lasers, Figure 2.10, (Hecht, 2018). Comparing the basic properties 

of different laser sources for materials processing purposes, fiber lasers outperform gas 

lasers and other solid state lasers in wall plug efficiency, expected lifetime and 

maintenance requirements, Table 2.1, (Olsen, 2009), (Shiner, 2010) (Beyer, 2012), (Shi, 

2014), (Zervas, 2014). 

Since becoming commercially available in the beginning of the 1990s, the output power 

and brightness of fiber lasers have increased continuously and high power fiber laser 

systems have become the first choice for material processing applications (Shiner, 2006), 

(Shiner, 2016). Fiber lasers have increased their market share and they are slowly 

replacing the more established CO2 (carbon dioxide laser) laser (Overton, 2013), 

(Overton, 2019). Figure 2.11 gives an overview of the global market share of lasers for 

materials processing in 2018, (Mayer, 2019). 
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Figure 2.10: Growth in laser power of commercial fiber lasers from IPG Laser 

(Hecht, 2018). 

Figure 2.11: Global market share for lasers for materials processing in 2018 (Mayer, 

2019). 
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Table 2.1: Comparison of basic properties for laser sources used for material 

processing (Olsen, 2009), (Zervas, 2014), (Rominger, 2015) (IPG-Photonics, 2018), 

(Laserline, 2019), (Trumpf, 2019). 

  Fiber 

laser 

CO2 

laser 

Disc laser Nd:YAG laser 

(diode pumped) 

Diode 

laser 

Lasing 

medium 
 

Doped 

fiber 

Gas 

mixture 

Crystalline 

disc 
Crystalline rod 

Semi-

conductor 

Emitted 

wavelength 
[µm] 1.07 10.6 1.03 1.06 0.808-0.98 

Power 

efficiency 
[%] > 40 10-15 20-30 10-30 > 40 

Max. output 

power 
[kW] > 100 20 > 20 6 45 

BPP at 4 kW [mm mrad] 0.35 4 1 12 30 

M2  1.1 1.2 1.4 35 100 

Mobility  High Low Medium Low High 

Maintenance 

interval 
[h] > 30,000 1,000 > 25,000 10,00 > 25,000 

Lifetime [h] 100,000 20,000 20,000 20,000 > 25,000 
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2.2 Laser beam welding processes 

Laser beam welding is a fusion welding technique that utilizes the electromagnetic 

radiation of a laser beam to transfer energy onto the surface of a given metallic material 

or substrate. In general, two processes can be distinguished: heat conduction welding and 

keyhole welding. Keyhole welding without the use of any filler materials is a so-called 

autogenous laser welding process. Keyhole welding in combination with a gas metal arc 

welding (GMAW) process is called laser arc hybrid welding. Both processes will be 

reviewed further in the following chapters.  

2.2.1 Interaction of laser beam radiation and material 

In laser materials processing, the required energy in the form of heat for the welding 

process is supplied by the radiation energy of the laser beam. Using optical elements, the 

laser beam is focused as a small spot on the material surface, the energy is absorbed by 

the material and converted into heat. The temperature on the surface can be determined 

based on the balance of released energy and absorbed energy, which defines the resulting 

thermal mechanisms. Thus, the effect of the laser beam radiation is determined by the 

absorbed energy, the interaction time with the workpiece, and the geometrical and 

material properties of the workpiece. The power density E on the workpiece surface is 

calculated with the beam power P and the laser beam radius rb as: 

𝐸 =
𝑃

𝜋𝑟𝑏
2. (2.7) 

Power density can be used to determine the principal physical mechanism of the 

interaction with the material, see Figure 2.12. At power densities lower than 103 W/cm2 

to 104 W/cm2, radial heat conduction will dominate. In this range, significant heating of 

the workpiece takes place while the temperature remains below the melting point of the 

material. When increasing the power density to the order of 105 W/cm2, by raising the 

laser power or reducing the radius of the laser beam, the melting point in the zone of 

interaction is reached, which leads to the generation of a melt pool. This state satisfies the 

conditions for heat conduction welding. When the power density is between 105 W/cm2 

and 106 W/cm2, the vaporisation temperature is reached and a cavity, called a keyhole is 

generated in the workpiece. Heat conduction ensures that there is sufficient melting of the 

walls of the keyhole to enable a weld to be made. Intensifying the power density further 

to around 107 W/cm2
 to 108 W/cm2 increases the vaporisation rate in the keyhole. This 

can lead to high pressure in the interaction zone which, consequently, rapidly expels 

liquid melt and increases the generation of plasma and metal vapour. Both the plasma and 

metal vapour can be ionised, which absorbs the laser beam energy to a great extent and 

impairs energy transfer into the workpiece. Figure 2.13 gives an overview of the power 

densities and interaction times applicable for the most important laser processes (Kroos, 

1993), (Steen, 2003), (Ion, 2005), (Olsen, 2009). 
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Figure 2.12: Laser material interaction at increasing power density and principal 

physical principles of material interaction, based on Kroos (1993). 

Figure 2.13: Range of laser processes mapped against power density and interaction 

time for metallic materials, based on Steen (2003), Ion (2005) and Hügel (2009). 

When the laser beam radiation delivers sufficient energy onto the surface of the workpiece 

to first start melting and then vaporising the material, the recoil force of vaporisation from 

the liquid surface expels the melt and forms a cavity. Once this cavity is deep enough the 

laser beam radiation is reflected from the cavity wall. This causes a sudden increase of 

the vaporisation process which leads to further deepening of the cavity until a stationary 

keyhole is formed. The actual welding process is performed by moving the keyhole 

relative to the workpiece. Liquid material is generated at the front side of the keyhole, 

flows around it, solidifies behind the keyhole and produces a deep and narrow weld with 
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a high aspect or depth to width ratio, Figure 2.14, (Beyer, 1995), (Ion, 2005), (Poprawe, 

2005), (Hügel, 2009).  

Figure 2.14: Principal physical mechanisms in the keyhole, based on Kaplan (1994). 

The most important physical processes for the absorption of energy in the keyhole and 

for maintaining the equilibrium between opening and closing forces are (Kroos,1993), 

(Kaplan, 1994) (Beck, 1996): 

− Fresnel absorption, which describes the angular dependent absorption of laser

beam radiation on the wall of the keyhole. It is guided through the keyhole to the

base of the keyhole or, in the case of full penetration reflected out at the bottom

side of the keyhole.

− Absorption by multiple reflections on the keyhole wall, which increases the

absorption rate, especially in the formation phase of the keyhole.

− Plasma absorption by inverse Bremsstrahlung, which is the transfer of energy

from photons to electrons. The incident radiation into the keyhole is partly

absorbed by the plasma in and above the keyhole. The absorbed energy is

conducted into the melt pool.

− Recoil pressure created by the vaporisation process, which accelerates vapour

particles desorbed from the condensed phase to the keyhole wall and thus keeps

the keyhole open.

− Surface tension pressure, which is dependent on the material properties and tries

to close the keyhole.
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− Hydrodynamic pressure, which is proportional to the density of the melt, the depth 

of the keyhole and gravity. It acts to close the keyhole. 

− Dynamic pressure of material flow around the keyhole, which creates a higher 

pressure at the front of the keyhole and a lower pressure at the back. 

By determining the single forces of the pressure balance, it can be calculated that recoil 

pressure and pressure from surface tension are of equal value. The hydrostatic pressure is 

negligible and the dynamic pressure of the material flow around the keyhole gains 

significance only at very high welding speeds. 

 

2.2.2 Autogenous laser welding and laser hybrid welding 

Autogenous or keyhole welding is the dominant welding process in laser welding 

applications as it can produce a deep and narrow weld at higher welding speeds than 

conventional arc welding processes such as GMAW or even submerged arc welding 

(SAW). With the high power density of a focused laser beam, the required energy can be 

directed precisely onto the fusion zone. The heat conduction losses are smaller and the 

thermal load of the workpiece is decreased (Katayama, 2013). High power solid state 

lasers, especially fiber lasers, continuously increased their share in material processing 

since the beginning of the 1990s, benefiting from a higher beam quality and a shorter 

wavelength compared with CO2 lasers (Hügel, 2000). The shorter wavelength allows a 

higher absorptivity in metals (Dausinger, 1995) and a lower sensitivity to laser induced 

plasmas (Shcheglov, 2012). These two effects result in a wider processing window 

(Vollertsen, 2009), increased process stability (Quintino, 2007) and better weld quality 

(Kawahito, 2007).  

The combination of an autogenous laser welding process with a GMAW process is called 

laser arc hybrid welding and will be referred to as laser hybrid welding in this work. The 

development of laser hybrid welding started in the late 1970s with the idea of Steen and 

Eboo to utilize a laser beam and an electric arc in the same processing zone (Eboo, 1978), 

(Steen, 1979), (Steen, 1980). In this common zone of interaction both processes share and 

contribute to a variety of parameters. These parameters can be grouped into parameters 

for the combined laser hybrid process with sub-processes for the laser beam and the arc, 

material parameters and design parameters, as shown in Figure 2.15 (Olsen, 2009). The 

characteristic properties of the laser hybrid welding process arise from the benefits and 

limitations of both individual processes (Victor, 2011), (Unt, 2018). Table 2.2 compares 

the advantages and disadvantages of autogenous laser and laser hybrid welding as regards 

the welding process, and also considers economic aspects.  
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Figure 2.15: Schematic drawing of a hybrid welding process with full penetration and 

an overview of principle parameters, based on Olsen (2009). 

 

Table 2.2: Comparison of advantages and disadvantages of autogenous laser welding 

and laser hybrid welding as regards the welding process and economic aspects. 

Advantages Disadvantages 

Autogenous laser welding 

− High power density provides deep 

penetration and narrow welds at high 

welding speeds 

− Lower heat input with less distortion 

− All welding positions possible 

− Precise preparation of workpieces and 

alignment required 

− Fast cooling cycles may result in 

brittle microstructure and formation of 

hot cracks 

Laser Hybrid welding 

− Greater tolerance to joint gaps and 

joint preparation 

− Provision of filler metal allows 

control of mechanical and 

metallurgical properties 

− Increased energy utilization from laser 

radiation into the material 

− Complex process with larger number 

of process parameters 

− Higher cost for filler material, 

shielding gas, equipment and 

maintenance 
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Laser hybrid welding has been intensively studied for scientific purposes and, as a result 

of international research and development activities, the technique is now utilized in many 

different industrial applications. Numerous publications on the topic can be found in 

scientific journals as research articles, review papers, books and book contributions. 

These publications present, in comprehensive detail, descriptions of laser hybrid welding 

processes, process parameters and their effects on the welding process and the resulting 

welds, available welding systems, and applications for welding, see Table 2.3.  

Table 2.3: Overview of publications reviewing laser hybrid welding processes, 

parameters and applications. 

Seyffarth et. al 2002 Book about processes and applications in welding and 

material treatment such as development of combined laser arc 

processes for joining of different materials, laser beam arc 

plasma interaction and combined discharge, integrated 

plasma torches for laser arc processes and practical 

applications. 

Shelyagin et. al 2002 Review article on scientific publications on hybrid and 

combined laser arc processes.  

Bagger et. al 2005 Review article of fundamental phenomena in laser arc 

interaction, on governing process parameters, and examples 

of industrial applications. 

F. O. Olsen  2009 Book summarising research on laser hybrid welding 

processes and its applications such as fundamental 

characteristics on plasma interaction, dynamics and stability 

of the weld pool, effect of shielding gases and joint properties, 

quality control and weld quality assessment, heat sources for 

hybrid welding processes and applications for shipbuilding, 

magnesium and aluminium alloys and steels. 

Hübner et. al 2010 Review article of laser hybrid welding with different arc 

sources for practical applications. 

Casalino et. al 2010 Book chapter reviewing laser hybrid welding processes for 

different materials such as stainless steels, mild steels, and 

aluminium and magnesium alloys with a focus on the process 

parameters of welding speed, shielding gas and laser arc 

distance. 

Victor et. al 2011 Review article of laser hybrid welding processes summarising 

the modes of operation and giving a detailed overview of the 

influence of process parameters such as welding speed, laser 
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power, laser arc distance, arc orientation, shielding gas, wire 

feed rate and arc current and voltage, as well as joint design 

with gap size and joint mismatch.  

P. Kah 2012 Review article comparing autogenous laser welding 

processes and conventional arc welding processes with laser 

hybrid welding processes describing the combination of 

different types of lasers with arc welding sources. 

S. Katayama  2013 Book chapters on topics related to laser hybrid welding and 

combined laser beam technologies, with a focus on thick 

section materials, including modelling and simulation of 

autogenous laser and hybrid laser welding. 

B. Acherjee 2018 Review article on laser hybrid arc welding systems with 

GMAW, gas tungsten arc welding (GTAW) and plasma arc 

welding (PAW) sources and their arrangements relative to the 

laser source. Discussion of the influence of parameters such 

as laser power, welding speed, relative position of the laser 

beam and arc electrode, focal point position, electrode angle, 

shielding gas composition, modulation of the arc welding 

system, wire feed rate, joint gap and joint configuration on the 

hybrid welding process. Description of the performance 

characteristics and weld quality and industrial applications. 
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2.3 Overview of welding of thick section material 

This chapter reviews scientific applications of thick section welding of steel materials 

with high power lasers. The focus is on solid state lasers and fiber lasers, and the chapter 

includes comparison with CO2 lasers where appropriate. An overview is given of process 

parameters and their influence on autogenous and laser hybrid welding, single-pass and 

multi-pass welding techniques, joint configurations and, different variations of arc and 

laser sources.  

2.3.1 Influence of process parameters on weld quality 

High power CO2 lasers have shown their application potential for joining thick plates 

(Petring, 2007), (Nielsen, 2001). The effects of the laser power on the process and process 

parameters during deep penetration welding have been reported, for example by Goussian 

(1997) and Kawaguchi (2006). Following the commercial introduction of high power 

fiber laser systems, welding of thick section material with autogenous and laser hybrid 

welding processes has become a topic of research interest. The available laser power for 

research activities has increased steadily since the beginning of the year 2000, starting 

from 8 kW to 17 kW (Vollertsen, 2005) to over 30 kW (Kessler, 2010) and up to 100 kW 

(Katayama, 2015). The main issues considered in this research are the effect of increasing 

laser power on the penetration depth and the mutual dependence of welding speed 

and laser power independent of the welding system set up or the material welded. As well 

as laser power and welding speed as the main influencing parameters on the penetration 

depth, the focal point position also has an influence in welding of thick section material. 

Using 10 kW of laser power and an autogenous laser welding process it has been shown 

that the deepest penetration is achieved with a focal point position on or beneath the 

surface of the workpiece (Thomy, 2006), (Katayama, 2010), (Vänskä, 2014). 

Experimental data from El Rayes (2004) and Kawaguchi (2006) support these findings 

for CO2 lasers.  

Reducing the ambient pressure for the welding process from 1 bar to vacuum conditions 

significantly increased the penetration depth at low welding speeds between 0.3 m/min 

and 1 m/min (Katayama, 2011). Another effect of reduced ambient pressure is a change 

of the appearance of the weld to a very parallel and thin shaped form (Jiang, 2019).  

The influence of surface roughness on the penetration depth and weld quality was studied 

for welding of thick section materials with autogenous laser welding (Sokolov, 2012) and 

laser hybrid welding (Farrokhi, 2016) using between 10 kW and 15 kW laser power. The 

results indicated that an increased surface roughness level on the joining edge up to Ra 

6.3 µm positively influenced the penetration depth for autogenous laser welding. In laser 

hybrid welding experiments, it was demonstrated that a higher surface roughness benefits 

full penetration and improves the weld quality. Both studies also reported a positive 
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influence of a small gap between 0.05 mm and 0.5 mm on the penetration depth and the 

quality of the weld.  

A general investigation of the quality of 20 mm and 25 mm thick samples welded as I-

butt joints with up to 30 kW of laser power following the requirements of standard EN 

ISO 13919-1 is presented by Sokolov (2011). To fully penetrate the given material 

thickness of 20 mm, the focal point position was set to -7.5 mm at 15 kW and further 

decreased to -15 mm at higher laser powers and 25 mm thickness. Acceptable weld 

qualities were achieved at welding speeds between 1.8 m/min and 2.4 m/min.  

To establish a suitable parameter window for thick section welding of stainless steel with 

an autogenous laser welding process using a 10 kW laser source, parameters such as 

welding position, beam incident angle, welding speed and the use of a gas jet were 

examined and tested for a maximum plate thickness of 15 mm by Zhang (2018). As 

regards the weld quality, the most influential parameters were the welding position and 

beam incident angle. Welding in PC (horizontal) position supported the melt pool against 

gravitational effects and reduced root sagging. Changing the incident angle of the laser 

beam by 10° reduced spatter and produced a smoother weld seam. It was also found that 

variation of the gas jet influenced penetration depth and weld appearance. Similar 

findings were made in work, investigating a variety of gas nozzles to suppress the vapour 

plume in a laser hybrid process with a Nd:YAG laser source when welding 12 mm and 

15 mm thick plates (Fuhrmann, 2007). The process stability and consequently the weld 

result improved significantly when the vapour plume was successfully suppressed.  

Further investigations on the stability of a laser hybrid welding process used in thick 

section welding of I-butt and V-butt joints were carried out with a 15 kW fiber laser 

source by Bunaziv (2018). A pulsed arc and cold metal transfer (CMT) arc were applied 

to weld the two different joint types. The position of the arc relative to the laser beam and 

the welding speed chosen had the greatest influence on the stability of the process and the 

weld quality, especially the generation of pores in the weld. The effect of the joint 

preparation on the process stability was negligible.  

Another aspect impacting the weld quality is the distortion of the welded sample or 

overall structure. In a test series with a laser hybrid welding process, the influence of a 

leading and trailing arc on the angular distortion was measured (Cao, 2011). A 5 kW fiber 

laser, using its maximum power, was employed at a welding speed of 1.5 m/min to fully 

penetrate 9.5 mm thick material in a single pass. The angular distortion measured was 

least for the process with a trailing arc at 0.22° and highest for a leading arc with 0.44°. 

A sample welded with a GMAW process in three passes was produced for comparison 

purposes and showed an angular distortion of more than 2.44°.  
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2.3.2  Single-pass welding 

Welding thick section material in a single pass is the most economic joining method. It is 

suitable for I-butt joints and does not require additional welding passes, which increase 

production time and material cost (Nielsen, 2015). Producing a fully penetrated weld with 

a sound root and acceptable quality is the goal for every welding task. Thicker materials 

require good control of the welding process because the volume of liquid in the melt pool 

is greater, which can lead to sagging of the melt or droplet formation on the root side 

(Frostevarg, 2015). Increasing the welding speed is one feasible option for achieving the 

required penetration, should sufficient laser power be available (Bachmann, 2016), 

(Kawahito, 2018). Other methods to control the welding process and stabilize the root 

formation are the use of root support or a backing made from ceramic (Farrokhi, 2017) 

or a bed of flux powder (Seffer, 2012), (Wahba, 2016).  

A technique to directly influence the root formation is the use of an electromagnetic field 

to counteract the hydrostatic pressure of the molten material on the root side (Fritzsche, 

2016), (Üstündag, 2018). In experimental investigations, it was shown that using a laser 

hybrid process with 19 kW of laser power, up to 28 mm thick material could be welded 

at low welding speeds down to 0.5 m/min. With the right choice of parameters and good 

process control, acceptable welds for single pass welding can be achieved without 

supporting techniques. This was shown, for example, for welding 13.5 mm thick duplex 

stainless steel plates with a laser hybrid welding process using 2.2 m/min welding speed 

and 14 kW of laser power (Westin, 2011). 

 

2.3.3 Multi-pass welding  

In contrast to single-pass welding, multi-pass welding requires several passes to join the 

workpiece. The face or height of the so-called root pass, the first pass to be welded can 

be prepared according to the selected welding process and the parameter set most suitable 

for producing an acceptable weld. However, the preparation of the joint configuration 

involves an additional step in the production process. Common to all approaches applying 

multi-pass welding is to choose the root face as high as possible to reduce the number of 

fill passes. The preparation of the groove differs depending on the plate thickness, 

welding process and access strategy of the joint. Research with autogenous laser welding 

and laser hybrid welding processes has examined, for example, the effect of the groove 

geometry (Coste, 2001b), (Li, 2014), (Guo, 2016), the angle of filler metal feed into the 

groove (Jokinen, 2003) and the focal length (Coste, 2001a) on the weld result and the 

number of fill passes needed. Double-sided access with different joint geometries has 

been investigated with the aim of reducing the number of fill passes and improving the 

mechanical properties of the weld (Gook, 2014), and increasing the maximum weldable 

thickness from 30 mm to 50 mm (Tarasawa, 2010).  
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2.3.4 Variation of joint configuration and welding position 

The joint configuration and welding position are determined by the welding task and the 

manufacturing process. In investigation of welding of T-joint configurations with 

autogenous laser welding and laser hybrid welding, test series has been carried out to 

study the effects of different parameters on the welding results. Butthoff (2002) 

investigated the general feasibility of welding T-joints with a laser hybrid welding 

process. It was shown that 10 mm thick fillet joints could be successfully welded from 

both sides using a 4.4 kW Nd:YAG laser. Unt (2015) examined the geometry of 8 mm 

thick T-joints when the inclination angle, welding position and heat input was varied. The 

results showed that the inclination angle had the greatest impact on the penetration depth 

for laser hybrid welding and autogenous laser welding with a 10 kW fiber laser source.  

For I-butt joints, edge misalignment on the top side of the workpiece was successfully 

bridged with a laser hybrid welding process in PA (flat) position. Experiments in PB 

(horizontal vertical) position showed that the deviation of the solidified material on the 

top side was more pronounced at higher welding speeds (Petronis, 2017). Similar 

experiments were carried out by welding 16 mm thick stainless steel in PB position with 

a laser hybrid welding process and a 10 kW fiber laser (Sun, 2017). Joint preparation 

helped to achieve full penetration at sufficiently high welding speeds of around 2 m/min 

and maintain control of the melt pool. Without joint preparation, the welding speed of 

samples welded as a regular I-butt joint was reduced to 0.8 m/min. Full penetration could 

be achieved and sagging of the melt was avoided.  

All position welding with a 10 kW fiber laser as an autogenous laser welding process was 

demonstrated for 11 mm thick material (Thomy, 2006). A welding speed of 2.2 m/min 

was required in all positions to control the melt pool and achieve a weld with acceptable 

quality that did not indicate sagging on the top or root side. An experimental test series 

with a practical background investigated the weldability of three different joint types for 

application in offshore steel foundations (Kristiansen, 2017). Laser hybrid welding and 

autogenous laser welding with a 16 kW disk laser was applied to weld 16 mm I-butt-

joints and lap joints in PA, PF (vertical up) and PG (vertical down) positions. The results 

showed that adequate penetration depth of up to 23 mm was achieved in PA position for 

both joint types. Controlling the melt pool in vertical positions required higher welding 

speeds and a lower heat input. Welding vertical down with a trailing arc turned out to be 

more stable than vertical up.  

 

2.3.5 Pipe welding 

Large diameter pipes with high wall thicknesses are welded, for example, in the oil and 

gas industry, where pipes need to withstand pressures of more than a hundred bar 

(Spinelli, 2012). Autogenous laser welding and laser hybrid welding processes have the 

potential to reduce the number of passes required to join thick sections and increase the 
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welding speed (Reutzel, 2006), (Komizo, 2008). Table 2.4 gives a comparison of three 

welding processes, shielded metal arc welding (SMAW) as a manual process, tandem 

GMAW and laser hybrid welding. Laser hybrid welding has better performance than the 

other two processes in all three studies categories: filler metal consumption, weld time 

and energy consumption in welding of a 40” diameter pipe with 20 mm wall thickness. 

Table 2.4: Comparison of welding processes when joining a 40” diameter pipe with 

20 mm wall thickness (Gumenyuk, 2010). 

Welding process 

Filler metal 

consumption 

[kg] 

Welding time 

[min] 

Wall plug energy 

consumption 

[kWh] 

Manual SMAW 780 190 30 

Tandem GMAW 200 12 2.7 

Laser hybrid 50 1.5 2.2 

As part of efforts to realize the potential of laser hybrid welding and autogenous laser 

welding for joining thick section pipe material, much scientific research has been 

undertaken in the areas of process development and characterisation of mechanical 

properties. A number of general parameter studies investigating the joining of pipeline 

steels and testing the applicability of fiber lasers and Nd:YAG lasers for autogenous laser 

welding and laser hybrid welding have been carried out for single passes and multiple 

passes. The overall conclusion of these studies was that laser welding processes using an 

Nd:YAG laser are suitable for joining pipeline steel grades. However, the mechanical 

properties of the welded samples did not meet the acceptance criteria (Moore, 2004a), 

although they can be significantly improved by using suitable process parameters and 

selecting appropriate filter metals (Moore, 2004b). A comparison with CO2 laser welding 

results showed that deeper penetration and higher welding speeds could be achieved in 

pipeline steels with similar laser powers (Howse, 2005), (Vollertsen, 2005).  

A multi-pass welding approach where the root pass is joined with a laser-based process 

and the remaining groove is filled with conventional GMAW processes has been reported 

to increase productivity of the pipeline construction (Yapp, 2004), (Coste, 2005). Based 

on the multi-pass approach a girth welding process using a laser hybrid welding process 

to join the root face and a high deposition GMAW process for the fill passes has been 

developed in cooperation with an industrial partner (Yapp, 2010). Further investigations 

in orbital welding were carried out focusing on the use of fiber lasers for the welding task. 

Technical equipment was designed and tested especially for laser hybrid welding 

processes (Gook, 2009), (Vänskä, 2011), (Turichin, 2014). The common challenge 

independent of the laser power used or material thickness welded, is controlling the effect 

of gravity in the different welding positions, especially for the GMAW dominated part in 

the melt pool.  
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2.3.6 Welding for shipbuilding applications 

Laser based welding processes are already established in several shipyards around the 

world (Olsen, 2009), (Turichin, 2017). The main benefits for industrial implementations 

are the high welding speed and lower heat input, which reduces distortion compared with 

conventional GMAW processes (Lezzi, 2013). Laser hybrid welding is the preferred 

process to join, for example, flat panels, sandwich panels or stiffeners in T-joint and I-

butt joint configurations (Lembeck, 2002), (Miebach, 2003), (Roland, 2004), (Jasnau, 

2008).  

Despite the widespread industrial application of laser-based welding processes, research 

and development activities are still ongoing. The reduction of distortion has been 

investigated for laser hybrid welding and SAW with the aim to further reduce the cost 

and increase the productivity which is of high interest for industrial applications (Kelly, 

2009). Increasing the productivity by combining high deposition GMAW processes with 

laser beams has been studied for flat panels with a V-butt and I-butt joint (Wieschemann, 

2001). Several studies have been carried out to examine the effect of process parameters 

of laser hybrid welding and autogenous welding on the weld quality and penetration depth 

of T-joint configurations, for example (Unt, 2014), (Unt, 2015), and (Turichin, 2017). 
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3 Experimental work 

This chapter gives an overview of the experimental test series carried out in investigation 

of joining of thick section material with high power fiber lasers. The materials welded 

and the experimental setup employed are detailed at the beginning of the chapter. The 

process parameters used for the welding tasks are then described, followed by an 

overview of the key parameters. Mechanical tests to characterise the welded samples and 

assess the weld quality are listed at the end of the chapter. 

3.1 Material 

Five different steel grades as flat plates with thicknesses ranging from 8 mm to 30 mm 

were used for the welding experiments. The chemical compositions are given in Table 

3.1. Two pipe steel grades X65 and X70 with a high yield strength of at least 460 MPa 

and a high impact toughness of at least 450 J at -40°C were used for single-pass and multi-

pass welding and the shipbuilding steel AH36 with a minimum yield strength of 355 MPa 

was examined for T-joint welding. One fine-grained steel S355MC with a minimum yield 

strength of 355 MPa and one structural steel S235J2C with a minimum yield strength of 

235 MPa were welded with an oscillated laser beam.  

Table 3.1: Chemical composition of the materials in (wt %) and plate thicknesses 

welded. 
C Si Mn P S Al Cr Cu Mo N Nb Ni Ti V 

X65, t = 9.5 mm, t = 16 mm, t = 20 mm 

0.05 0.18 1.07 0.012 0.002 0.03 0.03 0.01 - 0.006 0.057 0.02 0.002 0.035 

X70, t = 14 mm 

0.083 0.228 1.73 0.013 0.003 0.049 0.031 0.047 0.002 0.005 0.051 0.055 0.005 0.082 

AH36, t = 8 mm 

0.111 0.149 0.77 0.035 0.15 0.03 0.051 0.031 0.01 - - 0.041 - 0.008 

S355MC, t = 12 mm, t = 15 mm 

0.09 0.50 1.00 0.02 0.01 0.015 - - - - 0.07 - 0.05 0.05 

S235J2C, t = 8 mm 

0.09 0.03 1.2 0.02 0.02 - - - - - - - - - 

For the laser hybrid welding process, the shielding gases were chosen in accordance with 

EN 439, M21 as gas mixtures with 82 % – 90 % argon and 10 % – 18% CO2. The filler 
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metal for the GMAW process was a wire electrode of the type G3Si1 and G4Si1 according 

to EN 440. Pure argon was used as the shielding gas for the autogenous laser welding 

processes. 

 

3.2 Equipment 

The basic experimental set-up consisted of a welding head with collimating and focusing 

optics, process gas supply and fixtures for clamping down the workpiece. In addition, 

depending on the experiments carried out, a GMAW torch for a laser hybrid welding 

process or an oscillating unit were used, Figure 3.1. The welding torch was used for the 

laser hybrid welding experiments only. The oscillating unit was used in combination with 

an autogenous laser welding process. Different high power fiber laser sources were used 

for the experiments with output powers ranging from 8 kW to a maximum of 30 kW, see 

Table 3.2.  

 

 

Figure 3.1: Schematic drawing of set-up used for welding experiments.  
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3.3 Welding processes and parameter study 

To study the general applicability of laser hybrid and autogenous laser welding processes 

for different welding tasks, a set of experiments was carried out to investigate the process 

capabilities. First, the maximum weldable thickness for a given laser power with a single 

pass was determined by adapting the heat input and varying individual laser and arc 

related parameters like focal point position or wire feed speed. If the laser power was 

insufficient to weld a single pass, multi-pass welding was investigated as an alternative 

approach with the aim to reduce the number of required passes. For single-pass and multi-

pass welding, different parameter sets, including I-butt and V-butt joints, were tested. The 

process parameter sets developed from the experiments were adapted to further determine 

the process boundaries when welding joints with linear misalignment and air gaps. Figure 

3.2 gives an overview of the configurations with joint type and imperfections, including 

the welding positions tested. To complete the research on different joint types, T-joint 

configurations were examined for their potential to be welded with autogenous laser 

processes when varying the power density on the workpiece surface. The final 

experimental test series was carried out with an oscillated laser beam to be used for thick 

section welding, focusing on the effect of the oscillation frequency on the geometry of 

the weld. An overview of the key parameters applied in publications I – IV is given in 

Table 3.2. 

 

 

Figure 3.2: Configurations of joint types studied in combination with linear 

misalignment and air gaps (left) and welding positions according to EN ISO 6947 

(right). 
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3.4 Weld assessment and characterisation 

To investigate the weld quality of the produced samples, non-destructive testing by visual 

inspection and destructive test procedures were applied. The characterisation and 

assessment of the welded samples was carried according to the following testing methods: 

− Visual inspection of the root and bead surface of the weld, according to EN ISO 13919. 

− Preparation of the specimen according to EN ISO 17639. 

− Hardness testing of the weld metal, heat affected zone (HAZ) and base metal of the 

prepared specimen, according to DIN EN ISO 6507-1. 

− Charpy V-notch testing of cut specimens with notches in the weld metal, weld metal-

HAZ 50-50 and base metal, according to EN 10045-1. 

− Tensile testing according to EN 10002-1 and micro tensile testing based on a technique 

developed by Kocak et al. (Kocak, 1998). 
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Table 3.2: Overview of key parameters applied for welding experiments in publications 

I – V. 

 Publication  

I 

Publication  

II 

Publication  

III 

Publication  

VI 

Publication  

V 
Parameters for experimental set-up 

Laser source YLR-8000S 

YLR-20000 

YLR-8000S 

YLR-20000 

YLR-30000 

YLR-8000S YLR-10000 YLR-10000 

Laser power 
[kW] 

8 – 19 8 – 30 8 6 – 10 5; 6; 8; 10 

Focal length 
[mm] 

280; 350 280; 350; 300 280 300 300 

Fiber diameter 
[µm] 

100 100; 200 100 200; 300; 600 200 

Beam quality 
[mm mrad] 

4.2; 11.5 4.2; 11.5  

 

4.2 9.1; 12; 22.3 6.9 

Oscillation 

frequency [Hz] 

- - - - 100 – 1000 

Material 

Grade X65 X65 X65; X70 AH36 S355MC 

S235J2C 

Thickness 
[mm] 

16 16; 20; 28 9.5; 14 8 8; 12; 15 

Main process parameters 

Welding speed 
[m/min] 

0.4** – 2.5* 0.4** – 2.2* 1 – 2 0.75 – 1.75 1; 2; 3 

Wire feed 

speed [m/min] 

6 – 18 6 – 15 6.5 – 9 - - 

GMAW heat 

input [kJ/cm] 

1.8 – 6.4 1.8* – 12.7** 2.3* – 12.5** - - 

Focal position 
[mm] 

-6 – 0 -2 -2 -6 – -2  -10 – 10  

Welding 

position 

PA PA; PF; PG PA PB PA 

* laser hybrid welded root pass, ** GMAW fill pass 

Joint configuration 

Bead on plate I-butt joint 

V-butt joint 

I-butt joint 

V-butt joint 

I-butt joint T-joint Bead on plate 

Air gap [mm] 0.35 – 1.2 0.6 – 1.2 0 – 0.5 0 - 

Linear mis-

alignment 
[mm] 

0.5 – 3 0.5 – 3 - - - 

Weld assessment and characterisation test methods 

 EN ISO 13919 

EN ISO 17639 

EN ISO 13919 

EN ISO 17639 

EN ISO 13919 

EN ISO 17639 

EN ISO 6507 

EN 10045 

EN 10002 

EN ISO 13919 

EN ISO 17639 

EN ISO 6507 

EN ISO 13919 

EN ISO 17639 
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4 Results and discussion 

 

The results are divided into three different parts. The focus of the first part is utilization 

of autogenous laser welding and laser hybrid welding processes to weld thick section 

material with the aim of achieving weld results that are acceptable for industrial 

applications. The main research concentrates on investigating process boundaries 

corresponding to the maximum weldable plate thickness. The process limitations to 

compensate for imperfections and different welding positions are experimentally tested 

to determine suitable process parameters. The second part presents material 

characterisation of the welds according their mechanical properties using the test methods 

described in chapter 3. The last part examines autogenous welding of thick section 

materials with the objective to identify those parameters that influence the welding 

process, and can be used to overcome the constraints of a laser hybrid welding process to 

expand the process parameter windows. 

 

4.1 Investigation of process boundaries and limitations on the weld 

result 

Using the different laser sources and experimental set-ups, a significant number of 

process parameters was tested for welding the given materials. In the following sections, 

the exemplary results of the experimental investigation of the process parameters are 

illustrated and integrated in a graphical overview at the end of each subchapter. The 

correlation of the results on the process performance and weld quality is analysed and 

discussed in detail. Evaluation of the weld quality is based on the standard EN ISO 

13919 - 1. The quality levels used in this work are “acceptable”, “medium” and 

“moderate”. Consideration of the quality levels of the welded joints focuses on 

incomplete penetration and linear misalignment, including air gaps. Other designated 

imperfections are considered where applicable.  

 

4.1.1 Variation of material thickness 

Laser sources with 8 kW, 10 kW, 20 kW and 30 kW laser power were available for 

joining plate thicknesses up to 28 mm in a single pass or multiple passes. In the welding 

experiments, full penetration of the material was achieved, by either varying the laser 

power, or adjusting the height of the root face for the respective joint preparation. Figure 

4.1 presents weld results achieved with single-pass welding for different material 

thicknesses. The maximum penetration achieved with 8 kW laser power and a laser 

hybrid welding process was 9.5 mm thickness with an I-butt joint preparation. Using up 



4 Results and discussion 

 

50 

to 20 kW of laser power allowed full penetration of 16 mm and 20 mm thick plates with 

autogenous and laser hybrid welding processes. The welding parameters and joint 

preparation were altered when changing the welding process and thickness of the 

material. 30 kW of laser power was sufficient to join 28 mm thick plates with a laser 

hybrid process.  

All samples shown in Figure 4.1 were welded with an I-butt joint, except for Figure 4.1 

d) which had a V-butt joint configuration with a 16 mm root face and a 30° included 

angle. This joint preparation was necessary to be able to weld 20 mm thick plates a single-

pass with a higher welding speed and a lower laser power. If the same material was 

preheated up to 160°C, an I-butt joint instead of a V-butt joint could be welded with the 

same parameter set.  

Based on the quality levels introduced, the results achieved with the parameter set for 

9.5 mm thick material attained the level “acceptable”. The welds produced with 16 mm 

and 20 mm material achieved “medium” and “moderate” levels depending on the process 

used. The results from experiments with 28 mm material failed to meet the criteria 

because of incomplete penetration. Even though the quality of the 28 mm thick plates is 

of “moderate” quality, the results show the potential of the hybrid welding process for 

even thicker materials. Welding experiments carried out by Katayama (2015) with a 

100 kW fiber laser source, using an autogenous laser welding process indicated that, for 

example, increasing the penetration depth is possible, while maintaining the welding 

speed, aspect ratio and weld geometry on the surface. 

 

     

a) 

t = 9.5 mm  

P = 8 kW 

vw = 1.6 m/min 

acceptable 

b)  

t = 16 mm  

P = 17 kW 

vw = 2.3 m/min 

medium 

c)  

t = 20 mm 

P = 19 kW 

vw = 1.3 m/min 

medium 

d) 

t = 20 mm  

P = 17 kW 

vw = 1.8 m/min 

acceptable 

e)  

t = 28 mm  

P = 30 kW 

vw = 2.5 m/min 

moderate 

 

Figure 4.1: Results for single-pass laser hybrid welding of different material 

thicknesses with laser powers up to 30 kW. 
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If the laser power available was insufficient to join a given material thickness in a single-

pass, multi-pass welding was investigated as an optional joining strategy. In this case, a 

V-butt joint with a root face between 6 mm and 8 mm and an included angle of 45° or 

60° was used as joint preparation, Figure 4.2. To join the root face a laser hybrid welding 

process with a maximum laser power of 8 kW was employed. Applying a GMAW process 

only for one or several passes produced the best results. Welding fill and cap passes with 

a laser hybrid welding process did not achieve acceptable results because of the high 

number of pores and clustered porosity, occurring in the weld, see Figure 4.4 d) and 

Figure 4.6 b) and c).  

Limitations for multi-pass welding arise from choosing the right joint preparation. If the 

root face was not chosen according to the available laser power, full penetration could not 

be obtained. Applying the quality levels based on standard EN ISO 13919-1 for multi-

pass welds with suitable parameter sets resulted in “acceptable” quality level. Quality 

level “medium” was achieved in several cases because of porosity located along the whole 

length of the weld. Quality level “moderate” was achieved due to a lack of penetration 

when the root face as was too high. The approach of multi-pass welding has been 

proposed for pipe welding applications to increase the productivity for the construction 

of pipe lines (Yapp, 2004). In this case, the root pass would be welded with a laser hybrid 

process at a high welding speed and the fill passes produced with a high deposition 

GMAW process. The root pass welding then governs the overall speed of the pipeline 

construction and the fill passes define the number of welding stations following the root 

pass. 

   

a) root pass 

t = 14 mm 

P = 8 kW 

vw = 1.6 m/min 

root face 6 mm 

acceptable 

b) cap pass for a) 

GMAW only 

vw = 0.4 m/min 

 

 

acceptable 

c) root pass 

t = 16 mm 

P = 7.6 kW 

vw = 1.4 m/min 

root face 10 mm 

moderate 

 

Figure 4.2: Results for multi-pass welding of 14 mm and 16 mm thick material with 

8 kW of laser power. 
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An overview of the produced weld quality from the different experimental series carried 

out is given in Figure 4.3. The basic parameters used to compare the results of the 

different welding experiments were heat input per unit length and penetration depth which 

equals the plate thickness for single-pass welding or the prepared root face for multi-pass 

welding. Several other parameter variations such as air gap, linear misalignment or 

change of welding position are included in this overview, they are indicated within the 

description of the weld quality. Further presentation and more detailed discussion are 

given in the following subchapters.  

The dashed lines in Figure 4.3 depict ranges in which an acceptable and a medium weld 

quality could be achieved. Whether the extrapolation beyond the actual results is correct 

needs to be validated with further experiments. Comparing these results with those from 

available literature reporting experimental results of joining thick section material with 

autogenous laser processes or laser hybrid welding processes shows that the parameter 

sets chosen are in a comparable range and similar or equal weld results are achieved 

(Nilsen, 2015), (Sokolov, 2015), (Turichin, 2015), (Farrokhi, 2017). 

 

 

Figure 4.3: Overview of achieved weld quality from experiments performed with 

different material thicknesses, joint preparations and laser sources.  
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4.1.2 Variation of air gap size 

Experiments investigating the gap bridging capability of different parameters sets were 

carried out with the same laser sources described in the previous subchapter. Gap sizes 

from 0.35 mm to 1.2 mm were welded with different joint configurations, Figure 4.4. 

 

    

a) 0.35 mm gap  

single-pass 

weld 

t = 28 mm 

P = 30 kW 

vw = 2.5 m/min 

moderate 

b) 0.5 mm gap  

multi-pass weld 

t = 16 mm 

P = 7.6 kW 

vw = 1.6 m/min 

root face 10 mm 

acceptable 

c) 0.5 mm gap  

single-pass weld 

t = 16 mm 

P = 17 kW 

vw = 2.1 m/min 

 

moderate 

d) 1.2 mm gap  

multi-pass weld 

t = 16 mm 

P = 7.6 kW 

vw = 1.6 m/min 

root face 10 mm 

acceptable 

 

Figure 4.4: Results for welding joints with air gaps up to 1.2 mm in different material 

thicknesses and with laser powers up to 30 kW.  

 

Especially with 8 kW of laser power and the respective parameter sets, see Figure 4.4 b) 

and d), gaps up to 1.2 mm could be bridged and acceptable were achieved. To fill the gap 

volume the necessary wire feed speed was calculated and adapted to welding speed and 

gap size. Figure 4.4 a) shows an example with an incompletely filled groove, where the 

wire feed speed of the GMAW source, limited to 24 m/min, was insufficient to 

completely fill the gap, even though, theoretically, a value of around 21.6 m/min wire 

feed speed should have been required to fill the existing gap. Larger gap sizes also helped 

to increase the penetration depth, thus the maximum weldable root face can be increased 

when the joint configuration was kept constant. For V-butt joints the root face could be 

increased from 6 mm with zero gap up to 10 mm with 0.5 mm air gap or larger, see Figure 

4.4 b) and d) with Figure 4.2 c). For an I-butt joint configuration as shown in Figure 4.1 

e) and Figure 4.4 a), a gap of 0.35 mm benefited full penetration. This effect has also been 

investigated by Farrokhi (2016) for laser hybrid welding of double-sided welds. Keeping 

the parameter set constant during welding but changing the air gap size did not give 

successful welding results.  
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Figure 4.5 gives an overview of the welding experiments carried out, to investigate the 

gap bridging capability of the different process parameters used. To enable comparison 

of the different plate thicknesses and root faces welded, the ratio of plate thickness and 

air gap was determined and plot against the calculated heat input per unit length. Circled 

in black in this overview are two sets of experiments, where the gap was varied from 

0.35 mm to 0.5 mm but all other parameters were kept constant. The achieved quality 

level for 0.35 mm was rated acceptable, whereas with a 0.5 mm gap the quality was 

inadequate, see also Figure 4.4 c). 

Figure 4.5: Overview of achieved gap bridging ability with different material 

thicknesses, joint preparations and laser source. 



4.1 Investigation of process boundaries and limitations on the weld result 

 

55 

4.1.3 Variation of linear misalignment 

Linear misalignment in the joint configuration to be welded, is classified as an 

imperfection in the standard EN ISO 13919. The lowest quality level allows a maximum 

value of linear misalignment of 3 mm. Hence, the experimental test series was carried out 

with a maximum linear misalignment of 3 mm for the given joint configurations, Figure 

4.6.  

    

a) 0.5 mm linear 

misalignment  

t = 16 mm 

P = 7.6 kW 

vw = 1.8 m/min 

root face 8 mm 

acceptable  

b) 1.5 mm linear 

misalignment  

t = 16 mm 

P = 7.6 kW 

vw = 1.8 m/min 

root face 8 mm 

moderate 

c) 3.0 mm linear 

misalignment  

t = 16 mm 

P = 7.6 kW 

vw = 1.8 m/min 

root face 8 mm 

moderate 

d) 2.0 mm linear 

misalignment  

t = 16 mm 

P = 17 kW 

vw = 2.5 m/min 

 

acceptable 

 

Figure 4.6: Results for welding joints with linear misalignment of up to 3.0 mm in 

different material thicknesses and with laser powers up to 20 kW. 

 

Linear misalignment reduces the effective penetration depth and allows full penetration 

with larger root faces, higher welding speeds or less laser power. When welding V-butt 

joint configurations, for example, the root face could be increased from 6 mm to 8 mm 

with zero gap; even at 0.5 mm linear misalignment full penetration was achieved, see 

Figure 4.6 and Figure 4.2. Acceptable weld results with the 8 kW laser source were 

achieved for a maximum linear misalignment of 0.5 mm. With the 20 kW laser source 

linear misalignment of up to 2 mm could be welded. The essential limit for compensating 

linear misalignment, is given by the formation of droplets on the root side. From the 

overview of the experimental welding results, for varying linear misalignment, Figure 

4.7, it can be seen that keeping process parameters such as laser power or welding speed 

with wire feed speed constant while changing linear misalignment will achieve only a 

moderate quality, as shown by the values circled in black. The resulting weld quality 

could be improved, by changing the focal point position, a parameter that was kept 

constant throughout the experimental test series, from -4 mm to 0 mm on top of the 

surface, Figure 4.6 d). 
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Figure 4.7: Overview of results for linear misalignment with different material 

thicknesses, joint preparations and laser sources. 
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4.1.4 Variation of welding position 

Investigation of the effect of welding position was carried out for 16 mm thick plates in 

an I-butt joint configuration and with 8 mm thick plates as a T-joint. The test series 

included PF and PG position at 30°, 60° and 90° for I-butt joints, Figure 4.8, as well as 

PB position, where the angle of inclination of the laser beam was varied from 6° to 15°, 

Figure 4.9. 

 

Figure 4.8: Overview of results achieved in PF and PG welding positions when joining 

20 mm thick plate material in an I-butt joint configuration with a 20 kW laser source. 

Parameter set: P = 17 kW, vw = 2 m/min, heat input per unit length = 6.3 – 9 kW/cm. 

 

Changing the welding position requires good control of the process. The liquid melt 

experiences gravitational effects in the different welding positions, which needs to be 

countered in the GMAW process in particular. With vertical down welding, the process 

parameter set used for flat position welding could also be utilized for the PG 30° position. 

For better control of the melt pool in PG 60° and PG 90° position, the wire feed speed 

was reduced. Welding vertical up showed that only the PF 30° position could be 

controlled and welded with acceptable parameters. In PF 60° droplets were formed on the 

top side of the seam due to the instable melt pool in which the molten material could not 

be contained. Similar observations were made for welding I-butt joints for offshore 

structures with a laser hybrid process using a 16 kW disk laser by Kristiansen (2017). As 
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regards the laser-dominated part of the weld, it was seen that there is only little effect on 

the shape and quality when varying the weld position. This has also been observed when 

employing an autogenous laser welding process for orbital welding (Thomy, 2006) or 

supported by slow beam oscillation with up to 60 Hz and cold wire feeding (Vänskä, 

2011). Control of the process in vertical welding and overhead positions is crucial for 

welding applications such as orbital welding or girth welding to maintain weld quality 

and meet the requirements of classifications and guidelines. 

In addition to laser hybrid welding test series, autogenous laser welding experiments were 

carried out in PB position as a T-joint configuration to investigate the effect of changing 

the angle of inclination of the laser beam, Figure 4.9. Full penetration with minimal 

deviation from the joint axis was achieved with an inclined angle of 6°. Higher angles of 

inclination led to incomplete penetration as the deviation from the specified joint axis was 

too high.  

 

Figure 4.9: Overview of autogenous laser welding experiments, varying the angle of 

inclination of the laser beam, carried out in PB position as a T-joint configuration using 

a 10 kW laser source. 

Parameter set: P = 6 kW, vw = 1.25 m/min, heat input per unit length = 2.8 kW/cm. 

 

The results of the experiments show that autogenous laser welding can be an alternative 

process to laser hybrid welding if the parameters are adjusted to the welding task and to 

the requirements of the joint configuration. Comparable results from other publications 

are not yet available, hence more research work is needed to validate these results prior 

to adoption in industrial applications.  
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4.2 Characterisation of material properties 

Characterisation of the material properties was carried out in detail for the experimental 

test series examining 8 mm thick AH36 welded with an autogenous laser process as well 

as 9.5 mm thick X65 and 14 mm thick X70 plate material welded with a laser hybrid 

process. As described in chapter 4.1, the 8 mm material was welded in a T-joint 

configuration, the 9.5 mm material in a single-pass as an I-butt joint, and the 14 mm 

material in a V-butt joint which required a root pass and an additional cap pass welded 

with a GMAW process, see Figure 4.1, Figure 4.2 and Figure 4.9. To determine the 

characteristics of the welded samples, non-destructive testing and destructive testing 

methods were carried out. Non-destructive testing in the form of visual inspection was 

carried out to check the visual appearance of the root and fill passes as described in detail 

in chapter 4.1. Destructive testing comprised metallographic preparation of specimens to 

evaluate the hardness, mechanical testing of the tensile and micro tensile strength as well 

as Charpy V-notch impact toughness. Table 4.1 gives an overview of the test results of 

the experimental test series carried out with the above-specified materials. In order to 

compare the mechanical properties of the single results, the acceptance criteria from the 

classification society DNVGL for ships and submarine pipeline systems were chosen as 

a reference. 

With the AH36 material grade, the hardness tests were carried out with HV5 instead of 

HV10 as required by the standard. Nevertheless, the results indicate that the hardness 

level required can be achieved with the chosen process parameters. In the case of an 

acceptance test, however, this criterion needs to be repeated with the correct load for 

HV10. 

The tensile testing results for the material grades X65 and X70 show that the welds 

comply with the acceptance criteria of the standards. The impact toughness for X65 

welded in a single-pass produced two results with 25 J which would have failed the 

acceptance test. For the multi-pass weld with the X70 material, the relatively highest 

hardness values can be found in the weld metal (WM) and HAZ of the root pass. These 

hardness values are above the requirements of the standard for this material grade. Even 

though a GMAW fill pass reduces the speed and efficiency of the overall welding process, 

the tested specimen revealed that the upper part of the root pass is softened by the 

deposition of the GMAW cap pass. A further outcome of all multi-pass welded samples 

was that the tested filler wires and different bevel types had a minor effect on the 

mechanical properties. To increase the reliability of the produced welds and meet the 

acceptance criteria of the respective standards, the process parameters need to be refined. 

Additionally, a different choice of filler metal and preheating could be taken into 

consideration. 
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Table 4.1: Overview of results from mechanical testing of material grades AH36, X65 

and X70. 
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AH36 (T-joint, 8 mm) 

HAZ  max. 386 (HV5) 
3801  

WM max. 373 (HV5) 

X65 (I-butt joint, 9.5 mm) 

base metal 

(BM) 

range 187-220 

2702 

range 

610-623 

 

avg. 

617 

5352 

 

mean 

452 

 

single 

382 

avg. 198  

HAZ 
range 207-245 174-323 (0°C) 

avg. 215 210 (0°C) 

WM 

range 215-256 
25-342 (0°C) 

25-307 (-20°C) 

avg. 234 
171 (0°C) 

175 (-20°C) 

X70 (V-joint, 14 mm) root pass and cap pass 

BM root pass range 201-257 

3002 

range 

620-623 

 

avg. 

621 

5702 

250-297 

mean 

502 

 

single 

402 

 

 avg. 215 

BM cap pass range 201-208 

 avg. 206 

HAZ root pass range 268-345 

189-246 
 avg. 315 

HAZ cap pass range 260-329 

 avg. 310 

WM root pass range 321-333 

130-152 
 avg. 327 

WM cap pass range 241-252 

 avg. 245 
1DNVGL-RU-SHIP Part 2 Chapter 4 Section 5 
2DNV OS F101 Section 6 

 

  



4.3 Potential welding processes for joining thick section material 

 

61 

4.3 Potential welding processes for joining thick section material 

Autogenous laser welding processes are investigated in this chapter as a feasible option 

to the use of laser hybrid welding processes. The experimental test series comprised 

different parameter sets for welding T-joint configurations with an autogenous laser beam 

and basic study of an oscillated laser beam for welding purposes. 

 

4.3.1 Variation of power density 

To study the potential of the autogenous laser welding process, 8 mm thick T-joints from 

AH36 material were joined from one side with a 10 kW laser source. The diameter of the 

delivery fiber was varied between 200 µm, 300 µm and 600 µm to manipulate the power 

intensity on the joint surface of the weld. The effects on the welding result of the 

parameters of angle of inclination α of the laser beam, focal point position fpp and beam 

offset from the flange were investigated. An overview of the welding results and 

parameter sets used is given in Figure 4.10 for the 300 µm delivery fiber and Figure 4.11 

for the 600 µm delivery fiber. For comparison, welded joints with the 200 µm fiber and 

variation of the angle of inclination are shown in Figure 4.9.  

   

a) P = 6 kW 

vw = 1.25 m/min 

fpp = -2 mm 

α = 6° 

beam offset = 0.5 mm 

b) P = 8 kW 

vw = 1.25 m/min 

fpp = -2 mm 

α = 15° 

beam offset = 1.5 mm 

c) P = 8 kW 

vw = 1.25 m/min 

fpp = -4 mm 

α = 15° 

beam offset = 1.0 mm 

Figure 4.10: Results for autogenous welding of T-joints with a 300 µm delivery fiber. 
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a) P = 6 kW 

vw = 1.25 m/min 

fpp = -2 mm 

α = 6° 

beam offset = 0.5 mm 

b) P = 10 kW 

vw = 1.25 m/min 

fpp = -2 mm 

α = 15° 

beam offset = 1.5 mm 

c) P = 10 kW 

vw = 1.25 m/min 

fpp = -4 mm 

α = 15° 

beam offset = 1.5 mm 

Figure 4.11: Results for autogenous welding of T-joints with a 600 µm delivery fiber. 

 

Optimum parameter sets were found for angles of inclination at 6°, focal point positions 

at -4 mm and a beam offset of 1 mm from the flange. These parameters in combination 

with the 600 µm delivery fiber achieved weld results with the highest quality level. 

Moreover, the welds had a wider fusion zone, which increases the tolerance of the process 

to possible displacement of the beam relative to the workpiece and imperfections within 

the joint configuration. The surface of the welded joints is very smooth and without 

visible defects on the root and face side. This result supports the hypothesis put forward 

by Vänska (2014) that a change in power density on the joint surface because of a lager 

fiber diameter affects the energy distribution and melt flow in the keyhole. 

A GMAW process or laser hybrid welding process is usually employed to weld T-joint 

configurations. Laser hybrid welding processes have the advantage of giving full 

penetration welds, whereas GMAW with a fillet weld, for example, only partly penetrates 

the base metal and generates the joint by deposition of molten filler metal between the 

web and flange (Lezzi, 2013). For industrial applications, the mechanical properties of 

these welds are especially interesting, and need to be thoroughly examined before 

implementing such a process into production (Levshakov, 2015), (Turichin, 2017). To 

increase the reliability of process quality, a possible alternative to single-sided welding 

would be to weld the joint from both sides. The benefit of autogenous laser welding 

compared to laser hybrid welding is that there are fewer parameters to control, which 

reduces the complexity of the overall process, and the process provides cost savings as 

regards filler wire, shielding gas and energy. 
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4.3.2 Variation of laser beam oscillation frequency 

Another way to influence the geometry of the welded joint is to oscillate the laser beam. 

The experimental test series in this work carried out as bead-on-plate (BOP) welds with 

8 mm, 12 mm and 15 mm material. The parameter sets were chosen to investigate the 

effect of the oscillation frequency on the geometry of the weld and the penetration depth. 

The main parameters that were varied were oscillation frequency, laser power, welding 

speed and focal point position.  

Depicted in Figure 4.12 is the effect on the penetration depth of changes in the oscillation 

frequency with different laser powers and welding speeds. It was found that the heat input 

per unit length determined by laser power and welding speed dependant on the oscillation 

frequency led to the expected change in penetration depth. Further experimental test series 

investigating the influence of the focal point position showed only a minor effect on the 

penetration depth.  

 

 

Figure 4.12: Effect of oscillation frequency from 100 Hz to 1000 Hz (left side) and 0 

Hz (right side) on the penetration depth with different of laser power and welding speed. 

 

Another effect of the oscillation frequency that was studied was its effect on the geometry 

of the weld fusion zone. Measurements of the width of the fusion zone were taken at five 

different locations equally distributed along the depth of penetration from the middle of 

the weld fusion zone to the outline of the weld fusion zone. The measurements were 

statistically processed to make them comparable to each other. Figure 4.13 shows the 

average distance from the middle of the weld. The graph is plotted for positive values on 

the x-axis only, the indicated grey outline of the weld cross-section in the background 

gives an orientation of the geometrical shape. The graph clearly shows that the welds 

produced with 200 Hz are the widest – independent of the parameter set applied – and 
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have the highest statistical variance, as can be seen from the upper and lower band of 

confidence. Welds produced with oscillation frequencies of 400 Hz and higher, including 

0 Hz, have a rather narrow band of confidence and are closer together, resembling the 

geometry of a high power laser weld the most.  

 

 

Figure 4.13: Overview of standardized weld geometry at different positions in the 

fusion zone. 

 

Oscillating the laser beam decreases the penetration depth but helps to widen the weld 

fusion zone, thus opening the possibility to increase tolerance to workpiece displacement, 

small gaps or linear misalignment. However, as shown from examples in the chapters 

above, when welding thick section material with a given laser source and defined 

parameter set, the maximum achievable penetration depth plays the most important role 

in weld process outcome. Further experiments are needed, especially with higher laser 

power, to identify the full capability of oscillated laser beam welding for material 

thicknesses well above 10 mm. 
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5 Conclusion 

 

In this work the use of high power fiber lasers was studied to weld thick section material 

with laser hybrid and autogenous laser welding processes with a focus on the process 

performance and weld properties. The research activities concentrated on three different 

topics. First, investigation of the process boundaries correspondent to the maximum 

weldable plate thickness and determination of the limits for compensating imperfections 

and welding positions. Second, characterisation of the weld samples according to their 

mechanical properties and comparison of the results to applicable classification standards. 

Third, investigation of autogenous laser welding processes as an approach for thick 

section welding. The main findings were as follows: 

− 16 mm, 20 mm and 28 mm thick material could be welded as an I-butt joint with 

autogenous laser and laser hybrid welding processes in a single pass using 20 kW 

and 30 kW laser sources.  

− T-joints of 8 mm thick material could be welded with an autogenous laser welding 

process. Changing the power density on the workpiece surface by employing a 

600 µm fiber improved the weld result. 

− 8 kW laser power was sufficient to join 9.5 mm thick material with a laser hybrid 

process in a single pass. Thicker materials required joint preparation such as a V-

butt joint and multiple weld passes.  

− Welding fill and cap passes with a laser hybrid welding process produced 

excessive porosity. The most effective approach was to weld the highest possible 

root face with a laser hybrid welding process and fill the remaining groove with a 

GMAW process.  

− Gap bridging was successful up to 1.2 mm with a laser hybrid welding process. 

Linear misalignment could be compensated up 0.5 mm, the limit is determined by 

the formation of droplets on the root side.  

− Welding in different positions showed that vertical down welding was possible 

with good control of the laser hybrid process and acceptable to moderate results 

were achieved for positions PG 30°, PG 60° and PG 90°. Controlling the process 

for vertical up welding was possible for PF 30°. 

− Process parameter sets applied to achieve acceptable weld qualities for 

autogenous laser welding and laser hybrid welding processes needed to be adapted 

for each welding task separately. The heat input and power density had the most 

significant effect on the welded result, especially the penetration depth. 
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− Characterisation of the material properties showed that welded samples can meet 

requirements from classification standards, although there were certain limitations 

to the hardness and toughness values of laser hybrid welded samples. 

It was shown in the study that high power fiber lasers employed for autogenous welding 

processes and in combination with an arc welding process are able to produce deep 

penetration welds of high quality. The reliability of the parameter sets used during the 

experimental test series to achieve these results were suitable for welding similar joint 

configurations with slight deviations such as air gap and linear misalignment. A change 

in material thickness, joint type or welding position required a different parameter set 

which needed to be adapted to each new task.  

In light of the findings of this work it can be concluded that established processes can be 

readily transferred to industrial applications to replace older laser systems and to improve 

the efficiency and sustainability of the welding process. 
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6 Future work 

 

Future research should take the opportunity to investigate two fields to further develop 

effective joining of thick section material. The first area of interest is the feasibility of 

using even higher laser powers for laser hybrid and autogenous laser welding processes 

than those used in the experimental studies carried out in this work. An indication of the 

prospects for such high power laser welding has already been given by this work with 

lasers up to 30 kW. Published research reported experiments with laser powers up to 

100 kW. Especially interesting for industrial applications could be investigation of the 

sustainability of a fiber laser-based process in comparison with other laser types. When 

considering the physical and technical limitations of high power lasers, it should be noted 

that laser systems with powers up to 500 kW are offered by manufacturers. The focus of 

such future research should be placed on understanding of the physical and 

thermodynamic phenomena in the melt pool and keyhole, and control the different 

parameters of the welding process to fully utilize the capability of high power lasers for 

joining thick section material. 

The second area of interest is investigation of approaches and techniques to improve the 

robustness of the welding process itself by developing methods to control the reliability 

of the welded results when faced with imperfections and other flaws that cause weld 

defects. Of particular interest for industrial applications would be assessment of 

autogenous laser welding and hybrid laser welding processes for higher grade material 

such as X80 or X120 and orbital welding for the approval of pipeline construction. 
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1 INTRODUCTION

Joining thick steel plates with conventional GMAW pro-
cesses used for example in the fi eld of shipbuilding or 
pipe laying requires a high number of different weld 
passes. Single pass GMA welding is not a suitable pro-

cess at a sheet thickness far above 5 mm, as the melt 
pool becomes very large, which is diffi cult to control 
and comes along with a very high heat input into the 
base material. As a solution processes such as modern 
hybrid welding systems employing high power lasers 
are sought-after. Expected benefi ts are the reduction of 
required weld passes, the increase of welding speed 
and the decrease of the heat input, which leads to less 
distortion and thus less rework for straightening [1, 2]. 
Following the fi rst ideas of Steen [3] implementations 
have been made in the past combining CO2-lasers or 
Nd:YAG lasers with high powers with a GMAW process 
to a hybrid process [4]. Fields of application are thick 
section welding [5-7], e.g. pipe production.

The possibility to transport the laser beam in an optical 
fi bre offers a high degree of freedom for solid state 
lasers. With the introduction of fi bre lasers into welding 
technology, laser powers of 20 kW and more in cw 
mode with an excellent beam quality combined with 
high effi ciencies at high laser powers, solid state lasers 
have become a viable alternative to CO2 lasers in the 
above mentioned fi elds [8], especially due to the addi-
tional high degree of mobility for the recent solid state 
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laser concepts. Pipe laying [9] or shipbuilding [10] are 
examples for applications.

In order to study the potential of fi bre lasers together 
with GMAW-hybrid technique for such kind of applica-
tions, a joint project was run with, for example, the pur-
pose of qualifying laser and laser-GMA-hybrid welding 
processes using lasers of high power and beam quality 
in the fi eld of heavy industry, shipbuilding, and pipe 
production for thick materials of plate thickness bet-
ween 16 mm and 32 mm. The focus in this paper is on 
16 mm material which was extensively tested as well as 
on 20 mm welds. The objectives strived for in particular 
are the determination of the process boundaries corre-
spondent to the maximum achievable plate thickness 
for one pass welding as well as acceptable production 
tolerances (gap and edge misalignment) during welding 
of low alloyed steels with laser-GMA hybrid welding 
technique. Further tasks were the determination of a 
process window for single pass welding providing a 
good quality of the root pass and developing a strategy 
for multi pass welding.

2 EXPERIMENTAL WORK

2.1 Material

As a base material for this set of experiments, steel 
with reduced contents of carbon has been chosen. This 
steel grade is thermo mechanically rolled and rapidly 
cooled and has a high yield strength (at least 460 MPa) 
and a high impact toughness (at least 450 J at -40 °C). 
It is used for manufacturing large diameter pipes and 
is specifi ed as X65 according to API 5L standard. The 
chemical composition of the welded material is given 
in Table 1. The dimensions of the material used for the 
experiments were 300 mm × 40 mm with a thickness 
of 16 mm and 20 mm for single pass welding, as well 
as 350 mm × 200 mm with a thickness of 16 mm for 
multi pass welding.

As fi ller wire electrodes of type G3Si1 and G4Si1 accor-
ding to DIN EN 440 standard have been used.

The shielding gases for the laser-GMA-hybrid welding 
process have been chosen according to European 
standard DIN EN 439, M21. Gas mixtures with 82 % 
Ar and 18 % CO2 as well as 90 % Ar and 10 % CO2 
have been used.

Especially for welding multiple passes a joint prepa-
ration with a single V-butt joint with a broad root face 

(Y-groove) was used, Figure 1. Two different included 
angles were applied, using α = 45° and α = 60°. The 
root face c varied from 6 mm to 10 mm and the size of 
the gap b ranged from 0 mm up to 1.2 mm. All expe-
riments were done in fl at position.

2.2 Experimental setup 8 kW-laser

The experimental setup for laser-GMA-hybrid welding 
consisted of a YLR-8000 S fi bre laser source with 
8 kW output power, a DalexVario MIG 600 l(w)-B power 
source, an Abicor Binzel APD wire feed unit and a 
hydraulically operated clamping device. A special fea-
ture of the YLR-8000 S fi bre laser is the 100 μm feeding 
fi bre coming from the beam combiner and not being 
interrupted by an optical coupler or a beam switch, 
thus acting as the processing fi bre at the same time. 
This confi guration of the fi bre laser allows a very high 
brightness of the laser beam and consequently a very 
high beam quality of 4.2 mm*mrad. The fi bre was con-
nected to a 160 mm Optoskand collimator mounted on 
a Trumpf BEO D70 laser welding head with a 280 mm 
focusing lens. Together with a specially developed 
GMAW torch, the laser welding head was mounted to 
a gantry robot work station, Figure 2.

The welding torch was fi xed at an angle of 22° and 
can be used in a trailing as well as a leading position. 
For the welding experiments, the torch was applied 
exclusively in the leading position. By using the fi ne 
adjustment the position of the torch relative to the laser 
beam could be changed. Table 2 gives an overview of 
the parameters used for the experiments.

Figure 1 – Joint preparation

Table 1 – Chemical composition of the material used

Chemical Analysis (mass parts in %)

C Si Mn P S Cr Ni Ti Nb Cu Al Mo V B

X 65, t = 16 mm

0.04 0.34 1.48 0.006 < 0.001 0.17 0.03 0.012 0.04 0.02 0.03 < 0.01 0.003 < 0.0001

X 65, t = 20 mm

0.08 0.28 1.67 0.012 < 0.001 < 0.01 < 0.01 0.012 0.05 < 0.01 0.03 < 0.01 0.002 < 0.0001
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rent up to 400 A at 60 % duty cycle. In this series of 
experiments the maximum average current of up to 
550 A at a maximum welding time of 10 s has been 
applied. The integrated air cooled GMAW torch has 
been mounted on the welding optics with a constant 
inclination angle of 25° to the beam axis, and has 
the possibility to move its position in 3 directions, 
Figure 3. Most important for this set of experiments 
was the possibility to shift the torch in a direction 
parallel to the beam axis. The relative movement be-
tween the laser beam and workpiece was realised by 
a numerically controlled X-Y coordinate table. For 
changing the spatial orientation of the optics and 
control of the height a 6-axis Cloos robot suppor-
ting the welding optics and hybrid equipment has 
been used.

2.3 Experimental setup 20 kW-laser

A 20 kW Yb fi bre laser oscillator from IPG Photo-
nics with a 200 μm optical feeding fi bre was used 
for welding 16 mm and 20 mm thick material using 
the single laser beam for welding as well as combi-
ned with GMAW to a hybrid process. The laser has 
a BPP of ca. 11.5 mm*mrad. As a focusing optic the 
optical head of HIGHYAG with a 125 mm collima-
tor and 350 mm focal length was used for this set 
of experiments. The correspondent theoretical focal 
spot diameter was 560 μm and the Rayleigh length 
5.7 mm. As a GMAW power source digital equipment 
Quinto QLS 403 has been used. It has an integrated 
pull-push drive allowing fi ller wire feed rates up to 
30 m/min. The power source allows a welding cur-

Figure 2 – Experimental setup for laser-GMA-hybrid welding with 8 kW

Table 2 – Parameters used for multipass welding experiments

Parameters for setup and material Process parameters

Laser type IPG YLR 8000 S Joint type V-butt with broad root face

Laser power 8 kW Root face size 6-10 mm

Focal length 280 mm Joint gap size 0-1.2 mm

Focal spot diameter 0.22 mm Included angle 45°, 60°

Welding torch position and angle Leading at 22° Welding position PA

Welding speed 0.4-1.8 m/min

Parent metal and thickness X 65, t = 16 mm, Filler wire feed rate 6.0 m/min - 13.5 m/min

Filler wire and diameter
Union K56 S (G46 4M G4Si1), 
Ø 1.2 mm

Wire stick out 12 mm

Current 210-420 A

Voltage 22-35 V

Laser-arc distance 3 mm

Focal position -2 mm*, 0 mm**

Shielding gas and fl ow 
rate

90 % Ar + 10 % CO2 
at 20 l/min

* Relating to the top of the root face for the root pass.
** Relating to the top of the process for the fi ller passes.
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3 RESULTS

3.1 Single pass welding

3.1.1 Autogenous laser welding

With 20 kW of laser power it was possible to weld 
16 mm and 20 mm in a single pass autogenously. 
Joining 20 mm thick plates as shown in Figure 4 
required 19 kW of laser power at a welding speed of 
1.3 m/min with a focal position of -6 mm. A slotted 
gas nozzle placed above the actual welding process 
improved the weld seam quality. The top of the weld 
seam is of acceptable quality, the root side shows a 
shrinkage groove.

3.1.2 Variation of air gap sizes in hybrid welding

With 16 mm thick material, gaps up to a size of 
0.35 mm could be successfully bridged, with a laser-
GMA-hybrid process, welding a single pass using a 
square butt joint. However, gaps as large as 0.5 mm 
were diffi cult to weld with a single pass at these mate-
rial thicknesses, Figure 5. The parameters are listed 
in Table 3.

3.1.3 Variation of edge misalignment in hybrid 
welding

Hybrid welding 16 mm thick material with vertical mis-
alignment showed results with an acceptable root up 
to a misalignment of 1 mm. Drops start to form at the 
root side with a vertical misalignment above 2 mm, see 
Figure 6 and Table 4 for parameters used. The drop 
formation could be reduced or fully avoided by using 
adapted parameters; i. e. increased welding speed or 

Figure 3 – Hybrid welding head consisting
of a 350 mm focal length (right) and a GMAW 

torch (left) used with 20 kW laser power

Figure 4 – Single pass welding of 20 mm thick 
material with an autogenous laser process

a) 0.35 mm gap b) 0.5 mm gap

Figure 5 – Single pass welding of 16 mm material bridging gaps, without joint preparation

Table 3 – Parameters for welded samples with gap in a single pass

Laser
power
[kW]

Welding
speed

[m/min]

Wire feed 
speed

[m/min]

Current
(mean)

[A]

Voltage
(mean)

[V]

Gap

[mm]

Focal 
position

[mm]

17 2.1 15 381 35.8 0.35 / 0.5 -4
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a variation of the focal position. The best result was 
achieved using another focal position, Figure 7.

3.1.4 Hybrid welding of 20 mm plates

For welding 20 mm thick plates with a hybrid process, 
either a joint preparation or preheating the material 
was necessary to join these plates with a single pass. 
For the joint preparation a 16 mm root face and a 30° 
included angle was chosen, Figure 8 a). The preheated 
material had a temperature of 160 °C when welded and 

was joined with a square butt joint, fi gure 8 b). The 
parameters for the welds are given in Table 5.

3.2 Multipass welding

3.2.1 Root pass welding

Applying multiple passes with a laser-GMA-hybrid 
welding process required a different approach to join 
16 mm plates or thicker material. With 8 kW laser power 
available, a joint preparation with root faces between 
6 mm and 10 mm and included angles of 45° to 60° 
was needed for multi pass welding.

Table 4 – Parameters for welded samples with linear misalignment in a single pass, Figures 6 and 7

Laser
power
[kW]

Welding
speed

[m/min]

Wire feed
speed

[m/min]

Current
(mean)

[A]

Voltage
(mean)

[V]

Gap

[mm]

Focal 
position

[mm]

Figure 6

17 2.3 16 436 37.2 0 -4

Figure 7a)

17 2.5 16 443 37.2 0 -4

Figure 7b)

17 2.5 16 439 37.1 0 0

a) Linear misalignment b) Linear misalignment c) Linear misalignment d) Linear misalignment
of 0 mm of 1 mm of 2 mm of 3 mm

Figure 6 – Single pass welding of 16 mm material with linear misalignment varying from 0 mm to 3 mm

a) Welding speed b) Focus position
increased changed to surface

of upper plate

Figure 7 – Single pass welding with adapted 
parameters of 16 mm material with linear 

misalignment of 2 mm

a) with joint preparation b) with preheating

Figure 8 – Single pass welding of 20 mm material
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Welding the root pass also with variation of gap and 
linear misalignment, worked well with a hybrid process. 
A root face of 6 mm with the joint unchanged as well 
as 8 mm root face with linear misalignment of 0.5 mm 
and a root face of 8 mm with a gap of 0.8 mm could be 
welded, see Figures 9 to 11 and Table 6 for parameters. 
The crack visible in Figure 11, on the top side of the 
weld bead, is of minor importance in the root pass. It 
will be re-melted when welding the second pass and 
then disappears, or can be easily avoided by prehea-
ting the material before welding.

3.2.2 Variation of air gap sizes

When welding 16 mm thick material with a root face of 
10 mm and an included angle of 60°, with a laser-GMA-
hybrid welding process, it was possible to bridge gaps up 
to 1.2 mm wide with one root pass. Gaps were successi-
vely increased by 0.2 mm starting from 0 mm to 1.2 mm. 

A second layer, also welded with a hybrid process, was 
needed to fi ll the remaining groove. The welding speed for 
the second layer was gradually reduced to be able to fi ll 
the remaining groove properly. For suffi cient gap bridging, 
the wire feed rate for the root pass was increased with 
the gap becoming wider. Pores occurred in all welded 
samples, undercuts in those with insuffi cient fi ller material 
fed during welding. Figures 12 to 14 show cross sections 
with gap sizes 0 mm, 0.6 mm and 1.2 mm. Table 7 shows 
the parameters used for welding.

3.2.3 Variation of edge misalignment

In addition to variation of the gap in a weld seam, 
edge misalignment was introduced. The 16 mm mate-
rial was welded with a V-butt joint, root face of 8 mm, 
gap 0.5 mm and an included angle of 60°. A sound 
root with both edges melted properly was achieved 
with a value for edge misalignment of 0.5 mm. Values 

Table 5 – Parameters for single pass welding of 20 mm material

Root 
face
[mm]

Included
angle
[deg.]

Laser
power
[kW]

Welding
speed

[m/min]

Wire feed 
speed

[m/min]

Current
(mean)

[A]

Voltage
(mean)

[V]

Gap

[mm]

Focal 
position

[mm]

Figure 8a (with joint preparation)

16 30 17 1.8 18.5 509 38.1 0 -4

Figure 8b (preheated to 160°C)

- - 19 1.9 16.5 422 33.7 0 -4

Figure 9 – Cross-section
of a root pass of a hybrid 

welded sample with 0 mm gap

Figure 10 – Cross-section
of a root pass of a hybrid 

welded sample
with 0.8 mm gap

Figure 11 – Cross-section 
of a root pass of a hybrid 

welded sample with 0.5 mm 
gap and linear misalignment 

of 0.5 mm

Table 6 – Parameters for samples with root pass welded

Layer
no.

Root 
face
[mm]

Included
angle
[deg.]

Laser
power
[kW]

Welding
speed

[m/min]

Wire feed 
speed

[m/min]

Current
(mean)

[A]

Voltage
(mean)

[V]

Gap

[mm]

Focal 
position

[mm]

Figure 9 (0 mm gap)

1 6 60 7.6 1.8 6.5 229 23.6 0.8 -2

Figure 10 (0.8 mm gap)

1 8 60 7.6 1.6 8.5 298 27.3 0.8 -2

Figure 11 (0.5 mm gap, 0.5 mm  linear misalignment)

1 8 60 7.6 1.8 7.5 330 23.7 0.5 -2
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3.2.4 Multi pass welding with GMA fi ller passes

Since acceptable fi ller passes with a hybrid welding 
process could not be achieved under the given con-
ditions, it was decided to weld the fi ller passes with 
conventional arc welding and use the hybrid process 
for the root pass only, in order to obtain acceptable 

beyond 0.5 mm produced a root with improper fusion 
of the melt between the misaligned faces with dro-
plets which started to form on the root side. Pores and 
cracks occurred only in the fi ller passes, which were 
also welded with a hybrid process. Figures 15 to 17 
and Table 8 give an overview of welded samples and 
the parameters used.

Figure 14 – Cross-section
of a hybrid welded sample

with 1.2 mm gap

Figure 12 – Cross-section 
of a hybrid welded sample 

with 0 mm gap

Figure 13 – Cross-section
of a hybrid welded sample

with 0.6 mm gap

Table 7 – Parameters for welded samples with gap

Layer
no.

Root 
face
[mm]

Included
angle
[deg.]

Laser
power
[kW]

Welding
speed

[m/min]

Wire feed 
speed

[m/min]

Current
(mean)

[A]

Voltage
(mean)

[V]

Gap

[mm]

Focal 
position

[mm]

Figure 12 (0 mm gap)

1 10 60 7.6 1.4  7.0 210 24.3 0.5 -2

2 10 60 2.0 1.4 13.5 347 33.6 -  0

Figure 13 (0.6 mm gap)

1 10 60 7.6 1.4  8.5 232 26.5 0.6 -2

2 10 60 2.0 1.1 13.0 375 35.8 -  0

Figure 14 (1.2 mm gap)

1 10 60 7.6 1.4 10.5 277 30.1 1.2 -2

2 10 60 2.0 0.5 12.5 327 32.6 -  0

Figure 17 – Cross-section
of a hybrid welded sample
with 0.5 mm gap and 3 mm 

linear misalignment

Figure 15 – Cross-section 
of a hybrid welded 

sample with 0.5 mm 
gap and 0.5 mm linear 

misalignment

Figure 16 – Cross-section
of a hybrid welded sample

with 0.5 mm gap and 1.5 mm 
linear misalignment
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welds. An optimised parameter set was applied for wel-
ding 16 mm thick material. Figure 18 shows a cross-
section of a sample welded with two passes, the fi rst 
one with a laser-GMA-hybrid welding process and the 
second one with a conventional GMAW welding pro-
cess. The root face was chosen to be 10 mm with an 
included angle of 45°, to have a groove remaining as 
small as possible which has to be fi lled with conven-
tional welding. A gap of 0.5 mm was necessary for full 
penetration of the material. Parameters for the welded 
sample shown are given in Table 9.

4 DISCUSSION

Concerning the welding of multiple passes for joining 
16 mm thick materials, laser-GMA-hybrid welding for 
the root passes showed satisfactory up to good results, 
especially for bridging large gaps. Using a gap also help-
ed to increase the penetration depth of the laser beam 
as shown in Figures 12 and 13 where it was not pos-
sible to fully penetrate a prepared seam with 10 mm 
root face and 60° included angle when the two plates 
were joined without a gap. The restrictive feature for 
the lower penetration depth – compared to autogenous 
laser welding in this case – is the leading arc process 
in combination with the chosen seam preparation and 
the hybrid process. The arc burns above the root face 
in the groove, the laser beam has to penetrate the melt 
pool of the arc process and the base material joined 
with a zero gap. An increase of the gap to 0.2 mm 
already helped to successfully penetrate the material; 

a gap size around 0.5 mm as shown above produced 
the best results in the experiments carried out. Con-
cerning the fi ller passes, a successive reduction of the 
welding speed starting from 1.4 m/min down to 0.5 m/
min did not help to reduce the formation of pores in 
the weld seam. The only benefi cial effect of reducing 
the welding speed was a better fi lling of the remaining 
groove where undercuts could be avoided.

In contrast to the experiments with no edge misalign-
ment, where a gap of 0.5 mm to 0.6 mm supported the 
melting of the fusion faces, welding with edge misa-
lignment proved to be diffi cult. An increase of the wire 
feed rate added up to the formation of drops on the 
root side, but did not help in wetting and/or melting 
both faces of the workpiece. Regarding the multiple 
passes welded, as shown especially in Figures 16 and 

Table 8 – Parameters for welded samples with linear misalignment

Layer
no.

Root 
face
[mm]

Included
angle
[deg.]

Laser
power
[kW]

Welding
speed

[m/min]

Wire feed 
speed

[m/min]

Current
(mean)

[A]

Voltage
(mean)

[V]

Gap

[mm]

Focal 
position

[mm]

Figure 15 (0.5 mm linear misalignment)

1 8 60 7.6 1.8 18.0 234 26.7 0.5 -2

2 8 60 0.0 0.4 10.5 - - - 0

Figure 16 (1.5 mm linear misalignment)

1 8 60 7.6 1.8 18.0 339 23.8 0.5 -2

2 8 60 4.0 1.6 11.0 413 31.9 - 0

3 8 60 4.0 0.8 10.0 329 29.3 - 0

4 8 60 4.0 0.8 10.5 334 29.2 - 0

Figure 17 (3.0 mm linear misalignment)

1 8 60 7.6 1.8 6. 231 22.6 0.5 -2

2 8 60 2.0 1.6 12.5 422 30.5 - 0

3 8 60 2.0 0.8 10.0 310 29.7 - 0

4 8 60 2.0 0.8 10.0 318 29.5 - 0

Figure 18 – Cross-section of a hybrid welded 
sample with optimised parameters for 0.5 mm gap

Table 9 – Parameters for the welded sample shown in Figure 18

Layer
no.

Root 
face
[mm]

Included
angle
[deg.]

Laser
power
[kW]

Welding
speed

[m/min]

Wire feed 
speed

[m/min]

Current
(mean)

[A]

Voltage
(mean)

[V]

Gap

[mm]

Focal 
position

[mm]

1 10 45 7.6 1.6 9.5 372 25.9 0.5 -2

2 10 45 - 0.4 8.5 290 28.3 -  0
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process for welding the root pass and then applying a 
GMAW process, yielded a sound weld.

– Some cracks can be observed at the top of root
welds, but these disappear during remelting by the
fi rst fi ller pass.
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17, where 4 passes were used altogether, altering the 
parameters did not change the result in terms of pores 
or cracks. A reduction of the laser power for the fi ller 
passes of 50 %, compare parameters for samples 
depicted in Figures 16 and 17, for example, did not 
have any effect on the welded seam. Also altering the 
welding speed from 1.6 m/min to 0.8 m/min within the 
same weld seam did not benefi t the quality.

A successful method to utilise the benefi ts of a laser-
GMA-hybrid welding process as well as the conventio-
nal GMAW welding process was to weld the root pass 
fi rst with the hybrid process and secondly use a GMAW 
process for fi lling up the remaining groove. Two pass-
es were needed which produced an acceptable root 
quality and a pore and crack free weld seam. Despite 
that successful weld, the big disadvantage of that stra-
tegy is the slow welding speed of only 0.4 m/min – the 
advantages of the laser hybrid process vanishes to 
a certain extent. Kristensen [11], who also observed 
pores in the root of the second pass of a multi pass 
hybrid weld, suggests the low welding speed as the 
origin of the pores. Due to the much higher speeds 
used in this investigation (up to 1.4 m/min) compared 
to that work (0.5 m/min) it is questionable, whether this 
explanation will hold. Further work has to be done in 
this fi eld.

5 CONCLUSION

Despite the fact that these are preliminary results of 
ongoing work, it has shown successful welding within 
the following limits:

– Autogenous laser welding was used to join plates up 
to 20 mm thickness with 19 kW at 1.3 m/min without
a seam preparation.

– Laser-GMA-hybrid welding of 16 mm thick material
was possible with a square butt joint and a single pass
at 17 kW and 2.1 m/min.

– 20 mm material welded with a hybrid process
required 19 kW and a joint preparation. As an alterna-
tive, square butt joint welding was possible when using 
preheating to 160 °C, which also increased the stability 
of the process.

– Edge misalignment up to 2 mm and gaps up to
0.35 mm could be bridged when joining 16 mm mate-
rial with single pass hybrid welding.

– Concerning multi pass welding, gaps up to 1.2 mm
and edge misalignment up to 0.5 mm could be bridged 
with hybrid welding the root pass.

The defects observed in these experiments have been 
droplet formation at the root, pores in the fi ller layer and 
cracks at the top of root passes. It was shown that:

– The permissible edge misalignment is essentially
limited by the droplet formation.

– Pores in the fi ller passes could not be avoided with
the parameters used in this investigation when applying 
hybrid welding for the fi ller passes. Using the hybrid
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In diesem Beitrag werden die Ergebnisse aus einem gemeinschaft-
lich durchgeführten Forschungsprojekt zur Schweißeignung un-
legierter Stähle mit Laserstrahl- und Lichtbogenschweißverfahren
vorgestellt. Es wurden Schweißversuche in Ein- sowie Mehrla-
gentechnik mit Blechdicken von 16, 20 und 28 mm durchgeführt
sowie die Prozessgrenzen für die Spaltüberbrückbarkeit, den Kan-
tenversatz und das Schweißen in Zwangspositionen untersucht.
Für die Schweißversuche kamen Faserlaser mit Leistungen von
8, 20 und 30 kW in Verbindung mit einem MAG-Schweißprozess
als Laserstrahl-MSG-Hybridschweißen zum Einsatz. Mit dem 30-
kW-Faserlaser war es möglich, 28 mm dicke Bleche einlagig zu
schweißen, jedoch besteht weiterer Forschungsbedarf, um Aus-
sagen über die erreichbare Qualität treffen zu können. Bei 20 kW
Laserstrahlleistung wurde zum einlagigen Schweißen von Blechen
mit einer Dicke von 20 mm eine entsprechende Nahtvorbereitung
benötigt, 16 mm dicke Bleche konnten dagegen ohne Vorbereitung
der Naht im Stumpfstoß geschweißt werden. In der Mehrlagen-
technik wurden mit dem 8-kW-Faserlaser 16 mm dicke Bleche
vorbereitet mit einer Y-Naht geschweißt. Hierbei wurde die Wur-
zellage hybrid geschweißt, die Füll- und Decklagen mit einem
reinen MAG-Prozess. 

M. Sc. Stefan Grünenwald, Dipl.-Ing. Thomas Seefeld, Prof. Dr.-Ing. Frank
Vollertsen, Bremen, Dr.-Ing. Sergej Gook, Dr.-Ing. Andrey Gumenyuk, und
Prof. Dr.-Ing. Michael Rethmeier, Berlin

1 Einleitung
     Beim Schweißen dicker Stahlwerkstoffe mit Lichtbogenverfah-
ren, zum Beispiel im Schiffbau, Stahlbau oder Rohrleitungsbau,
ist die Mehrlagentechnik üblich. Einlagiges Schweißen von Blechen
über 5 mm Dicke wird wegen der großen, nicht beherrschbaren
Schweißbäder und des sehr hohen Wärmeeintrags zumeist ver-
mieden. An Schweißprozessen, wie modernen Laserstrahl- und
Laserstrahl-MSG-Hybridschweißverfahren, die über eine hohe La-
serstrahlleistung verfügen und dieses Problem lösen können, wird
daher sehr intensiv geforscht. Vorteile sind die Reduzierung der
Anzahl der Schweißlagen, die Erhöhung der Schweißgeschwin-
digkeiten sowie ein geringerer Wärmeeintrag in das Bauteil, um
damit verbundene Richtarbeiten zu reduzieren [1; 2]. Ein Anwen-
dungsgebiet für solche Hybridschweißverfahren ist das Dickblech-
schweißen beispielsweise für den Rohrleitungsbau [3...5].
     Mit der Weiterentwicklung der Faserlaser wurden der
Schweißtechnik unlängst hohe Strahlleistungen bis 50 kW im
cw(continuous wave)-Betrieb mit einer hervorragenden Strahl-
qualität in sehr kompakter Bauweise bereitgestellt [6]. Der Fa-
serlaser zählt zu der Gruppe der Festkörperlaser und emittiert
Strahlung mit einer Wellenlänge von etwa 1,07 μm, die mit op-

tischen Fasern flexibel an die Prozesszone geführt werden kann.
Gerade die kompakte Bauweise des Faserlasers in Kombination
mit der Möglichkeit, optische Fasern einzusetzen, bietet für
einen mobilen Einsatz zum Beispiel auf den Werften, bei der
Rohrfertigung oder im Feld in der Rohrverlegung damit beste
Voraussetzungen [7; 8]. Die Strahlqualität des Faserlasers, welche
die Fokussierbarkeit der Strahlung bzw. die Leistungsdichtever-
teilung entlang der Strahlachse maßgeblich bestimmt, ist deutlich
besser als die herkömmlicher Festkörperlaser [9]. Vergleichbare
Strahlqualitäten können auch mit einem Scheibenlaser erreicht
werden, der heute Strahlleistungen bis maximal 16 kW erzielt
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Bild 1. Einschweißtiefe als Funktion der Streckenenergie dividiert durch
den Gesamtwirkungsgrad für verschiedene Laserstrahlquellen (YLR-1000SM:
Single Mode Faserlaser, YLR8000S: Multimode Faserlaser, HLD80002:
Scheibenlaser, TLF15000turbo: CO2-Laser, HL4006: Lampengepumpter
Nd:YAG-Laser) sowie einen Metall-Schutzgasschweißprozess (MIG) [14].

Bild 2. Nahtvorbereitung.
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[10]. Somit ergibt sich nun erstmalig die Möglichkeit, auch
große Bauteildicken bis zu 20 mm in einer Lage zu verschwei-
ßen. Die erzielten Schweißnähte ähneln vom Aspektverhältnis
her am ehesten Elektronenstrahlschweißnähten. Ein weiterer
Vorteil heutiger Festkörperlaser ist eine hohe energetische Effi-
zienz, die mit bis zu 30% weit über den bisher erreichten Wir-
kungsgraden von CO2-Lasern mit 10% und Festkörperlasern
zwischen 3 und 12% liegt [11]. Bild 1 zeigt die Einschweißtiefe
verschiedener Laserstrahlquellen in 5xxx-Aluminiumlegierungen
als Funktion der Streckenenergie dividiert durch den Gesamt-
wirkungsgrad der Strahlquelle. Für den Gesamtwirkungsgrad
wurde auch der erste Kühlkreislauf (Wasser/Wasser – Wärme-
tauscher berücksichtigt). Zum Vergleich wurde zusätzlich ein
reiner MIG-Prozess betrachtet. Für die Berechnung der Strecken-
energie wurden aus der Literatur beispielhaft Einschweißtiefen
von 5 und 6 mm mit den jeweiligen Schweißparametern her-
angezogen [12]. Der Wirkungsgrad des MIG-Prozesses wurde
entsprechend Literaturangaben für verschiedene Stromquellen-

typen mit 80% angenommen [13]. Die benötigte Gesamtenergie
zur Erzielung einer bestimmten Einschweißtiefe ist bei Faser-
und Scheibenlasern um fast eine Größenordnung besser als bei
CO2-Lasern und dem reinen MIG-Prozess. Im Vergleich dazu
benötigen lampengepumpte Nd:YAG-Laser, die den geringsten
Gesamtwirkungsgrad aufweisen, sogar fast das 20-Fache mehr
an Energie, um eine vergleichbare Einschweißtiefe zu erreichen
[14].

2 Versuchsdurchführung
2.1 Werkstoffe
     Als Grundwerkstoff für die Versuche wurde ein thermomecha-
nisch gewalzter und beschleunigt gekühlter Rohrleitungsstahl mit
reduziertem Kohlenstoffanteil ausgewählt. Dieser Werkstoff wird
nach API 5L als X65 bezeichnet, hat eine Zugfestigkeit von min-
destens 460 MPa und eine Kerbschlagarbeit von 47 J bei −40° C.
Die chemische Zusammensetzung der geschweißten Bleche mit
den verschiedenen Dicken ist in Tabelle 1 aufgeführt. Die Abmes-
sungen des Versuchswerkstoffs waren 300 mm × 40 mm für die
Blechdicken 16 mm für Versuche mit 20 kW Laserstrahlleistung,
für alle weiteren Versuche wurden Proben mit 350 mm × 200 mm
mit den Dicken 16 mm und 28 mm für 8 kW bzw. 30 kW Laser-
strahlleistung verwendet. Als Zusatzwerkstoff wurden Drahtelek-
troden vom Typ G3Si1 und G4Si1 nach DIN EN 440 verwendet.
Die Schutzgase für den Schweißprozess waren die Gasmischungen
M21 nach DIN EN 439 mit 82% Ar und 18% CO2, bzw. 90% Ar
und 10% CO2.
     Für die Schweißversuche mit 8 kW Laserstrahlleistung wurde
zum Fügen der Bleche zwingend eine Nahtvorbereitung benötigt.
Zum Einsatz kam eine Y-Nahtvorbereitung, wobei variierende Öff-
nungswinkel α und Steghöhen c untersucht wurden, Bild 2.
Schweißversuche mit 20 kW Laserstrahlleistung wurden im I-Stoß
und mit einer Y-Nahtvorbereitung (α = 30°, c = 16 mm) durchge-
führt. Ausschließlich im I-Stoß wurden die Schweißversuche mit
30 kW Laserstrahlleistung durchgeführt.
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Bild 3. Hybridgeschweißte Wurzellagen mit unterschiedlichen Spaltweiten;
a) 0 mm Spalt, b) 0,8 mm Spalt.

Bild 4. Querschliffe von Proben mit verschiedenen Spaltweiten, die in PA-Position mit einem hybriden Prozess geschweißt wurden; a) 0 mm Spalt, b)

0,6 mm Spalt, c) 1,2 mm Spalt. 

A B

A B C
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2.2 Experimenteller Aufbau
     Der Versuchsaufbau für das Laserstrahl- und Laserstrahl-MSG-
Hybridschweißen bestand jeweils aus drei verschiedenen Strahl-
quellen mit 8 kW, 20 kW und 30 kW Laserstrahlleistung. Jeder
Laser war mit einem MSG-Brenner und entsprechender Schweiß-
ausrüstung ausgestattet, Tabelle 2.

3 Ergebnisse
3.1 Hybridschweißen von 16 mm Blechdicke 
3.1.1 Mehrlagentechnik mit 8 kW Laserstrahlleistung
     Bei maximal 8 kW Laserstrahlleistung konnten 16 mm dicke
Werkstoffe nicht in einer Lage gefügt werden. Daher wurde in die-
sem Fall die Mehrlagentechnik angewendet. Um diese Blechdicke
in mehreren Lagen fügen zu können, war eine Nahtvorbereitung
mit Öffnungswinkeln von 45° und 60° sowie Steghöhen zwischen
6 und 8 mm für das Schweißen mehrerer Lagen notwendig. Das
Schweißen der Wurzellage, auch mit Spalt oder geringem Kan-
tenversatz, war mit dem eingesetzten hybriden Prozess ohne Pro-
bleme möglich. Steghöhen von 6 mm konnten mit Nullspalt feh-
lerfrei gefügt werden, ebenso wie 8 mm Steghöhe mit einem Spalt
von 0,8 mm, Bild 3a) und b) sowie Tabelle 3. Ein Einfluss des Spalts
auf die Qualität der Wurzellage in Bezug auf Poren oder Risse
wurde nicht beobachtet.
     Wurde bei der Nahtvorbereitung die Steghöhe c von 8 mm auf

10 mm erhöht, so war es bei technischem Nullspalt nicht möglich,
für die Wurzellage eine vollständige Durchschweißung bei gleich-
bleibender Schweißgeschwindigkeit zu erreichen, Bild 4a). Bereits
ab einem Spalt von 0,2 mm konnte eine ausgeprägte Wurzel erzielt
werden, deren Qualität (beurteilt nach dem äußerlichen Erschei-
nungsbild) sich mit größer werdendem Spalt verbesserte. Spalte
bis 1,2 mm wurden erfolgreich überbrückt, Bild 4b) und c), wobei
die Drahtvorschubgeschwindigkeit entsprechend angepasst wurde,
Tabelle 4. Als optimale Spaltweite in Bezug auf Einschweißtiefe,
Aussehen und benötigtes Drahtvolumen haben sich 0,5 bzw.
0,6 mm herausgestellt. Begrenzende Faktoren für die maximal er-
reichbare Einschweißtiefe sind die Nahtvorbereitung und der vor-
laufende Lichtbogen. Der Laserstrahl muss das Schmelzbad des
Lichtbogens und den Grundwerkstoff (Höhe des Stegs) durchdrin-
gen, um eine vollständige Durchschweißung zu erzielen. Zusätzlich
zur Wurzellage wurde eine weitere Schweißlage benötigt, um die
verbleibende Fuge zu füllen. Diese wurde zunächst mit einem hy-
briden Prozess geschweißt, wobei in jeder Lage Poren auftraten,
typischerweise im unteren Bereich der Naht. Die Einbrandkerben,
erkennbar vor allem in Bild 4a) und b), können auf eine zu hohe
Schweißgeschwindigkeit zurückgeführt werden.
     Da beim Schweißen von Rohren auf der Baustelle neben un-
terschiedlichen Spaltweiten auch Kantenversatz auftreten kann,
wurde dieser im Rahmen der Versuche mit der Mehrlagentechnik
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Tabelle 1. Chemische Zusammensetzung der verwendeten Werkstoffdicken.

Tabelle 2. Parameter für den Versuchsaufbau mit unterschiedlichen Laserstrahlleistungen.
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bis auf maximal 3 mm variiert. Verwendet wurde eine Nahtvor-
bereitung mit 8 mm Steghöhe und 60° Öffnungswinkel. Bis zu
einem Versatz von 0,5 mm konnte eine gute Wurzellage ge-
schweißt werden, bei Werten über 0,5 mm konnten die versetz-
ten Kanten nicht vollständig angebunden werden und es bildeten
sich Tropfen an der Wurzelseite aus. In Bild 5 sind Querschnitte
von Proben dargestellt, die mit Kantenversatz geschweißt wur-
den. Die dazugehörigen Schweißparameter sind in Tabelle 5
aufgeführt. Poren und Risse kamen ausschließlich in den Füll-
lagen vor, die ebenfalls mit einem hybriden Prozess geschweißt

wurden, Bild 5b) und c). Ohne Risse und Poren ist die Fülllage
der Schweißnaht in Bild 5a). Hier wurde die Strategie für die
Mehrlagentechnik geändert, da unter den gegebenen Voraus-
setzungen die Fülllagen mit einem hybriden Prozess nicht feh-
lerfrei geschweißt werden konnten. Der hybride Schweißprozess
wurde nur noch für die Wurzellage verwendet, welche mit einer
möglichst großen Steghöhe geschweißt werden soll. Die Füll-
lagen wurden nicht mehr hybrid, sondern mit einem reinen
MAG-Prozess geschweißt.
     Der Querschnitt einer Probe in Bild 6 zeigt die erfolgreiche
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Tabelle 4. Parameter für hybridgeschweißte Proben mit Spalt.

Tabelle 3. Parameter für das Schweißen der Wurzellage.

Bild 5. Querschnitte geschweißter Proben mit 0,5 mm Spalt und unterschiedlichem Kantenversatz; a) 0,5 mm, b) 1,5 mm, c) 3,0 mm. 

A B C
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Anwendung dieser Strategie, bei der die Vorteile des Laserstrahl-
MSG-Hybridverfahrens und des konventionellen MIG/MAG-
Schweißprozesses genutzt werden konnten. Die Wurzellage als
erste Lage wurde mit einem hybriden Prozess geschweißt, die Füll-
lage als zweite Lage mit einem konventionellen MAG-Prozess.
Die Steghöhe wurde mit 10 mm so hoch wie möglich gewählt und
der Öffnungswinkel mit 45° so klein wie möglich, um für das
Schweißen der Fülllage das aufzufüllende Volumen der Fuge zu
minimieren. Für eine vollständige Durchschweißung des 10 mm
hohen Stegs war ein Spalt von 0,5 mm erforderlich. Die Parameter
der geschweißten Probe sind in Tabelle 6 abgebildet. Für ein 16 mm
dickes Blech wurden zwei Schweißlagen benötigt, die mit akzep-
tabler Qualität hergestellt werden konnten, das heißt ohne Poren

oder Risse. Jedoch wirkt sich trotz der hohen Qualität der Schweiß-
naht die langsame Schweißgeschwindigkeit der zweiten Lage auf
die Hauptzeit des Gesamtprozesses aus, was insgesamt betrachtet
für die Hauptzeit einen verringerten Vorteil bringt. Hier erscheint
es sinnvoll, nach Alternativen für den eingesetzten MAG-Prozess
zu suchen, zum Beispiel MSG-Tandemverfahren.

3.1.2 Einlagentechnik mit 20 kW
     Mit Laserstrahlleistungen bis 20 kW konnten 16 mm dicke
Werkstoffe in einer Lage ohne Nahtvorbereitung gefügt werden.
Neben Schweißversuchen in Wannenposition (PA) wurde ein
großer Teil der Versuche in Zwangspositionen durchgeführt. Der
eingesetzte Versuchsaufbau ermöglichte es, Versuche in fallender
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Tabelle 5. Parameter für hybridgeschweißte Proben mit Kantenversatz.

Bild 6. Querschnitt einer Probe mit 
hybrid geschweißter Wurzellage und
MAG-geschweißter Fülllage.

Bild 7. Schweißversuche in Zwangslagen: schematische Darstellung der
untersuchten Schweißpositionen.
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(PG) und steigender (PF) Position bei 30°,
60° und 90° durchzuführen, Bild 7. Der
X-Y-Tisch wurde der Schweißposition ent-
sprechend gekippt und der Laserstrahl-
Hybrid-Bearbeitungskopf senkrecht zur
Schweißprobe ausgerichtet.
     Der Laserstrahl-MSG-Hybridprozess
war beim fallenden Schweißen bis zur
Neigung der Schweißprobe von 90° sehr
gut beherrschbar. Die verwendeten Pa-
rameter zum Schweißen in PA-Position
konnten auf die PG-Position 30° über-
tragen werden. Zusätzlich wurde ein sta-
bileres Prozessverhalten als in PA-Posi-
tion beobachtet, was zu einer gleichmä-
ßigeren Wurzel mit wenig bis keinen
Tropfen an der Wurzelseite führte. Um
den Schweißprozess auch in den PG-
Positionen 60° und 90° zu beherrschen,
wurden die Parameter des Schweißpro-
zesses angepasst und die Drahtvor-
schubgeschwindigkeit verringert. Dabei
wurde eine typische Ausbildung der
Schweißnaht – leicht abgesenkt in der
Mitte der Nahtoberraupe – beobachtet,
Bild 8. Die bessere Beherrschung des
Schmelzbads beim Schweißen mit
einem hybriden Prozess in fallender Po-
sition ist wahrscheinlich auf die Umver-
teilung der Kräfte im Schmelzbad zu-
rückzuführen.
     Bei Schweißversuchen in steigender
Position hat sich gezeigt, dass der Pro-
zess nur bei einer Neigung der Probe
bis 30° beherrschbar war. Im Vergleich
zur fallenden Schweißposition 30°
wurde die Nahtoberraupe nicht flacher,
sondern es bildete sich in der Mitte eine
ausgeprägte Nahtüberhöhung aus, Bild
9. Bei weiterer Steigerung des Neigungs-
winkels bis 60° und darüber hinaus
wurde der Prozess instabil, Schmelze
sammelte sich in der Mitte und bildete
Tropfen aus, die in regelmäßigem Ab-
stand erstarrten, Bild 10.
     Hier zeigte sich der Einfluss der
Schwerkraft vor allem auf das durch den
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Tabelle 6. Parameter für die Schweißnaht in Bild 6.

Bild 8. Schweißversuche in Fallpositionen: Anpassung der Drahtvorschubgeschwindigkeit bei konstan-
ten Parametern PL = 17 kW, vs = 2 m/min, Δzf = −4 mm; a) PA, b) PG 30°, c) PG 60°, d) PG 90°.

A B
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Lichtbogen erzeugte Schmelzbad. Die damit verbundene Gefahr
ist, dass flüssiger Werkstoff aus der Prozesszone ausfließt, der
Schweißprozess nicht mehr kontrollierbar ist und das Schweiß-
ergebnis mangelnde Qualität aufweist. Der durch den Laser-
strahlschweißprozess dominierte Teil der Schweißnaht wies bei
der Variation der Schweißposition keine Veränderung auf, was
frühere Versuche zum Orbitalschweißen mit autogenem Laser-
strahl bestätigten [4]. Durch den Einsatz einer aktiven Schmelz-
badkühlung mittels einer zusätzlich zur Brennerdüse nachlau-
fenden Schutzgasdüse wurde eine bessere Beherrschbarkeit des
Schmelzbads in steigender Schweißposition 60° erzielt. Gekühlt
wurde mit reinem Argon, das direkt auf das Schmelzbad geleitet
wurde. Die Tropfenbildung in der Mitte der Schweißnaht konnte
erheblich reduziert werden, die Ausbildung der Wurzelseite

wurde ebenfalls verbessert, Bild 11, im Vergleich zu den Versu-
chen ohne aktive Kühlung.

3.2 Hybridschweißen von 20 mm Blechdicke
     Für das Schweißen von 20 mm dicken Blechen mit einem 20-
kW-Faserlaser in einer Lage war entweder eine Nahtvorbereitung
oder Vorwärmen des Werkstoffs notwendig. Die Nahtvorbereitung
bestand aus einer Y-Naht mit 16 mm Steghöhe und 30° Öffnungs-
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Bild 9. Hybridgeschweißte Naht in steigender
Position PF 30°.

Bild 10. Oberraupe einer hybridgeschweißten Naht, steigende Schweißposition PF 60°.

Bild 11.

Hybridschweißnaht
mit Schmelzbad-

kühlung, steigende
Schweißposition PF
60°; a) Querschliff,

b) Schweißnaht -
oberraupe und c)

Schweißnahtwurzel

11 A

11 B

11 C

Bild 12.

Einlagenschweißen von
20 mm dickem Werkstoff;
a) mit Nahtvorbereitung
und b) mit Vorwärmen.

A B

-- Licensed for  Bremer Institut für --



winkel, Bild 12a). Beim Vorwärmen auf 160°C konnte ohne Naht-
vorbereitung im I-Stoß geschweißt werden, Bild 12b). Die Parameter
für beide Schweißungen sind in Tabelle 9 angegeben.
     Während des Schweißens der Bleche mit Nahtvorbereitung
lag die Prozessstabilität im Grenzbereich. Diese konnte aber durch
die Vorwärmung auf 160°C verbessert werden, was sich in einer
besseren Nahtausbildung mit weniger Einbrandkerben zeigte. Zu-
sätzlich konnte auf eine Nahtvorbereitung verzichtet werden. In
der Praxis soll die entsprechende Vorwärmtemperatur sowohl auf
die mechanisch-technologischen Eigenschaften wie zum Beispiel

Härte und Kerbschlagzähigkeit als auch auf die Korrosionseigen-
schaften abgestimmt werden.

3.3 Potenzial der Anwendung des Laserstrahl-MSG-Hybridschwei-
ßens für größere Blechdicken
     Mit 30 kW Laserstrahlleistung wurden 28 mm dicke Werkstoffe
mit einem I-Stoß in der Einlagentechnik gefügt. Schweißversuche
wurden jeweils mit Spaltweiten von 0,15 und 0,35 mm durchge-
führt. Bild 13a) zeigt eine entsprechende Nahtausbildung bei
0,15 mm Spalt. Die Nahtform ist in der oberen Hälfte sehr regel-
mäßig, verjüngt sich aber zur Wurzel stark, was eine sehr schmale
Nahtwurzel, teilweise nicht vollends durchgeschweißt, zur Folge
hat. Die Schweißnahtoberfläche hingegen ist von guter Qualität,
Einbrandkerben oder Nahteinfall sind nicht zu erkennen. Rönt-
genaufnahmen zeigen, dass Poren und Bindefehler über die ge-
samte Nahtlänge zu finden sind. Mit 0,35 mm Spaltweite war die
Naht vollständig durchgeschweißt, Bild 13b). Die Schweißnaht -
oberfläche zeigt jedoch deutlichen Nahteinfall, was auf den Draht-
vorschub zurückzuführen ist, der auf 24 m/min begrenzt war, was
wiederum bei der verwendeten Schweißgeschwindigkeit von
2,5 m/min zum Füllen des Spalts nicht ausreichend war. Röntgen-
aufnahmen zeigen einige Poren am Nahtende und deutlich weniger
Bindefehler. Die zugehörigen Parameter sind in Tabelle 10 aufgeführt.
Um zuverlässige Aussagen über die erreichbare Qualität einlagig
geschweißter Verbindungen im Blechdickenbereich größer 20 mm
treffen zu können, sind weitere Untersuchungen notwendig.

4 Ausblick
     Die Arbeiten haben gezeigt, dass Blechdicken von 16, 20 und
28 mm mit einem Laserstrahl-MSG-Hybridschweißprozess gefügt
werden konnten. Insgesamt zeigen diese Ergebnisse das Potenzial
des hybriden Schweißprozesses mit hohen Laserstrahlleistungen
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Bild 13. Einlagenschweißen von 28 mm dickem Werkstoff; a) mit 0,15 mm
Spalt und b) mit 0,35 mm Spalt.

Tabelle 7. Parameter zum Schweißen in Fallposition (Bild 8).

Tabelle 8. Parameter der Schweißungen in Steigposition.
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auf. Mögliche Anwendungsgebiete sind neben dem Rohrleitungs-
bau auch im Schiff-, Behälter- und Schienenfahrzeugbau zu finden.
Für die Umsetzung der Forschungsergebnisse in die industrielle
Produktion besteht jedoch noch weiterer Forschungsbedarf.

Diese Arbeiten wurden im Rahmen eines durch das Bundesministerium
für Bildung und Forschung (BMBF) geförderten Projekts „HyBright“ (BMBF
FK 13N9278) durchgeführt. Schweißversuche mit 8 kW Laserstrahlleistung
wurden am BIAS – Bremer Institut für angewandte Strahltechnik und mit
20 kW Laserstrahlleistung von der BAM Bundesanstalt für Materialforschung
und -prüfung in Berlin durchgeführt. Die Schweißversuche mit 30 kW wur-
den bei der IPG Laser GmbH in Burbach durchgeführt.
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Abstract
This paper presents the results of a joint research project on the weldability of carbon steel in hybrid 

laser-GMA welding processes.  

The welding tests were carried out with single-pass and multi-pass welding to join material 

thicknesses of 16 mm and 20 mm, and the process limits for gap bridging, linear misalignment and 

welding in different positions were investigated. Fiber lasers with powers of 8, 20 and 30 kW, in 

combination with a GMAW process, were used for the GMA hybrid welding tests. Using a 30 kW 

fiber laser, it was possible to weld 28 mm-thick plates in a single pass. With 20 kW fiber laser power, 

a joint preparation was needed to weld 20 mm thick plates in a single pass, whereas 16 mm plates 

could be welded as a butt joint without a joint preparation. Multiple passes were performed to join 

16 mm thick plates with an 8 kW fiber laser and a Y-butt joint preparation. In the latter case, the root 

pass was welded with a hybrid process and the fill and cap passes with a GMAW process. 

1 Introduction

When welding thick section steel material with arc welding processes, for example in shipbuilding, 

steel construction or pipeline construction, multi-pass welding is commonly used. Single-pass welding 

of plate thicknesses greater than 5 mm is mostly avoided because of the large melt pool, which is 

difficult to control, and due to the high heat input. Welding processes such as modern laser welding 

and laser-GMA hybrid welding processes, which deliver a high laser power and could solve these 

problems, are currently being intensively researched. The advantages are the reduced number of weld 

passes, the increase in welding speed and the decrease in heat input into the workpiece, thus reducing 

the need for straightening work [1], [2]. One field of application for such hybrid welding processes is 

pipeline construction, for example [3], [4], [5]. 

With the further development of fiber laser technology, beam powers up to 50 kW in cw (continuous 

wave) mode with an excellent beam quality and a compact design have been made available [6]. Fiber 

laser belongs to the group of solid-state lasers and emits radiation at a wavelength of around 1.07 µm, 

which can be guided to the process area with a flexible optical fiber. The compact design of the fiber 

laser, combined with the possibility of using optical fibers, offers ideal conditions for mobile 

applications in shipyards, pipe manufacturing or pipe laying [7], [8]. The beam quality of a fiber laser, 

which is significantly defined by the focusability of the radiation and the power density along the 

beam axis, is better than that of other solid-state lasers [9]. Comparable beam qualities can also be 



achieved with disk lasers, which now generate output powers of up to max. 16 kW [10]. This opens up 

the possibility of welding up to 20 mm-thick material in a single pass. As regards the aspect ratio, the 

weld seams produced are most similar to those produced by electron beam welding. Another 

advantage of current solid-state lasers is their high energy efficiency of up to 30%, which is far greater 

than the efficiency of CO2 lasers (10%) and solid-state lasers (between 3 and 12%) [11]. 

Figure 1 shows the penetration depth of different laser sources in 5xxx aluminum alloys as a function 

of the line energy divided by the overall efficiency of the laser source. For the overall efficiency, the 

primary cooling circle (water/water heat exchanger) was also taken into account. A MIG process was 

taken for comparison. To calculate the line energy, results for penetration depths of 5 mm and 6 mm, 

including the welding parameters, were taken by way of example from the literature [12]. The 

efficiency of the MIG process was assumed to be 80%; see [13], for example, for different welding 

power sources. The overall efficiency required to achieve a certain penetration depth for fiber lasers or 

disk lasers is one magnitude better than for CO2 lasers and the MIG process. By comparison, lamp 

pumped Nd:YAG lasers show the lowest overall efficiency and consume 20 times more energy to 

achieve a similar penetration depth [14].  

Figure 1: Penetration depth as a function of the line energy divided by the overall efficiency for 

different laser beam sources (YLR-1000SM: single mode fiber laser, YLR8000S: multimode fiber 

laser, HLD80002: disk laser, TLF15000turbo: CO2 laser, HL4006: lamp pumped Nd:YAG-laser) and a 

gas metal arc welding process (MIG) [14] 

(y-axis: penetration depth) 



2 Experimental Procedure

2.1 Material 

The base material for the experiments was a thermomechanically rolled and rapidly cooled pipe steel 

with a reduced amount of carbon content. This material is classified as X65 in accordance with API 

5L, has a tensile strength of at least 460 MPa and a notch impact value of 47 J at -40°C. The chemical 

composition of the welded plates with different thicknesses is shown in Table 1. The dimensions of 

the plate material used for the experiments were 300 mm x 40 mm for the 16 mm thickness welded 

with 20 kW of laser power; all other experiments were carried out with samples measuring 350 mm x 

200 mm and with thicknesses of 16 mm and 28 mm, using 8 kW and 30 kW of laser power. The filler 

metal used was a G3Si1 and G4Si1 wire in accordance with DIN EN 440. Shielding gases for the 

welding process were gas mixtures M21 in accordance with DIN EN 439, consisting of 82% Ar with 

18% CO2 and 90% Ar with 10% CO2. 

Joint preparation was required for the welding experiments with 8 kW laser power. A Y-butt joint 

preparation with varying opening angles α and root faces c was used (see Figure 2). Welding 

experiments with 20 kW laser power were carried out with an I-butt joint and a Y-butt joint 

preparation (α = 30°, c = 16 mm). For the welding experiments with 30 kW of laser power, an I-butt

joint was used exclusively. 

Figure 2: Joint preparation 

Table 1: Chemical composition of the materials used 

Composition in wt-% 

C Si Mn P S Cr Ni Ti Nb Cu Al Mo V B Fe 

X 65, t = 16 mm 

0.04 0.34 1.48 0.006 <0.001 0.17 0.03 0.012 0.04 0.02 0.03 <0.01 0.003 <0.0001 Rest 

X 65, t = 20 mm 

0.08 0.28 1.67 0.012 <0.001 <0.01 <0.01 0.012 0.05 <0.01 0.03 <0.01 0.002 <0.0001 Rest 

X 65, t = 28 mm 

0.04 0.24 1.32 0.009 <0.001 0.06 0.24 0.005 0.04 0.19 0.04 <0.01 0.004 <0.0001 Rest 



2.2 Experimental set-up 

The experimental set-up for laser and laser-GMA-hybrid welding consisted of three different laser 

sources with 8 kW, 20 kW und 30 kW laser power. Each laser was equipped with a GMAW torch and 

further equipment for welding, see Table 2. 

3 Results

3.1 Hybrid welding of 16 mm thick plates 

 Multi-pass welding with 8 kW laser power 

With a maximum of 8 kW laser power, 16 mm-thick material cannot be joined in a single pass. Hence, 

multiple passes were welded. To join this thickness in several passes, a joint preparation with opening 

angles of 45° and 60° and root faces from 6 mm to 8 mm was required. Welding the root pass, even 

with a gap or linear misalignment, could be done without difficulty using a hybrid process. Root faces 

of 6 mm could be joined defect-free, as could root faces of 8 mm with a gap of 0.8 mm; see Figure 3 

a) and b) as well as Table 3. No influence of the gap on the quality of the root pass, in terms of 

porosity or cracks, was seen.  

Table 2: Parameter for the experimental set-up with different laser powers 

Laser beam sources 

YLR-8000 S 

BIAS 

YLR-20000 

BAM 

YLR-30000 

IPG 

Power 8 kW 20 kW 30 kW 

Welding power source Dalex Vario 

MIG 600 

Cloos GLC 

403 Qunito 

Cloos GLC 

403 Qunito 

Torch angle [ °] 22 25 25 

Torch position trailing 

Transport fiber  [µm] 100 200 200 

Welding head Trumpf 

BEO D70 

HIGHYAG 

Bimo-HP 

HIGHYAG 

Bimo-HP 

Focal length [mm] 280 350 300 

Focal-  [µm] 220 560 420 

Joint preparation Y-butt 

Opening angle [ °] 45-60 30/- - 

Root face [mm] 6-10 16/- -



a) 0 mm gap b) 0,8 mm gap

Figure 3: Hybrid welded root pass with different gap sizes. 

When the root face was increased from 8 mm to 10 mm in the joint preparation, it was not possible to 

achieve full penetration with a technical zero gap at a constant welding speed; see Figure 4 a). Starting 

at a gap of 0.2 mm, full penetration with a sound root was possible, achieving a quality that improved 

with increasing gap size (according to visual inspection). Gap sizes up to 1.2 mm could be bridged 

successfully (see Figures 4 b) and c)), whereby the wire feed rate needed to be adjusted. With regard 

to penetration depth, visual appearance and required filler metal volume, it was found that ideal gap 

sizes ranged between 0.5 mm and 0.6 mm. The joint preparation and the leading arc are limiting 

factors for the maximum achievable penetration depth. The laser beam has to penetrate the melt pool 

of the arc and the base material (root face) to achieve full penetration. In addition to the root face, one 

further weld pass was needed to fill the remaining groove. This pass was welded with a hybrid process 

first, with pores typically occurring in the lower part of the seam. Undercuts visible in Figures 4 a) and 

4 b), especially, can be explained by the high welding speed used.  

a) 0 mm gap b) 0.6 mm gap c) 1.2 mm gap

Figure 4: Cross-sections of samples with different gap sizes welded in PA position with a hybrid 

process. 

Table 3: Parameter for welding the root pass 

Pass 

No. 

Root 

face 

[mm] 

Opening 

angle 

[deg.] 

Laser 

power 

[kW] 

Welding 

speed 

[m/min] 

Wire 

feed rate 

[m/min] 

Current 

(mean) 

[A] 

Voltage 

(mean) 

[V] 

Gap 

[mm] 

0 mm gap 

1 6 60 7.6 1.8 6.5 229 23.6 0 

0,8 mm gap 

1 8 60 7.6 1.6 8.5 298 27.3 0.8 



Due to the fact that linear misalignment can also occur, in addition to different gap sizes, when 

welding pipes in field applications, the linear misalignment was varied up to a maximum of 3 mm in 

the experimental test series. A joint preparation with a root face of 8 mm and an opening angle of 60° 

was used. Linear misalignment up to 0.5 mm could be welded successfully, but above that value the 

edges could not be bridged completely, and droplets formed on the root side. Figure 5 shows cross-

sections of samples welded with linear misalignment and the respective parameters shown in Table 5. 

Cracks and pores occurred exclusively in the fill passes (see Figures 5 b) and c)), which were also 

welded with a hybrid process. The fill pass shown in Figure 5 a) is free of pores and cracks. The 

strategy for multi-pass welding was changed here, since the fill passes could not be welded defect-free 

with a hybrid process under the given conditions. The hybrid process was used for the root pass only, 

welding the highest possible root face. For the fill passes, a MAG process was used instead of a hybrid 

one.  

a) 0,5 mm b) 1,5 mm c) 3,0 mm

Figure 5: Cross-sections of samples welded with a 0.5 mm gap and different linear misalignments. 

Table 4: Parameter for hybrid welded samples with gap 

Pass 

No. 

Root 

face 

[mm] 

Opening 

angle 

[deg.] 

Laser 

power 

[kW] 

Welding 

speed 

[m/min] 

Wire 

feed rate 

[m/min] 

Current 

(mean) 

[A] 

Voltage 

(mean) 

[V] 

Gap 

[mm] 

0 mm gap (Figure 12 a) 

1 10 60 7.6 1.4 7.0 210 24.3 0 

2 10 60 2.0 1.4 13.5 347 33.6 - 

0,6 mm gap (Figure 12 b) 

1 10 60 7.6 1.4 8.5 232 26.5 0.6 

2 10 60 2.0 1.1 13.0 375 35.8 - 

1,2 mm gap (Figure 12 c) 

1 10 60 7.6 1.4 10 277 30.1 1.2 

2 10 60 2.0 0.5 12.5 327 32.6 -



Table 5: Parameter for hybrid welded samples with linear misalignment 

Pass 

No. 

Root 

face 

[mm] 

Opening 

angle 

[deg.] 

Laser 

power 

[kW] 

Welding 

speed 

[m/min] 

Wire 

feed rate 

[m/min] 

Current 

(mean) 

[A] 

Voltage 

(mean) 

[V] 

Gap 

[mm] 

0.5 mm linear misalignment (Figure 5a) 

1 8 60 7.6 1.8 8.0 234 26.7 0.5 

2 8 60 0 0.4 10.5 manual weaving - 

1.5 mm linear misalignment (Figure 5b) 

1 8 60 7.6 1.8 8.0 339 23.8 0.5 

2 8 60 4.0 1.6 11.0 413 31.9 - 

3 8 60 4.0 0.8 10.0 329 29.3 - 

4 8 60 4.0 0.8 10.5 334 29.2 - 

3.0 mm linear misalignment (Figure 5c) 

1 8 60 7.6 1.8 6 231 22.6 0.5 

2 8 60 2.0 1.6 12.5 422 30.5 - 

3 8 60 2.0 0.8 10.0 310 29.7 - 

4 8 60 2.0 0.8 10.0 318 29.5 - 

The cross-section in Figure 6 shows the successful application of this strategy, combining the 

advantages of laser-GMA hybrid welding and conventional MIG/MAG welding processes. The root 

pass was welded with a hybrid process, the fill pass with a conventional MAG process. The root face 

with 10 mm was chosen to be as high as possible, the opening angle with 45  as small as possible to 

minimize the volume of the groove to be filled. To achieve full penetration of the 10 mm root face a 

gap of 0.5 mm was needed. The parameters of the welded sample are shown in Table 6. Two passes 

were needed to join 16 mm-thick plate material, resulting in an acceptable level of quality without 

porosity or cracks. However, despite the high quality of the welded seam, the low welding speed of the 

second pass impacts on the main welding time, thus reducing the overall advantage. It is 

recommended that an alternative be found for the MAG welding process, for example GMA-tandem 

welding.  

Bild 6: Cross-section of a sample with hybrid welded root pass and MAG welded fill pass. 



 

 

 

 

 

 

 

 

 Single-pass welding with 20 kW 

 

Using laser powers up to 20 kW, 16 mm-thick material could be joined in a single pass without a joint 

preparation. Besides welding experiments in flat position, a large proportion of the experiments were 

performed for out-of-position welding. The experimental set-up allowed experiments to be executed in 

vertical up and vertical down position at 30°, 60° and 90° (Figure 7). A x-y positioning table was tilted 

to the respective degree and the laser-hybrid welding head was oriented perpendicular to the weld 

sample.  

 

 

The laser-GMA hybrid welding process could be controlled up to a vertical down position of 90°. The 

parameter sets used in PA position could be transferred to the PG position of 30°. In addition, the 

process was observed to be more stable than in PA position, which led to a smooth root side, showing 

only a few to no droplets. To control the welding process for PG 60° and PG 90° positions, the 

parameters of the welding process were adapted and the welding speed reduced. A typical formation 

of the weld seam can be observed in Figure 8 with slight sagging in the middle of the top part. It can 

be assumed that the improved control of the melt pool when welding with a hybrid process in vertical 

down position is related to a change of forces in the melt pool.  

 

Table 6: Parameter welded seam in Figure 6 

Pass 

No. 

Root 

face 

[mm] 

Opening 

angle 

[deg.] 

Laser 

power 

[kW] 

Welding 

speed 

[m/min] 

Wire 

feed rate 

[m/min] 

Current 

(mean) 

[A] 

Voltage 

(mean) 

[V] 

Gap 

 

[mm] 

1 10 45 7.6 1.6 9 372 25.9 0.5 

2 10 45 - 0.4 8.5 290 28.3 - 

 

Figure 1: Weld tests in different welding positions: schematic illustration of the investigated 

welding positions (left: vertical up, right: vertical down). 



    

a) PA b) PG 30° c) PG 60° d) PG 90° 

Figure 8: Welding tests in vertical down position: adapting the wire feed rate with constant 

parameters PL = 17 kW, vs = 2 m/min, Δzf = -4 mm 

 

 

 

 

 

 

 

 

 

 

 

Vertical up welding experiments have shown that the process could be controlled only up to a sample 

position of 30°. In comparison to the vertical down position of 30°, the welded seam was not flat, but 

formed excessive weld metal on the top part (Figure 9). Increasing the angle up to 60° and further 

resulted in an unstable process in which melt accumulated in the middle and formed droplets which 

solidified at a uniform, periodic distance (Figure 10). The influence of gravitation, above all on the 

melt pool formed by the arc, can be seen here. The difficulty is to control the welding process and the 

liquid material flowing out of the process zone, which produces a weld of poor quality. The laser-

dominated part did not show any changes during the variation of the welding position, which has been 

confirmed by earlier orbital welding experiments with an autogenous laser process [4]. By using argon 

as an active cooling medium directly on the melt pool through a nozzle of a trailing torch, control of 

the melt pool in vertical up welding position of 60° could be improved. The droplet formation in the 

middle of the weld seam was reduced significantly and the formation of the root was improved 

compared to experiments without active cooling (Figure 11). 

 

 

Table 7: Parameter for welding in vertical down position (Figure 8) 

Welding 

position 

Laser 

power 

[kW] 

Welding 

speed 

[m/min] 

Wire 

feed rate 

[m/min] 

Current 

(mean) 

[A] 

Voltage 

(mean) 

[V] 

Gap 

 

[mm] 

PA 17 2 15 364 35,6 0 

PG 30° 17 2 15 364 35,6 0 

PG 60° 17 2 12 339 34,2 0 

PG 90° 17 2 8 245 29,9 0 



 

Figure 9: Hybrid welded seam in vertical up position PF 30°. 

 

 

Figure 10: Top bead of a hybrid welded seam, vertical up position PF 60°. 

 

 

 

Top bead of weld seam 

 

Root side of weld seam 

Figure 11: Hybrid weld seam with melt pool cooling, vertical up position PF 60°. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 8: Parameter for weld in vertical up position 

Welding 

position 

Laser 

power 

[kW] 

Welding 

speed 

[m/min] 

Wire feed 

rate 

[m/min] 

Current 

(mean) 

[A] 

Voltage 

(mean) 

[V] 

Figure 9 

PF 30° 17 2 10 272 29.5 

Figure 10 

PF 60° 17 2 10 272 29.5 

Figure 11 

PF 60° 19 2,2 7 206 30.2 



3.2 Hybrid welding of 20 mm-thick material 

When welding 20 mm-thick material with a 20 kW fiber laser in a single pass, either a joint 

preparation or pre-heating of the material was required. A Y-butt joint preparation with 16 mm root 

face and an opening angle of 30° was used (Figure 12 a)). Pre-heating up to 160°C allowed an I-butt 

joint without any further preparation to be welded (Figure 12 b)). The parameters for welding are 

listed in Table 9. When welding the plate material with the joint preparation, the stability of the 

process was at its limit. This could be improved by pre-heating to 160°C, as indicated by a better weld 

seam formation with fewer undercuts. In addition, a joint preparation was not necessary.  

a) b) 

Figure 12: Single-pass welding of 20 mm material a) with joint preparation and b) with pre-heating. 

For practical applications, the pre-heating temperature needs to be matched with the mechanical-

technological properties, for example, hardness and toughness as well as the corrosion properties. 

3.3 Application potential of laser-GMA hybrid welding for thicker plate 

material 

Using 30 kW of laser power, 28 mm thick material could be welded in a single pass with an I-butt 

joint. The welding tests were carried out with gap sizes of 0.15 mm and 0.35 mm. Figure 13 a) shows 

a weld seam with a gap of 0.15 mm. The weld seam is of regular formation, but tapered towards the 

root side, which results in a very thin root which is partially lacking full penetration. The top side of 

the weld seam is of good quality; undercuts or sagging of the top were not found. X-ray photographs 

show porosity and lack of fusion along the full length of the welded seam. With a gap of 0.35 mm, full 

Table 9: Parameter for single-pass welding of 20 mm material (Figure 12) 

Root 

face 

[mm] 

Opening 

angle 

[deg.] 

Laser 

power 

[kW] 

Welding 

speed 

[m/min] 

Wire feed 

rate 

[m/min] 

Current 

(mean) 

[A] 

Voltage 

(mean) 

[V] 

Gap 

[mm] 

Figure 12a (with joint preparation) 

16 30 17 1.8 18 509 38.1 0 

Figure 12b (pre-heated to 160°C) 

- - 19 1.9 16.5 422 33.7 0 



penetration was achieved. However, the top part shows distinctive sagging which can be explained by 

the wire feed speed, which was limited to 24 m/min and was not sufficient for a welding speed of 

2.5 m/min. X-ray photographs show some porosity at the end of the weld seam and a significantly 

reduced lack of fusion. The parameters are listed in Table 10.  

a) b) 

Figure 13: Single-pass welding of 28 mm Material, left with a 0.15 mm gap and right with a 

0.35 mm gap. 

4 Outlook

This research work has shown that 16 mm, 20 mm and 28 mm-thick material can be joined with a 

laser-GMA hybrid welding process. Overall, the results show the potential of the hybrid welding 

process with high laser powers. Possible fields of applications in addition to pipeline welding are 

shipbuilding, container construction and railway vehicle manufacturing. However, further research is 

needed to transfer these research results to industrial production. 

Table 10: Parameter for single-pass welding of 28 mm material 

Laser 

power 

[kW] 

Welding 

speed 

[m/min] 

Wire feed 

rate 

[m/min] 

Current 

(mean) 

[A] 

Voltage 

(mean) 

[V] 

Gap 

[mm] 

Figure 13 (left) 

30 2.5 15 357 25.7 0.15 

Figure 13 (right) 

30 2.5 24 340 25.9 0.35 
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Abstract 

This paper focuses on high power fiber laser welding of steel material for the field of pipe production. X65 and 
X70 steel plate material in thicknesses of 9.5 mm and 14 mm was welded with laser-GMA-hybrid welding processes 
with a maximum laser power of 8 kW. Two different filler wires and joint preparations were tested for their 
weldability. Relating to these welding procedures and thicknesses, characterisation of welded samples such as 
hardness, tensile testing and Charpy V-notch testing were carried out and the results will be reported in this paper.  

PACS: 81.20.Vj; 06.60.Vz; 42.55.Wd  

Keywords: Laser  welding; laser-GMA-hybrid-welding; pipe steels; X65; X70  

1.  Introduction 

During the last few years, the application of laser beam welding technologies for joining thick section steels has
found its way into several different industrial fields such as shipbuilding [1], pipe production [2;3], or pipelaying 
[4;5]. Considering shipbuilding, it was shown [1] that the application of CO2-laser beam welding in panel 
production allows an improvement of economic competitiveness whilst improving quality e.g. by reducing 
distortion and obtaining strength overmatched weld zone while satisfying required weld properties. However, earlier 
CO2-laser systems are characterised by low energetic efficiency and high efforts needed to deliver the beam to the 
workpiece. Besides the CO2-laser, high-power fibre lasers have been successfully applied for shipbuilding showing 
their specific advantages such as fiber delivery, high powers up to 20 kW and more in cw mode and its excellent 
beam quality also at higher powers [6]. 

Pipelaying, meaning girth welding of pipelines, was hardly accessible to laser welding up to now. Especially for 
onshore pipelaying under field conditions, the laser systems previously available were missing such qualities as 
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robustness, mobility and the high degree of freedom needed for welding around the pipe. Howse et al. have 
successfully applied fibre delivered lasers for welding to show their potential for the application of pipeline welding 
[7]. 

In pipe production e.g. longitudinal welding or spiral welding, conventional laser welding techniques such as 
CO2-laser-GMA-hybrid welding have been investigated for the production of a variety of steel grades [2], [3]. Fiber 
lasers have not yet been widely applied in this field, yet with the advantages over CO2-lasers as described above, it 
would be a viable alternative. In this paper the main focus is set on presenting research work done for process 
development and weld characterization of pipe steels. Process development was carried out firstly in the field of 
single pass welding of X65 pipe steel to demonstrate the feasibility of laser welding/laser hybrid welding to reduce 
bottle-neck situations in production. Secondly, welding 14 mm X70 using a hybrid process for the root pass and a 
GMAW process for the fill or cap pass with as little passes as possible, is presented. 

2.  Materials, Experimental Set-up and Test Methods used 

2.1.  Material 

Two different grades of base material were used for laser-hybrid welding processes. The X65 steel in 9.5 mm 
thickness and X70 steel in 14 mm thickness were used in the form of flat plates with dimensions of 450-500 mm 
long and 150-200 mm wide. The chemical compositions of these two steels are given in Table 1. For the hybrid 
welding experiments, two different welding wires of 1.2 mm diameter were used: a solid one, Nertalic 70S (T46 4 
M M 1 H5 according to EN 758) and a metal cored wire, SAF DUAL 200 (G2 Si according to EN440), Table 2. 

Shielding gases for the laser-GMA-hybrid welding process have been chosen in accordance with European 
standard DIN EN 439, M21. Gas mixtures with 82 % Ar and 18 % CO2 as well as 90 % Ar and 10 % CO2 have been 
used. Several different joint preparations were applied for welding the plate material. For the X65 material, an I-butt 
joint configuration was used. In order to weld the 14 mm X70 with 8 kW of laser power, a specific joint preparation 
was necessary. Thus, a single V-butt joint with root faces of 6 mm and 8 mm and an included angle of 45° was used 
for this welding task. 

Table 1. Chemical compositions of the X65 and X70 steels 

Chemical analysis (wt %) 

C Si Mn P S Al Cr Cu Mo N Nb Ni Ti V 

X65, t = 9.5 mm 

0.05 0.18 1.07 0.012 0.0015 0.03 0.03 0.01 - 0.006 0.057 0.02 0.002 0.035 

X70, t = 14 mm 

0.083 0.228 1.73 0.013 0.0028 0.049 0.031 0.047 0.002 0.0054 0.051 0.055 0.005 0.082 
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Table 2. Chemical composition of welding consumables used 

Chemical analysis (wt %) 

C Mn Si S P

Nertalic 70S Solid wire – on deposited metal with gas M21 

0.06 0.9 0.45 0.015 0.015

SAF DUAL 200 Metal cored wire – on deposited metal with gas M21 

0.04 1.7 0.5 0.014 0.01

2.2.  Experimental set-up 

For the experiments carried out, an YLR-8000 S fibre laser set-up with 8 kW output power was used for laser-
GMA-hybrid welding. A DalexVario MIG 600 l(w)-B power source and an Abicor Binzel APD wire feed unit were 
employed for the hybrid welding process. A hydraulically operated clamping device was used to ensure correct 
fixation of the work piece during welding. A special feature of the YLR-8000S fibre laser is the 100 μm feeding 
fibre coming from the beam combiner and not being interrupted by an optical coupler or a beam switch, thus acting 
as the processing fibre at the same time. This configuration of the fibre laser allows a very high brightness of the 
laser beam and consequently a very high beam quality of 4.2 mm*mrad. The fibre was connected to a 160 mm 
Optoskand collimator mounted on a Trumpf BEO D70 laser welding head with a 280 mm focusing lens producing a 
focal spot of 0.22 mm in diameter. For the hybrid welding process, the laser welding head was mounted together 
with a specially developed GMAW torch to a gantry robot work station, Fig. 1. By using the fine adjustments, the 
position of the torch relative to the laser beam could be changed. The welding experiments were carried out with the 
torch in leading position. Concerning the X70 material with the single V-butt joint preparation, the weld was made 
in two separate steps. First, the root pass was welded with the hybrid process and second the fill pass was made 
using the same torch, but without the laser beam.  

Fig. 1. Experimental set-up for laser-GMA-hybrid welding with 8 kW 

2.3. Test methods 

The following methods were used to characterize the welded specimen and determine the properties of the weld 
seams. Non-destructive testing as a visual inspection was carried out to check on the visual appearance of root and 
fill pass as well as X-raying of the welded samples. Several destructive testing methods were carried out. First, 
macrographs of polished and etched cross-sections were prepared to allow an evaluation of possible imperfections 
and determination of the microstructure as well as conducting hardness measurements. Mechanical testing was 
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carried out by conducting tensile testing, micro tensile testing and Charpy V-notch testing. All three methods 
comprised testing of base materials and welded seams. 

3. Results 

3.1. Welding X65 material with I-butt joint 

In the first set of experiments, X65 material with a thickness of 9.5 mm was welded as butt joint in a single 
welding pass using a hybrid laser welding process. Experiments were carried out with welding speeds between 
1 m/min and 2 m/min with solid wire and metal cored wire, specified above. For all welding speeds and both wire 
electrodes used, acceptable up to good weld seams according to visual inspection and requirements of DIN 13919 
for laser welded joints were achieved. Fig. 2 shows cross-sections of the weld joints welded with solid wire and Fig. 
3 those welded with metal cored wire.  

Regarding the experiments made with the solid wire, increasing the weld speeds lead to a narrower shape of the 
weld seams, excess weld metal protruding through the root decreased with increasing welding speed. As for the 
welds made with the metal cored wire, the weld beads had a relatively uniform width at all welding speeds, the cap 
part was wider than compared to the weld beads with the solid wire. On the root side of the seams welded with both 
wires, excessive penetration is visible with a tendency to form drops at a welding speed of 1 m/min. Weld seam 
characterization was carried out for the laser-GMA-hybrid welded X65 plates according to API 5L. The mechanical 
analysis comprised hardness measurement, tensile testing and Charpy V-notch testing. Samples for testing purposes 
were welded at 1.8 m/min welding speed with the solid wire exclusively, for parameters see Table 3. X-ray analysis 
of the samples showed some incomplete fusion at the beginning of two weld beads. All other tested samples passed 
this test without defects. Hardness testing results for the base material ranged from 187 to 220 HV10, the HAZ and 
weld metal had hardnesses between 207 to 245 and 215 to 256 HV10 respectively. The yield strength achieved lay 
between 518 to 543 MPa, the tensile strength between 610 to 623 MPa. For Charpy V-notch testing, out of 10 test 
series tested with the notch location in the weld, only two produced values in the range of 25 to 40 J at temperatures 
of 0 °C and -20 °C which did not meet the requirements of the API 5L standard. Yet values achieved with the notch 
location in the HAZ for the same samples were around 180 J to 220 J. Full testing range and average values of the 
results of all tested specimen are presented in Table 3 and 4. 

Table 3. Welding parameters for welded X65 material for testing purposes 

Laser power 

[kW] 

Welding speed 

[m/min] 

Wire feed speed 

[m/min] 

Current (range) 

[A] 

Voltage(range) 

[V] 

Gap 

[mm] 

Focal position 

[mm] 

8 1.8 7.5 313-312 23.6-23.8 0 -2

Fig. 2. Welding of 9.5 mm thick X65 plate material with solid wire Fig. 3. Welding of 9.5 mm thick X65 plate material with metal cored 
wire 

80 S. Grünenwald et al. / Physics Procedia 5 (2010) 77–87



Table 4. Hardness testing of welded samples 

Hardness testing [HV10] 

Base metal HAZ Weld metal 

range average range average range average

187-220 198.9 207-245 215.8 215-256 234

Table 5. Tensile and Charpy V-notch testing of welded samples 

Tensile testing Charpy V-notch testing 

Rm  
[MPa] 

Notch 

location 

Temp. 

[°C] 

range 

[J] 

average 

[J] 

range average 0 25-342 171
Weld 

-20 25-307 175610-623 617

HAZ 0 174-323 210

3.2. Welding X70 material with 6 mm root face 

Fig. 4 shows the cross-sections of a root pass and fully welded seam. The joint preparation was 6 mm root face 
and 45° included angle welded with 0 mm gap. Both weld passes welded with solid wire have no indications of 
visible defects. The root has a straight, uniform shape with little excess penetration. Due to the zero gap used, the 
width of the weld seam is narrow in the middle and bottom part. The cap height of the fill pass is acceptable, the 
weld bead itself free of undercuts. Parameters for the welded sample are listed in Table 6. 

Fig. 4. Cross-sections of 14 mm thick X70 material, single V-butt joint preparation, 6 mm root face and 45° included angle 
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Table 6. Parameters for welded samples shown in, Figures 4, 5 and 6 

3.3. Welding X70 material with 8 mm root face 

Prepared joints with 45° included angle and 8 mm root face were welded the same way as described above, but a 
0.5 mm gap was additionally introduced. Two different wire electrodes were used for the welding experiments, a 
solid wire and a metal cored one. Depicted in Fig. 5 and Fig. 6 are cross-sections of the root pass and the fill pass of 
a sample welded with the solid wire and metal cored wire respectively. The sample welded with the solid wire has a 
root pass of regular shape with a nicely formed root side, Fig. 5. The fill pass shows a pore on the bottom side and 
the cap part is slightly excessive compared to the sample welded with metal cored wire. This sample, Fig. 6, shows 
excessive penetration on the bottom side. The upper side of the root pass shows an inclination of the weld seam 
towards the right groove face. The fill pass melted both sides of the groove face uniformly and the asymmetry of the 
upper part of the root pass has disappeared. Slight undercut can be seen on the top right side. Parameters for both 
welded samples are given in Table 6. Concerning the use of a 0.5 mm gap, both samples showed a broad, nicely 
developed root bead and a root seam in the cross-sections which was wider than compared to the root with 0 mm 
gap shown in Fig. 4. Samples with this joint preparation as welded with parameters given in Table 6 were 
extensively tested. 

Fig. 5. Cross-sections of 14 mm thick X70 material, single V-butt joint preparation, 8 mm root face and 45° included angle welded with solid 
wire 

Layer Root 
face 

[mm] 

Included 
angle 

[deg.] 

Laser 
power 

[kW] 

Welding 
speed 

[m/min] 

Wire feed 
speed 

[m/min] 

Current 
(mean) 

[A] 

Voltage 
(mean) 

[V] 

Gap 

[mm] 

Focal  
position 

[mm] 

Figure 4, single V-butt joint preparation, 6 mm root face and 45° included angle 

root pass 6 45 8 1.6 6.5 257 24.2 0 -2

fill pass - 45 - 0.4 9 294 28.4 - - 

Figure 5, single V-butt joint preparation, 8 mm root face and 45° included angle welded with solid wire 

root pass 8 45 8 1.6 7.6 296 24 0.5 -2

fill pass - 45 - 0.4 7.1 259 24 - - 

Figure 6, single V-butt joint preparation, 8 mm root face and 45° included angle welded with metal cored wire 

root pass 8 45 8 1.6 7.5 297 25.9 0.5 -2

fill pass - 45 - 0.4 8 246 26.4 - - 
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Fig. 6. Cross-sections of 14 mm thick X70 material, single V-butt joint preparation, 8 mm root face and 45° included angle welded with metal 
cored wire 

3.3.1. Hardness testing 

The hardness of the welded joints, in accordance with EN 1043-1, was measured across the weld beads in two 
lines. The first line was situated 2 mm below the upper surface and the second line 2 mm above the lower surface. 
Shown below are exemplary hardness measurements for samples welded with solid wire, and metal cored wire, Fig. 
7. Both samples had identical joint preparationsm, a single V-butt joint with 8 mm root face. The highest hardness
was measured on both samples for the HAZ and the weld metal of the root pass. For the fill pass or cap, the hardness 
dropped down to around 250 HV5 while it kept the level of the root pass in the HAZ.
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Fig. 7. Hardness measurements of a sample from 14 mm thick X70 material welded with solid and metal cored wire 

3.3.2. Charpy V-notch impact testing 

Altogether, three series of Charpy V-notch tests were carried out from specimen welded with solid wire and 
metal cored wire according to EN 10045-1 and EN 875 at temperatures of -20 C. Notches were prepared in the base 
metal, weld metal and the HAZ 50/50. The values obtained from testing are shown in Table 7. Those obtained from 
testing the base material were expectedly the highest ones. Test results of the weld metal and HAZ showed that 
values obtained from specimens welded with solid wire, were - on average - above the ones welded with metal cored 
wire. However, all specimens tested exhibited ductile fracture.  
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3.3.3. Tensile testing 

The tensile properties of the tested specimen are presented in Table 7. Testing was carried out at 20 °C according 
to EN 10002-1 and EN 895. Along with the base metal, specimens welded with solid wire and metal cored wire 
were tensile tested. In the case of the welded specimens tested, the position of fracture was located in the base 
material. The test results obtained for the welded specimens showed only little deviation from those made of the 
base material. Values for tensile strength were about in the same range for all tested specimen; results for solid wire 
and metal cored wire did not show any significant differences.  

Table 7. Results of mechanical testing 

Tensile Testing at 20°C 

Base Metal Solid wire Metal cored wire 

Rp0,2 
[MPa] 

Rm 

[MPa] 

Rm 

[MPa] 

Rm 

[MPa] 

521 633 625 623
529 635 618 620
543 639
Charpy V-Notch testing at -20°C 

Solid wire Metal cored wire Base Metal 

[J] Weld Metal [J] HAZ 50/50 [J] Weld Metal [J] HAZ 50/50 [J] 

280 152 246 105 206
250 124 189 126 214
297 130 215 92 146

3.3.4. Micro Tensile Testing 

A special micro tensile testing technique [8] was used to determine the local tensile properties of the welds. The 
specimens 2 mm wide and 0.5 mm thick were cut out longitudinally from the weld at two positions, root pass and 
fill pass using spark erosion. Test results were obtained for the base material, the HAZ and the weld metal. Samples 
welded with solid wire and metal cored wire were tested accordingly. Fig. 8 shows the obtained results from 
altogether 24 tested specimens, 15 from the fill pass and 9 from the root pass. For the fill pass, the values for yield 
strength and ultimate tensile strength correspond to each other quite well, the values of the test results from the solid 
wire were on average 20 MPa lower for the yield strength and 46 MPa for the ultimate tensile strength. Clearly 
visible is the influence of the HAZ (specimen no. 4 and 13) on the tensile strength of the fill pass which produced 
the highest values. Within the weld metal (specimen no. 5 to 12) the values are close to the yield strength and 
ultimate tensile strength of the base material. This trend is not clearly reproduced by the elongation values of the 
solid wire specimens, the values are in the range of the elongation of the base material, merely the value from 
specimen 14 responds to the higher tensile strength. The values of the elongation obtained from samples welded 
with metal cored wire perform according to the pattern of yield strength and ultimate tensile strength. At the peak 
values of the tensile strength in the HAZ the elongation is lowest, approximating the elongation value of the base 
material in the weld metal except specimen no. 8 and 9 which are significantly lower.  

On the root pass tested, the weld metal of the samples welded with solid wire can be easily distinguished by the 
prominent peak (specimen no. 19). Adjacent to it are two samples (no. 18 and 20) representing the HAZ, in Fig. 8 b. 
Less distinctive is the difference between HAZ and weld metal for the specimen taken from the sample welded with 
metal cored wire. The transition from HAZ to weld metal is rather smooth, the tensile strength for the weld metal 
can be expected at specimens no. 20 and 21 and the transition to the HAZ for specimen no. 19 on the left and no. 22 
on the right side. Regarding the elongation measured for the solid wire, the values show as can be expected, a 
contrary behaviour to the tensile strength, having the lowest value at around 10 % and approaching the elongation of 
the base material on specimens no. 16 and 17 and from specimen no. 21 onwards. The elongation of the metal cored 
wire shows a similar trend, however, with a larger scatter band over the whole test series.  
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Fig. 8. Micro tensile testing of X70 specimens welded with solid wire and metal cored wire, a) fill pass and b) root pass 

4. Discussion 

By using a laser-GMA-hybrid welding process with a maximum of 8 kW laser power, it was possible to join
9.5 mm thick plates for the task of welding a pipe in a single weld pass. Furthermore, it was shown that this process 
was feasible within a wide process window applying welding speeds ranging from 1.0 m/min up to 2.0 m/min 
without an significant loss of weld quality. The two different filler wires used, a solid one and a metal cored one, did 
not affect on the quality of the weld, merely the MAG dominated top part of the weld seam varies a little bit in shape 
comparing the two wires. Concerning the results from mechanical testing, especially the hardness achieved for the 
X65 samples tested and presented in this paper having a range of 215-256 HV10 would comply with recognised 
standards like the DNV, for example, where for this material with the respective value for yield strength a maximum 
hardness of 270 HV10 is permitted according to DNV-OS-F101 (table 6-3) for linepipe. The values presented for 
tensile testing were in a range that can match those achieved with conventional welding. Even though two values 
obtained from two different Charpy V-notch test series at 0°C and -20 °C were below the admissible minimum, the 
average of all tested samples was in a range comparable to values achieved with arc welding processes.  

Altogether, this hybrid process has two apparent advantages over conventional methods used for longitudinal 
welding in pipe production. First, a specific joint preparation for tack welding and the subsequent e.g. submerged 
arc welding is not needed, an I-butt joint is sufficient. Second, with the employed hybrid welding process this 
thickness of 9.5 mm can be welded in one pass from one side, whereas using conventional methods two passes are 
usually required. The application of a single pass hybrid welding process for pipe production would save production 
time, considerable amounts of filler wire and the preparation of a more or less complex and costly joint in a 
production environment that uses sequential multi pass welding today. 

Welding 14 mm thick X70 material with a hybrid process in one pass was not possible with a maximum of 8 kW 
laser power available. At least two weld passes and a suitable joint preparation were needed to weld this thickness 
successfully. The material was prepared with a single V-butt joint with an included angle of 45° and root faces of 
6 mm and 8 mm. Previously published results have shown that a laser-GMA-hybrid welding process was not 
suitable for welding fill passes so far since pores and occasional hot cracking appeared in the welds [9]. Hence, the 
fill passes for the welds presented in this section are done with a conventional arc welding process. A root face of 
6 mm could be welded successfully with the given laser power. Up to a root face of 8 mm full penetration was 
achieved. Higher root faces, however, led to incomplete penetration and were thus not used as joint preparation. The 
positive effect of a higher root face is that less wire is needed for the fill pass. The amount of wire used to fill the 
groove left for the second pass was 9 m/min for the sample with 6 mm root face and 7.1 m/min for the sample with 
8 mm root face which is a saving of about 20 % of wire electrodes. Concerning the use of a gap for welding the 
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14 mm thick material with a zero gap, the hybrid welded root of the weld seam was very thin and the surface of the 
visible part of the root on the welded plate was slightly irregular in shape and height. With a gap (in this case 
0.5 mm was chosen), the root pass became thicker and opened up a little towards the bottom of the root side. The 
visible part of the root was wider and more regular in shape. A difference between the two wires also used for the 
X70 material during the process concerning hybrid welding was not observed. For the fill passes carried out with arc 
welding about 10-12 % more metal cored wire was needed to fill the groove.  

Comparing the test results obtained from mechanical testing in general, the results for Charpy V-notch testing 
and tensile testing achieved with this welding process and material were comparable to those achieved with other 
welding processes and the same or slightly higher grade material presented in [10], for example. As expected, the 
highest hardness with values well over 300 HV5 were measured in the weld metal of the laser-GMA-hybrid welded 
root pass as well as in the HAZ region of both weld passes. These characteristics are also reflected by the local 
tensile properties measured by micro tensile test specimen. In the region with the highest hardness, the yield strength 
and tensile strength are the highest while the measured elongation is low. Furthermore, the micro tensile tests results 
revealed that there is no excessive overmatching or undermatching which can be seen especially in the weld metal of 
the fill pass where the achieved tensile strengths are close to the ones of the base material. This behaviour would 
have not been observed with ordinary tensile testing alone. Regarding the two different wires used, a significant 
difference of the mechanical properties from the mechanical testing results could not be found. Concerning the 
application of pipe welding, the hardness particularly in the laser-GMA-hybrid welded root pass, is higher than 
those normally expected and exceed the maximum acceptable requirement by standards. However, in order to 
reduce the hardness, additional measures such as pre-heating prior to welding, can be considered [11].  

5. Conclusion 

Welding experiments with X65 and X70 pipe steels carried out as part of the FIBLAS project have shown that
laser-GMA-hybrid welding can be regarded as potential welding processes to be employed among conventional 
welding processes for the field of pipe production. In order to join 9.5 mm X65 material, it was demonstrated that a 
laser-GMA-hybrid welding process with max. 8 kW of laser power was able to weld the given sheet thickness in a 
single pass. The mechanical properties such as hardness and tensile strength as well as impact toughness obtained 
from the hybrid welded samples were comparable to those achieved with conventional arc welding. Welding 14 mm 
thick X70 grade material also with a maximum of 8 kW laser power and a hybrid process showed that: 

- two weld passes and a proper joint preparation was needed to join this thickness. 
- the use of a 0.5 mm gap brought better quality of the root than a zero gap. 
- test results achieved for tensile testing and Charpy V-notch testing were comparable to those of other arc 

welding processes. 
- hardness values of the tested samples were above the average values accepted in standards, thus further

measures need to be undertaken to reduce it. 
For the first time local tensile properties were investigated for samples welded with the combination of hybrid 
process and GMAW process by micro tensile testing. The achieved results show a good correspondence to those of 
the standard mechanical testing methods and point out trends of the hardness testing on the investigated welds. 
The advantages of the two approaches presented are saving of filler material as well as a reduced number of welding 
passes. These advantages contribute to a higher productivity and lower production costs. 
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Abstract: Laser welding of thick plates in production environments is one of the main applications of
high power lasers; however, the process has certain limitations. The small spot size of the focused
beam produces welds with high depth-to-width aspect ratio but at times fails to provide sufficient
reinforcement in certain applications because of poor gap bridging ability. The results of welding
shipbuilding steel AH36 with thickness of 8 mm as a single-sided T-joint using a 10 kW fiber laser are
presented and discussed in this research paper. Three optical setups with process fibers of 200 μm,
300 μm and 600 μm core diameters were used to study the possibilities and limitations set by the
beam delivery system. The main parameters studied were beam inclination angle, beam offset from
the joint plane and focal point position. Full penetration joints were produced and the geometry of
the welds was examined. It was found that process fibers with smaller core diameter produce deeper
penetration but suffer from sensitivity to beam positioning deviation. Larger fibers are less sensitive
and produce wider welds but have, in turn, lower penetration at equivalent power levels.

Keywords: shipbuilding steel; fiber laser; laser keyhole welding; T-joint; fillet joint

1. Introduction

Laser welding with multi-kilowatt fiber lasers is fast becoming a highly advantageous joining
technology in manufacturing industries such as shipbuilding, where it saves production time and cost
compared to conventional arc based welding processes [1]. The growing acceptance and adoption of
laser technology can be seen, for example, in sales statistics, which show an annual growth rate
of over 10% for the last few years [2,3]. Modern high power fiber lasers are low maintenance,
easy to integrate with production robots, and produce welds with deep penetration and low heat
input at high throughput rates [4,5]. High beam quality at high power levels and the decreasing
price per kilowatt of laser power are enabling previous limitations to be overcome and opening up
new possibilities, especially in keyhole welding. The main limiting factor hindering more extensive
utilization of laser welding is its demand for high accuracy in joint fit-up tolerances. A common way to
compensate gap fluctuations and ensure welds of acceptable quality is to add an arc process working
in synergy with the laser. While such hybrid laser-arc welding allows control of weld bead formation
through adjustment of the arc parameters and extends the gap bridging ability of the welding system,
it increases process complexity and production costs.

One of the most important characteristics of a laser welding system is the beam quality that the
lasers deliver. The beam quality affects the power density of the beam, which has a direct effect on
the penetration depth and geometry of the weld [6,7]. High power density of the beam means deeper
penetration for the same level of power and welding speed. Single-sided welding of T-joints with fiber
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lasers is not an entirely novel concept, and its applicability and key parameters have been studied,
for example, for aluminum welding in the aircraft industry [4]. The high depth-to-width aspect ratio of
typical fiber laser welds can be a drawback in medium and thick section welding of T- and fillet joints.
Space and maneuverability restrictions on the welding head can cause the laser beam to cross the joint
plane at a certain angle, and a narrow melt pool may easily partially miss the joint plane and produce
incomplete fusion. In addition, T-joint welds can be several meters long and heat-induced distortions
during welding can thus cause variations in joint fit-up regardless of the accuracy of the original setup.

Classification societies such as DNV (Det Norske Veritas) and IIW (International Institute of Welding)
suggest avoiding fillet welds in parts of a construction that are subjected to fatigue, because partial
penetration creates a possible crack initiation point at the root of the weld [8,9]. Nevertheless, more than
80% of welded joints are fillet welds, because one of the plates serves as backing during the welding
process and less post-welding correction is required. Figure 1 illustrates the principal differences in the
geometry and location of the stress concentration of arc, laser and hybrid welded joints.

Figure 1. Comparison of weld joint geometries produced with: (a) arc welding; (b) autogenous laser
welding; and (c) laser-arc hybrid welding, and stress concentration locations.

The key problem with T-joints is ensuring fusion throughout the whole joint plane, preferably with
single-sided welding. In autogenous laser welding, avoidance of the possible occurrence of underfill
or undercut due to an absence of filler material is important, because throat thickness and shape of
the weld toe influence the fatigue performance of the joint. In thin materials and flat assembly joints,
this problem can be addressed by increasing weld width through wider distribution of the beam
energy. Approaches used include but are not limited to: manipulation of the focal point position [10],
and usage of dual focal point setups [11–13] and beam oscillation techniques [14–17]. Scanning is
also beneficial for bringing more heat into the material, which decreases the cooling rate and keeps
the hardness of the weld at acceptable levels. Unfortunately, this procedure is not applicable in thick
section welding, where the typical weld length is several meters, because scanning mirrors are unable
to handle the power levels needed [14,18]. Large components such as scanning optics also limit the
degree of freedom and flexibility of the welding process as regards positioning.

Determining the operational window for a good quality weld accounts for three main process
parameters: laser power, welding speed and focal point position. These three easily adjustable
parameters affect the power density at the top of workpiece, and therefore melt flow and distribution
of the energy inside the keyhole, which have a major influence on the geometry of the weld. A certain
threshold value of power density must be reached in order to be able to form the keyhole [19].
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The threshold is typically defined as 106 W/cm2, or more commonly 103 W/mm2, with typical
dimensions of laser beam focal point. The power density is calculated as follows:

E =
P

πr2 , (1)

where P is laser power and r radius of the beam on the surface of the workpiece. The above-mentioned
power density threshold is valid for CO2 laser welding, whereas when using solid state lasers with
wavelengths around 1000 nm the threshold is lower [20,21]. The lower threshold is a result of
higher absorption of shorter wavelengths, and it gives extra flexibility to parameter selection and
greater freedom to tailor parameters to specific applications, for example, with static or dynamic
beam formation.

Suder and Williams et al. [22] developed the concept of Specific Point Energy (ESP). In addition to
energy density (power density × interaction time), ESP includes also beam diameter on the surface:

ESP = ρPTi A = PLTi =
Pd
v

, (2)

where ρP is average power density of the beam (mW/cm2), Ti is interaction time (s), A is area of the
beam on the surface (mm2), PL is laser power (W), d is beam diameter on the surface (mm), and v is
welding speed (mm/s). Experiments performed with bead-on-plate joints have shown that power
density and ESP control the depth of penetration and interaction time controls the bead width [22–24].
ESP has also been shown to be suitable for evaluating the efficiency of laser cutting [25,26].

The relationship between spot size and welding performance in steel and aluminum welding
has been addressed in several studies [27–30], and it has been found that small spot size produces
deeper welds yet is accompanied by defects such as undercut and porosity. A study by Vänskä [14]
showed that in some cases the keyhole welding mode changes between selected parameter values,
resulting in different weld cross section shape in butt joint welding of stainless steel with a disk laser.
Lap and butt joints produced with CO2 and solid-state laser sources have been characterized and
compared [20]; for example, Kawahito et al. [28] addressed the effect of focal spot size on weld defects
and showed that, of the four sizes studied, welds with highest quality were obtained using the two
larger spot sizes.

The effect of focal point diameter on beam intensity on surface is much stronger than the effect
via laser power. A simple way to manipulate the focal point diameter is to change the focal length of
the focusing lens. A problem with this approach is that the focusing angle, i.e., the angle at which the
beam enters the keyhole, changes as the focal length is changed, and the effect of focal point diameter
is influenced by the effect of focusing angle and changes in the shielding gas arrangement. Change
in the beam feeding fiber can only increase the diameter of the raw beam and the beam parameter
product. This paper addresses the issue of weld quality of high power fiber laser welded T-joints
of shipbuilding steel AH36 by comparing welds produced with three optical set-ups having beam
transfer fibers of different diameters.

2. Materials and Methods

Shipbuilding steel AH36 is commonly used for shipbuilding and offshore structures. Hot rolled
steel plates of AH36 have excellent weldability with a CEV (carbon equivalent value) of 0.248,
calculated based on the chemical composition presented in Table 1. The yield strength of AH36
is 355 MPa.

Table 1. Chemical composition of AH36 steel (wt %).

Material C Si Mn P S Cr Mo Ni Cu Al V

AH36 0.111 0.149 0.711 0.035 0.150 0.051 0.01 0.041 0.031 0.030 0.008
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Test specimens (100 mm × 350 mm × 8 mm) were cut with a CO2 laser using oxygen-assisted cutting.
The edges were grid blasted with aluminum oxide and cleaned with acetone to remove possible
contaminants. The plates were tack welded from the root side from the ends and the middle using
gas metal arc welding. The workpiece was fixed in the flat (1F) position using stiff fixtures to avoid
heat-induced air gap fluctuations during the welding. Single-sided welds with a length of 165 mm were
performed. The experimental setup is shown in Figure 2.

 

Figure 2. Experimental setup for laser welding of T-joints. Beam is positioned at the joint plane
(offset 0 mm).

All welding experiments were made with a continuous wave fiber laser IPG YLS-10000 having
wavelength of 1070 nm and a top-hat focused beam profile. A Kugler LK190 mirror optics laser
welding head was used. An air knife protected the focusing system from contamination with fumes
and spatter, and no additional shielding gas was used. When comparing a T-joint with a butt joint,
a further parameter, called offset, describing the distance of the beam center from the joint at the flange
front edge, must be added. This parameter has a crucial effect on weld quality and must be considered
for thick section joints of the type studied in this work. The experimental parameters of the welding
process are presented in Table 2.

Table 2. Welding process parameters.

Parameter Unit Parameter Range

Fiber diameter [μm] 200; 300; 600
Laser power, PL [kW] 6.0; 8.0; 10.0

Welding speed, vw [m/min] 0.75; 1.0; 1.25; 1.5; 1.75
Focal point position, FPP [mm] −2.0; −4.0; −6.0

Beam angle from flange α [◦] 6; 10; 15
Beam offset from flange [mm] 0.5; 1.0; 1.2; 1.5; 2.0

The beam was delivered by a system consisting of a beam transfer fiber (with core diameters
of either 200, 300 or 600 μm), 120 mm collimating length optics, and a 300 mm focal length mirror.
The properties of the laser beam emitted from each transport fiber were measured using a laser beam
analyzer from Primes GmbH and are shown in Table 3.
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Table 3. Beam properties.

Delivery Fiber Diameter (μm) 200 300 600

Beam profile

Nominal beam waist (mm) 0.50 0.75 1.50

Measured beam waist (86% pts) (mm) 0.710 0.882 1.460

BPP (mm·mrad) 9.079 12.000 23.800

Rayleigh length (mm) 13.86 16.18 22.38

PL at workpiece (kW) 6.0 6.0 6.0

Beam area at surface (mm2) 0.396 0.611 1.674

The bead surface and root of each weld were visually evaluated based on standard EN ISO 13919-1,
which classifies welds into three quality levels based on the type and severity of the imperfections that
are present. The categories from best to worst are: B, stringent; C, intermediate; and D, moderate [31].
Metallographic preparation of the samples was carried out according to SFS-EN ISO 17639 [32].
The welds were transversely sectioned at the middle of the joint length, and polished and etched using
a 2% Nital solution. Macrographs of the weld cross sections were taken for inspection of penetration,
defects, and dimensions and shape of the fusion zone and HAZ (heat affected zone).

3. Results

3.1. Effect of Beam Inclination Angle α

To study the effect of beam inclination angle α on the morphology/geometry of the weld, all other
process parameters were kept constant. The beam was positioned 0.5 mm above the joint plane on
the flange and focused 2 mm below the surface of the material. Focal point diameters on the surface
were 0.82 mm, 1.00 mm and 1.61 mm for the 200 μm, 300 μm and 600 μm process fibers, respectively.
The cross sections of the welds are shown in Figure 3.

It can be seen in Figure 3 that the penetration depth (measured from top of the weld) and the
length of the joint fusion along the intersection decreased as the inclination angle increased. It can
also be noticed that the penetration depth and area of the fusion zone correlate with the energy
density of the beam. A full penetration weld was obtained only with the 200 μm process fiber and 6◦

inclination angle. All of the joints followed the axis of beam propagation. Averaged dimensions from
three welds produced with each inclination angle are shown in Table 4.

Table 4. Effect of fiber diameter on the weld dimensions.

Fiber Diameter
[μm]

Penetration Depth
[mm]

Bead Width
[mm]

Fusion Zone
[mm2]

HAZ Area
[mm2]

Depth to
Width Ratio

Max Hardness
HV5 [FZ 1/HAZ]

200 8.7 2.3 13.2 6.5 4.0 386/373
300 7.8 2.4 12.6 6.0 3.3 392/359
600 5.6 2.7 12.0 5.5 2.0 393/365

1 FZ = fusion zone.
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Figure 3. Macrographs of weld samples at different beam inclination angles: AH36, t = 8 mm,
PL = 6 kW, vw = 1.25 m/min, beam offset from flange 0.5 mm, FPP = −2 mm.

3.2. Effect of Beam Offset from the Flange

The effect of the beam offset from the flange was studied only with 300 μm and 600 μm
process fibers. Based on the very narrow bead width produced earlier with the 200 μm process
fiber and an assumption that the weld width largely determines the tolerance limits, the 200 μm
process fiber was not included in the experiments. The laser power needed for full penetration
was first calculated using the Power Factor Model developed by Suder et al. [23] and subsequently
determined experimentally. The calculated values exceeded the real power requirement by at least
30% (less than 8 kW vs. 9.7 kW, FPP −2 mm, beam Ø on surface 1.0 mm; 10 kW vs. 13 kW, FPP −2 mm,
beam Ø on surface 1.6 mm). Macrographs showing beam offsets from 0.5 mm to 2.0 mm are presented
in Figure 4.

Figure 4. Macrographs of weld cross-sections when beam position from the flange was varied:
material = AH36, t = 8 mm, vw = 1.25 m/min, FPP = −2 mm, α = 15◦.

As shown in Figure 4, despite similar width of weld bead, there was a significant difference in the
geometry of the fusion area. Welds produced with the 300 μm process fiber had a deep and narrow
profile with a slightly wider top typical of high power laser welds. The setup with the 600 μm process
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fiber produced welds that were wide throughout the whole fusion area, resulting in a more acceptable
weld profile for a T-joint.

3.3. Effect of Focal Point Position

Negative defocusing was used to study whether decrease in beam density at the workpiece
surface has a favorable effect on the formation of the weld bead. The influence of focal point position
on the weld profile was investigated by changing the defocusing distance in steps of 2 mm. Beam offset
from the flange was selected as 1 mm and 1.5 mm (for the 300 μm and 600 μm setups, respectively) to
increase the likelihood of full penetration. The focal point was moved along the beam propagation
direction inside the material in 2 mm steps. Figure 5 shows cross-sectional macrographs of the
welds produced.

 

Figure 5. Weld profiles at various focal point positions: AH36, t = 8 mm, vw = 1.25 m/min, beam offset
from flange 1.0 mm (up) and 1.5 mm (down), α = 15◦.

It can be seen from the images presented in Figure 5 that decreasing the focal point position leads
to a slight decrease in penetration. FPP −4 mm resulted in full penetration in the set-up with the 600 μm
process fiber, while none of the welds produced with the 300 μm fiber had complete penetration at the
weld root.

4. Discussion

4.1. Geometry of the Welds

The purpose of this study was to investigate geometrical differences in welds produced with
three different beam delivery fibers and to determine the effect of process parameters on T-joint welds.
Thirty welds were produced, evaluated, and their cross-sections analyzed. The acceptance criteria in
visual inspection were smooth and plain face and root sides of the weld seam, lack of spatter, cracks
or other defects listed in the Standard EN ISO 13919-1, and full visible penetration on the root side.
Cracks or porosity were not present, qualifying the welds for class C of ISO 13919-1. Obvious undercut
and lack of fusion produced by an inappropriately positioned beam or a lack of laser power were
causes of rejection.

The width of the weld fusion zone determines the largest acceptable inclination angle for
producing full penetration at a given web thickness. It can be seen in Figure 3 that compared to
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the other set-ups studied, the process fiber with a core diameter 600 μm was least sensitive to increase
of α. However, at given thickness of 8 mm, α = 6◦ produced the largest weld throat in all set-ups,
regardless of the diameter of the beam, since the keyhole formed strictly along the axis of beam
propagation. Figure 6 illustrates the effect of beam inclination angle on melt distribution relative to the
middle axis of the joint.

Figure 6. Proportions of the weld and melt area distribution differences at three inclination angles tested.
AH36, t = 8 mm, PL = 6 kW, vw = 1.25 m/min, FPP = −2 mm.

Figure 6 shows the size of the melt area above and below the middle axis of the joint of the welds
presented earlier in Figure 3. The bars illustrate the proportions of the melt area above (web) and below
(flange) the joint plane, and the lines show the area of the melt. Process fibers with core diameters of
200 μm and 300 μm produced welds with similar properties: the melt area decreased with increase of
inclination angle. The 600 μm diameter process fiber produced welds in which the melt area increased
while simultaneously keeping the same proportions of the fusion zone above and below the joint axis.
The fiber producing the largest focal point diameter was least sensitive to change of inclination angle.

From an engineering point of view, beam offset is an important parameter affecting the weld
quality of fillet welds, where joint bridging ability and ensuring complete fusion are more important
than the penetration depth itself. As can be observed in Figure 4, tolerance to beam offset is also
determined by the width of the weld. An inclination angle of 15◦ was chosen over two smaller angles
tested based on the width of the weld bead and possible accessibility restrictions of the welding head.
Optimal offsets for acceptable top bead and full fusion at the root are: 1.0 mm with the 300 μm
transfer fiber, and, 1.0 mm and 1.5 mm with the 600 μm transfer fiber. The diameters of the beams on
the surface were 1.0 mm and 1.6 mm, respectively.

When the 300 μm fiber was used, deviation to either side from the 1.0 mm offset produced either
lack of fusion at the root or undercut and lack of penetration at the face of the weld. Due to the small
width of the weld/fusion zone, higher offset resulted in formation of severe undercut on the top of
the weld, while part of the melt was pushed through the weld root. The transfer fiber with 600 μm
core diameter had a wider positioning tolerance window because the width of the weld throughout
the fusion area is also wider. All of the welds produced with the 600 μm process fiber had a smooth
bead and root sides, complete penetration, and class B quality according to EN-ISO 13919-1. It seems
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that a change in the keyhole process, noticed earlier by [14], can be seen in the case of fillet welds in
low alloyed steel. It is logical that power density has an effect on the process mechanism while still
producing weld shape that is similar but wider than in the case of higher power density.

The focal point position has the same effect on T-joints as any other weld. Comparing the setups
studied, an insignificant increase in bead width in correlation with an increase in beam dimension on
the surface of material was noticed. FPP of −2 mm produced welds with a larger weld toe radius than
FPP −6 mm. When FPP was positioned at −4 mm, that is, at half of the thickness of the web, the setup
produced fully fused welds lacking porosity or other defects on both sides of the joint.

4.2. Application of Specific Point Energy to Welding of T-Joints

Traditionally, the depth of penetration has been characterized through the concept of heat input,
also called line energy, which describes the energy available for producing the weld through the
relationship of available laser power and welding speed. ESP also considers the diameter of the
beam on the surface of the specimen and therefore provides higher accuracy in definition of the
penetration depth and weld geometry [23]. Suder and Williams [22] have shown that, in the case of
bead-on-plate welds, the penetration depth is defined by power density and specific point energy,
and the width of the weld by interaction time, regardless of the optical setup used. T-joint fillet welds
follow the same analytical model regarding the penetration depth as bead-on-plate welds; in this work,
however, there was a deviation at larger beam diameters produced with the 600 μm process fiber.
The relationship between ESP and penetration depth for all three setups is summarized in Figure 7.

Figure 7. Penetration depth plotted as a function of specific point energy. ESP values of the three welds
shown: (�a) 396 J; (�b) 384 J; and (�c) 386 J.

Figure 7 shows curves for penetration depth produced with each of the process fibers and
macrographs of three welds obtained at similar ESP using different process fibers. Beam diameters
on the surface of the welds shown in Figure 7 were 0.82 mm, 1.00 mm and 1.61 mm (FPP −2 mm).
The following laser power and welding speed combinations were used: (a) PL = 6 kW, vw = 0.75 m/min;
(b) PL = 8 kW, vw = 1.25 m/min; and (c) PL = 4 kW, vw = 1 m/min. Welds (a) and (b) both had penetration
depths close to 10 mm, when measured from the top of the bead, thus exceeding the thickness of
the material, while weld (c) had only partial penetration. At similar ESP, the 200 μm process fiber
produced the weld with the deepest penetration and largest melt area (a). Full penetration was not
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obtained with the 300 μm process fiber despite sufficient penetration depth, and the weld produced
with the 600 μm fiber was noticeably shallower.

It is known that the diameter of the beam governs the dimensions of the keyhole, which in turn
define the depth and width of the weld. As expected, beams with smaller diameters produced deeper
penetrations at any given ESP. Within each setup, it can be seen that an increase in ESP also increases
the penetration depth, but comparison of all three setups shows that the power density of the beam
has a more pronounced effect on the morphology of the weld than ESP. A possible explanation for
this might be that the heat conduction in T-joints is different than in butt joints or bead on plate
joints. Distribution of energy over a larger area leads to a slight decrease in molten area and reduced
penetration depth. The power density of the beam determines the depth of the weld, while the width
of the weld is determined by the diameter of the focused beam on the surface of the specimen.

4.3. Optimal Welding Conditions for T-Joint

The effects of beam inclination angle, beam offset from the flange and the focal point position
relative to the surface of the material were studied to gain insight into the applicability of each setup
under industrial conditions. Table 5 summarizes the findings.

Table 5. Acceptable limits for beam positioning for producing full penetration.

Parameter 200 μm Process Fiber 300 μm Process Fiber 600 μm Process Fiber

α 6◦ 6◦ 6◦; 10◦
Beam offset 1 mm 1 mm 1−1.5 mm

FPP −4 mm −4 mm −2–−6 mm

The optimal parameters for all set-ups were inclination angle 6◦, beam offset from the flange
1 mm, and focal point position −4 mm below the surface of the material. In all of the setups, the axis
of the weld was aligned along the direction of the beam propagation. For this reason, when the beam
was aimed past the root of the joint, the formed molten pool did not follow the joint plane, resulting in
a lack of fusion at the back of the weld. However, the applicability of a beam inclination angle of 6◦ in
industrial applications may be limited because of a danger of collision of the laser welding head while
maneuvering in restricted space, especially in situations where the incident beam side of the flange
exceeds the focal length of the laser.

From the industrial point of view, the most versatile solution for T-joints of the three process fibers
tested would be the fiber with a core diameter of 600 μm. This setup produced top beads superior
in quality to the two other setups studied. The welds made with the 200 μm and 300 μm process
fibers were deep yet extremely narrow at the deepest section of the weld and prone to undercut at
the surface. A setup with a 600 μm fiber results in a more stable process that has a greater tolerance for
beam displacement and smaller probability for seam imperfections.

5. Conclusions

The present work reported welding of single-sided T-joints of 8 mm thick AH36 shipbuilding
steel with three optical setups using process fibers with core diameters of 200 μm, 300 μm and 600 μm.
The current study found that:

(1) Full fusion in one welding pass was produced with all three process fibers studied.
(2) Penetration depth and width of the weld both primarily depend on the beam diameter.

The parameter with the greatest influence on the depth of the weld is the power density of
the beam, while the width of the weld is determined by the diameter of the focused beam.
The width of the weld bead only has a minor correlation to the diameter of the beam on the surface.
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(3) Smaller spot sizes provide an advantage in penetration depth at the same welding speed and
power but are prone to producing undercuts. Due to the narrowness of the weld, the positioning
of the beam has to be extremely accurate to avoid the weld missing the root of the joint.

(4) Welds produced with 600 μm process fiber were less prone to undercut formation and had more
favorable shape of the weld toe than welds produced with 200 μm and 300 μm process fibers.

(5) Process fiber with core diameter 600 μm produced welds with the highest quality and was least
sensitive to changes in beam positioning.

(6) Using beam delivery fibers with larger core diameters has a favorable effect on achieving full
fusion in T-joints. Reduced energy density on surface increases the width of the weld throughout
the penetration and produces smoother junctions of weld bead and base material.
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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 

Keywords: Assembly; Design method; Family identification

1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract

Oscillation of the laser beam has been applied to achieve a positive influence on the efficiency of the welding process and the quality of the 
weld seam. In this work a 10 kW laser beam from a fiber laser was oscillated with frequencies up to 1000 Hz for bead on plate welds in 15 mm
thick structural steel to investigate the influence of beam oscillation on geometrical dimensions of the weld seam. The laser beam was oscillated 
transversally with a given amplitude for each frequency. The parameter set to be varied was laser power, welding speed and focal point position 
according to the highest influence on the formation of the weld seam and the welding process. The results obtained show that lower oscillation 
frequencies in the range of 200 Hz with higher amplitudes in combination with either low welding speeds or higher laser powers up to 10 kW 
had the greatest influence on the geometry of the weld seam.
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1. Introduction

Welding with oscillated laser beam is a well-established 
production process, gaining renewed interest since high power 
lasers with superior beam quality and virtually unlimited 
output power became affordable [1]. Laser welding with high 
frequency beam oscillation is studied as a method to increase
the stability of the welding process. Bright beam and process 
stability at high power levels opens new possibilities for beam 
manipulation [2]. High-power beams produce deep nail-
shaped welds with high depth-to-width ratio, however its 
applicability is limited because of extreme demands to joint 
fit-up accuracy [3]. One way to overcome this challenge is 
wobbling the laser beam over the joint in a predetermined 
pattern [4]. Research for growing range of applications is 
motivated also by advances in beam delivery equipment, as 
smaller dimensions of the processing head improve the joint 
accessibility and overall flexibility of the welding process [5], 
[6]. Beam oscillation distributes the beam energy across a
wider area and produces fully bridged and defect free joints 

with excellent geometrical features at the expense of slightly 
reduced processing speed [7]. In addition, beam oscillation
enables control of the cooling rate, which is beneficial for 
joining dissimilar and difficult to weld materials like 
aluminum alloys and high strength steels used in automotive 
and aerospace industries [8]. When oscillating a single mode 
laser beam to stabilize the melt pool in laser-GMA hybrid 
welding of 22MnB5 boron alloyed steel, it was found that the 
beam influence on bead geometry can be neglected [9]. 
Studies using an oscillated multimode laser beam in welding 
lap joint in zinc coated steel and ASIS304 presented 
advantages of welding with small beam diameter at reduced 
power with oscillation over conventional laser welding, while 
noting that knowledge of material behavior is crucial for the 
successful application of this technique [10], [11]. Further 
parameter studies have shown that beam oscillation in welding 
butt joint improves the gap bridgeability up to three times 
[12]. Regardless of joint type, the profile of the weld and 
surface smoothness have direct influence on the weld quality. 
Detailed understanding of the formation mechanism of the 
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laser beam to stabilize the melt pool in laser-GMA hybrid 
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advantages of welding with small beam diameter at reduced 
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weld geometry is important for utilization of the whole 
potential that beam manipulation by oscillation is able to 
provide. 

2. Experimental work 

2.1. Material

The material used for the welding experiments were a
structural steel of the grade S235J2C with a thickness of 8 mm
and for experiments with low welding speeds at a higher laser 
power the fine-grained structural steel S355MC with
thicknesses of 12 mm and 15 mm. The chemical compositions
of materials are given in Table 1. 

Table 1. Nominal chemical composition of the materials used (wt. %).

Material C max Si max Mn max P max S max

S235J2C 0.12 0.03 1.20 0.02 0.02

S355MC 0.09 0.50 1.00 0.02 0.01

2.2. Experimental set-up

An IPG YLR 10000 fiber laser with a 200 µm beam 
transfer fiber diameter was used for the experiments. For laser 
beam oscillation the DC-Scanner system from ILV was 
applied, see Fig. 1. The scanner system was mounted on a 90° 
Precitec YW 50 welding head, Fig. 2, with a collimation unit 
of 150 mm and a focusing lens of 300 mm. The scanner is 
capable of achieving scanning frequencies in the range of 10 -
1000 Hz and producing scan widths from 18 mm to 2 mm
depending on the frequency. All of the welding was performed
as bead on plate, with the parameter sets given in Table 2. One 
set of experiments was carried out with a frequency range of 
100 - 1000 Hz, all other experiments started with 200 Hz 
ascending in steps of 200 Hz until 1000 Hz. As a comparison 
for each parameter set, a reference weld without the beam 
oscillation was produced.

Table 2. Welding Process Parameters.

Parameter Unit Parameter range 

Laser Power (P) kW 5; 6; 8; 10

Welding speed (vw) m/min 1; 2; 3

Focal point position (fpp) mm -10; -5; 0; 5; 10

Scanning frequency (f) Hz 0; 100; 200; 300; 400; 500; 600; 
700; 800; 900; 1000

Scanning amplitude (A) % 100%

Process gas - Argon with 30 l/min

2.3. Evaluation of welded samples

Metallographic preparation of the samples was carried out 
according to DIN EN ISO 17639. The welds were transversely 
sectioned at the middle of the weld length, polished and 
etched using a 2% Nital solution. Macrographs of the cross-
sections were inspected for penetration, weld dimensions in
five locations of the fusion zone (w1-w5) and HAZ, as shown 
in Fig. 3. From this data also the angle α of the weld side was 
calculated.

Fig. 1. DC-Scanner System from 
ILV used to oscillate the laser 
beam.

Fig. 2. Experimental set-up, with 
DC-Scanner marked in red.

Fig. 3. Weld cross-section measurements: w1 = weld width at top surface 
(mm), w2 = weld width at 0.25p (mm), w3 = weld width at 0.5p (mm), w4 
= weld width at 0.75p (mm), w5 = weld width at 1p (mm), A = area of 
fusion zone (mm²), α = angle of weld cross-section side

3. Experimental results 

The characteristic property of a weld produced with a high-
power laser beam is a deep and narrow weld seam with a high 
depth to width ratio. In order to evaluate the influence of the 
beam oscillation on the weld seam geometry and to determine 
the differences between the various frequencies applied, the 
angle of the weld fusion zone side outline and the width of the 
fusion zone at different positions was studied. Furthermore, 
three main process parameters, welding speed, focal point 
position and laser power were varied in combination with 
oscillation frequencies in so called parameter sets. 

In addition, the penetration depth as well as fusion zone
area were considered as well. As a reference for further 
discussions below, Fig. 4 displays cross-sections from a 
parameter set where all the welds were made with the full 
range of frequencies (0 – 1000 Hz), according to Table 2.
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a) 100 Hz b) 200 Hz c) 300 Hz d) 400 Hz

e) 500 Hz f) 600 Hz g) 700 Hz h) 800 Hz

i) 900 Hz j) 1000 Hz k) 0 Hz

Fig. 4. Cross-sections of welds carried out with frequencies between 100 Hz 
and 1000 Hz with the parameter set of vw= 1 m/min, fpp= 0 mm, P = 5 kW.

3.1. Distance from middle of weld cross-section

To compare the weld cross-section geometry resulting from 
the different scanning frequencies used, regardless of the main 
parameters, an average value for each of the five measurement 
locations w1-w5 was calculated and the standard deviation 
determined by using:

𝑠𝑠𝑠𝑠 = �∑ (𝑥𝑥𝑥𝑥−�̅�𝑥𝑥𝑥)2𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖=1  

(𝑛𝑛𝑛𝑛−1)
         (1)

where x are the observed values of the sample items, 𝑥𝑥𝑥𝑥 is 
the mean value of these observations, and n is the number of 
observations in the sample. To make the measurements 
comparable and exclude the influence of the different 
penetration depths, the initial measurement values were 
standardized by dividing them with the measured penetration 
depth.

Depicted in Fig. 5 is the average distance from the middle 
of the weld cross-section at five different positions. The graph 
is plotted for positive values on the x-axis only, the indicated 
grey outline of the weld cross-section in the background gives 
an orientation of the geometrical shape. The graph clearly 
shows that the welds produced with 200 Hz are the widest –
independent from the parameter set applied – and have the 
highest statistical variance as seen from the upper and lower 
band of confidence. Welds produced with oscillation 
frequencies of 400 Hz and higher, including 0 Hz, have a 
rather narrow band of confidence and are closer together, 
resembling the geometry of the high-power laser weld the 
most. These statistically processed results correspond to the
cross-sections shown in Fig. 8, where welds with 200 Hz are 
compared, and cross-sections in Fig. 4, showing the whole set 
of welds from 0 – 1000 Hz.

Fig. 5. Evaluation of the standardized average distance from the middle of the 
weld cross-section at positions w1 – w5.

3.2. Angle of the weld cross-section outline

The angle α of the weld side cross-section outline was 
calculated by the five widths of the cross-section, w1 – w5.
This includes the depth to width ratio by a stepwise 
consideration of the penetration depth. Fig. 6 shows the 
average geometric angles of each position w1 – w5, calculated 
for the individual oscillating frequencies from the respective 
parameter set variation. 

The average angle α for welds produced without 
oscillation, and an oscillating frequency of 1000 Hz varies in a 
rather small range, showing that the geometrical outline of the 
weld cross-section does not differ much, which is shown also 
in Fig. 7. The samples welded with 1000 Hz at 2 m/min have 
the same characteristic shape of deep penetration high power 
laser welds, similar to cross-section k) shown in Fig. 4.

Experiments with a frequency of 200 Hz show a high 
variance of α in each of the three parameter sets applied. This 
variance is due to the more or less distinct spike visible on the 
left and right side of the cross-section, for each parameter set, 
determining the value measured in position w5 and thus the 
angle α, compare with Fig. 8, especially cross-sections b), c) 
and d). Regarding the parameter set for the variation of the 
focal point position, depicted in the top right graph in Fig. 6, 
the fluctuation range of α decreases, starting from 400 Hz to a 
more uniform series of values. This indicates that the 
influence of the focal point position is less distinct when 
welding with oscillated high-power laser beams at higher 
frequencies.

Fig. 6. Evaluation of the average angle α of the weld cross-section shape for 
parameter set variation of welding speed (top left), focal point position (top 
right) and laser power (bottom left).
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weld geometry is important for utilization of the whole 
potential that beam manipulation by oscillation is able to 
provide. 

2. Experimental work 

2.1. Material

The material used for the welding experiments were a
structural steel of the grade S235J2C with a thickness of 8 mm
and for experiments with low welding speeds at a higher laser 
power the fine-grained structural steel S355MC with
thicknesses of 12 mm and 15 mm. The chemical compositions
of materials are given in Table 1. 

Table 1. Nominal chemical composition of the materials used (wt. %).

Material C max Si max Mn max P max S max

S235J2C 0.12 0.03 1.20 0.02 0.02

S355MC 0.09 0.50 1.00 0.02 0.01

2.2. Experimental set-up

An IPG YLR 10000 fiber laser with a 200 µm beam 
transfer fiber diameter was used for the experiments. For laser 
beam oscillation the DC-Scanner system from ILV was 
applied, see Fig. 1. The scanner system was mounted on a 90° 
Precitec YW 50 welding head, Fig. 2, with a collimation unit 
of 150 mm and a focusing lens of 300 mm. The scanner is 
capable of achieving scanning frequencies in the range of 10 -
1000 Hz and producing scan widths from 18 mm to 2 mm
depending on the frequency. All of the welding was performed
as bead on plate, with the parameter sets given in Table 2. One 
set of experiments was carried out with a frequency range of 
100 - 1000 Hz, all other experiments started with 200 Hz 
ascending in steps of 200 Hz until 1000 Hz. As a comparison 
for each parameter set, a reference weld without the beam 
oscillation was produced.

Table 2. Welding Process Parameters.

Parameter Unit Parameter range 

Laser Power (P) kW 5; 6; 8; 10

Welding speed (vw) m/min 1; 2; 3

Focal point position (fpp) mm -10; -5; 0; 5; 10

Scanning frequency (f) Hz 0; 100; 200; 300; 400; 500; 600; 
700; 800; 900; 1000

Scanning amplitude (A) % 100%

Process gas - Argon with 30 l/min

2.3. Evaluation of welded samples

Metallographic preparation of the samples was carried out 
according to DIN EN ISO 17639. The welds were transversely 
sectioned at the middle of the weld length, polished and 
etched using a 2% Nital solution. Macrographs of the cross-
sections were inspected for penetration, weld dimensions in
five locations of the fusion zone (w1-w5) and HAZ, as shown 
in Fig. 3. From this data also the angle α of the weld side was 
calculated.

Fig. 1. DC-Scanner System from 
ILV used to oscillate the laser 
beam.

Fig. 2. Experimental set-up, with 
DC-Scanner marked in red.

Fig. 3. Weld cross-section measurements: w1 = weld width at top surface 
(mm), w2 = weld width at 0.25p (mm), w3 = weld width at 0.5p (mm), w4 
= weld width at 0.75p (mm), w5 = weld width at 1p (mm), A = area of 
fusion zone (mm²), α = angle of weld cross-section side

3. Experimental results 

The characteristic property of a weld produced with a high-
power laser beam is a deep and narrow weld seam with a high 
depth to width ratio. In order to evaluate the influence of the 
beam oscillation on the weld seam geometry and to determine 
the differences between the various frequencies applied, the 
angle of the weld fusion zone side outline and the width of the 
fusion zone at different positions was studied. Furthermore, 
three main process parameters, welding speed, focal point 
position and laser power were varied in combination with 
oscillation frequencies in so called parameter sets. 

In addition, the penetration depth as well as fusion zone
area were considered as well. As a reference for further 
discussions below, Fig. 4 displays cross-sections from a 
parameter set where all the welds were made with the full 
range of frequencies (0 – 1000 Hz), according to Table 2.

Author name / Procedia CIRP 00 (2018) 000–000 3

a) 100 Hz b) 200 Hz c) 300 Hz d) 400 Hz

e) 500 Hz f) 600 Hz g) 700 Hz h) 800 Hz

i) 900 Hz j) 1000 Hz k) 0 Hz

Fig. 4. Cross-sections of welds carried out with frequencies between 100 Hz 
and 1000 Hz with the parameter set of vw= 1 m/min, fpp= 0 mm, P = 5 kW.

3.1. Distance from middle of weld cross-section

To compare the weld cross-section geometry resulting from 
the different scanning frequencies used, regardless of the main 
parameters, an average value for each of the five measurement 
locations w1-w5 was calculated and the standard deviation 
determined by using:

𝑠𝑠𝑠𝑠 = �∑ (𝑥𝑥𝑥𝑥−�̅�𝑥𝑥𝑥)2𝑛𝑛𝑛𝑛
𝑖𝑖𝑖𝑖=1  

(𝑛𝑛𝑛𝑛−1)
         (1)

where x are the observed values of the sample items, 𝑥𝑥𝑥𝑥 is 
the mean value of these observations, and n is the number of 
observations in the sample. To make the measurements 
comparable and exclude the influence of the different 
penetration depths, the initial measurement values were 
standardized by dividing them with the measured penetration 
depth.

Depicted in Fig. 5 is the average distance from the middle 
of the weld cross-section at five different positions. The graph 
is plotted for positive values on the x-axis only, the indicated 
grey outline of the weld cross-section in the background gives 
an orientation of the geometrical shape. The graph clearly 
shows that the welds produced with 200 Hz are the widest –
independent from the parameter set applied – and have the 
highest statistical variance as seen from the upper and lower 
band of confidence. Welds produced with oscillation 
frequencies of 400 Hz and higher, including 0 Hz, have a 
rather narrow band of confidence and are closer together, 
resembling the geometry of the high-power laser weld the 
most. These statistically processed results correspond to the
cross-sections shown in Fig. 8, where welds with 200 Hz are 
compared, and cross-sections in Fig. 4, showing the whole set 
of welds from 0 – 1000 Hz.

Fig. 5. Evaluation of the standardized average distance from the middle of the 
weld cross-section at positions w1 – w5.

3.2. Angle of the weld cross-section outline

The angle α of the weld side cross-section outline was 
calculated by the five widths of the cross-section, w1 – w5.
This includes the depth to width ratio by a stepwise 
consideration of the penetration depth. Fig. 6 shows the 
average geometric angles of each position w1 – w5, calculated 
for the individual oscillating frequencies from the respective 
parameter set variation. 

The average angle α for welds produced without 
oscillation, and an oscillating frequency of 1000 Hz varies in a 
rather small range, showing that the geometrical outline of the 
weld cross-section does not differ much, which is shown also 
in Fig. 7. The samples welded with 1000 Hz at 2 m/min have 
the same characteristic shape of deep penetration high power 
laser welds, similar to cross-section k) shown in Fig. 4.

Experiments with a frequency of 200 Hz show a high 
variance of α in each of the three parameter sets applied. This 
variance is due to the more or less distinct spike visible on the 
left and right side of the cross-section, for each parameter set, 
determining the value measured in position w5 and thus the 
angle α, compare with Fig. 8, especially cross-sections b), c) 
and d). Regarding the parameter set for the variation of the 
focal point position, depicted in the top right graph in Fig. 6, 
the fluctuation range of α decreases, starting from 400 Hz to a 
more uniform series of values. This indicates that the 
influence of the focal point position is less distinct when 
welding with oscillated high-power laser beams at higher 
frequencies.

Fig. 6. Evaluation of the average angle α of the weld cross-section shape for 
parameter set variation of welding speed (top left), focal point position (top 
right) and laser power (bottom left).
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a) p = 5 kW b) p = 6 kW c) p = 8 kW d) p = 10 kW

Fig. 7. Cross-sections of welds carried out with different laser powers with 
the parameter set of vw= 2 m/min, fpp = 0 mm, f = 1000 Hz.

3.3. Evaluation of the penetration depth

The graphs on Fig. 9 display the penetration depths of the 
different experiments according to the three main parameter 
sets: welding speed, focal point position and laser power.

The variation of the focal point position shows a very 
uniform behavior, as can also be seen in Fig. 8. Even though 
the laser beam properties like focal spot size and intensity 
distribution are affected significantly by changing the focal 
point position or the inclination angle, as shown for example 
by [13], influencing also the keyhole behavior, in combination 
with the oscillating laser beam it does not have a great effect 
on the penetration depth with the parameters applied in this 
study.

a) fpp= +10 mm b) fpp= + 5 mm c) fpp= 0 mm d) fpp= - 5 mm e) fpp= - 10 mm 

Fig. 8. Cross-sections of welds carried out with different focal positions with 
the parameter set of vw= 2 m/min, P = 5 kW, f = 200 Hz.

Regarding the variation of the welding speed and laser 
power, Fig. 9 top left and top right shows that a change of the 
heat input at a given frequency of the oscillated laser beam 
will lead to the expected change in penetration depth. 

Fig. 9. Evaluation of the penetration depth for parameter set variation of 
welding speed (top left), focal point position (top right) and laser power 
(bottom left).

3.4. Evaluation of the weld fusion zone

The area of the fusion zone of the three parameter sets is 
illustrated in Fig. 10. Variation of the welding speed and laser 
power are the main factors influencing the dimensions of the 
measured area. The focal point position does not have a 

significant effect, keeping welding speed and laser power
constant. 

Fig. 10. Evaluation of the fusion zone area for parameter set variation of 
welding speed (top left), focal point position (top right) and laser power 
(bottom left).

Regarding the oscillation of the laser beam, it can be seen 
that at a low frequency of 100 Hz, a downward spike appears. 
The respective cross-section, Fig. 4 a), shows a low 
penetration in the middle of the weld cross-section with a 
more distinct penetration depth on the left and right side. It 
seems that a keyhole welding process did not take place, but 
only a partial melting of the surface.

4. Conclusion

A high-power fiber laser with beam oscillation was used to 
produce bead on plate welds to investigate the influence of the 
oscillation frequency on the shape of the weld cross-section. 
In combination with the oscillation frequency varied from 100 
Hz to 1000 Hz, the welding speed, laser power and focal point 
position were varied also. All measures applied to evaluate 
the weld geometry on a mathematical or statistical basis 
comply with the original measurements obtained from the 
cross-sections of each weld. The following findings can be 
presented:

• Welds with a frequency up to 200 Hz have a high variance 
regarding the overall weld cross-section width and average 
angle of the cross-section outline. The penetration depth 
achieved was the lowest.

• Welds with 400 Hz and more, including welds with 0 Hz 
are more uniform in shape and variance regarding the 
obtained results. The highest oscillation frequencies 
produced similar or same results as were noted with welds 
without oscillation, i.e. 0 Hz, also concerning penetration 
depth and fusion zone area.

• Variation of the focal point position in combination with 
the oscillation frequency has little influence on the weld 
cross-section geometry at higher frequencies as well as on 
the penetration depth and fusion zone area.

• The influence of the heat input on the dimensions of the 
fusion zone area, by varying welding speed and laser 
power is most distinctive. The influence from oscillation of 
the laser beam is secondary.
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a) p = 5 kW b) p = 6 kW c) p = 8 kW d) p = 10 kW

Fig. 7. Cross-sections of welds carried out with different laser powers with 
the parameter set of vw= 2 m/min, fpp = 0 mm, f = 1000 Hz.

3.3. Evaluation of the penetration depth

The graphs on Fig. 9 display the penetration depths of the 
different experiments according to the three main parameter 
sets: welding speed, focal point position and laser power.

The variation of the focal point position shows a very 
uniform behavior, as can also be seen in Fig. 8. Even though 
the laser beam properties like focal spot size and intensity 
distribution are affected significantly by changing the focal 
point position or the inclination angle, as shown for example 
by [13], influencing also the keyhole behavior, in combination 
with the oscillating laser beam it does not have a great effect 
on the penetration depth with the parameters applied in this 
study.

a) fpp= +10 mm b) fpp= + 5 mm c) fpp= 0 mm d) fpp= - 5 mm e) fpp= - 10 mm 

Fig. 8. Cross-sections of welds carried out with different focal positions with 
the parameter set of vw= 2 m/min, P = 5 kW, f = 200 Hz.

Regarding the variation of the welding speed and laser 
power, Fig. 9 top left and top right shows that a change of the 
heat input at a given frequency of the oscillated laser beam 
will lead to the expected change in penetration depth. 

Fig. 9. Evaluation of the penetration depth for parameter set variation of 
welding speed (top left), focal point position (top right) and laser power 
(bottom left).

3.4. Evaluation of the weld fusion zone

The area of the fusion zone of the three parameter sets is 
illustrated in Fig. 10. Variation of the welding speed and laser 
power are the main factors influencing the dimensions of the 
measured area. The focal point position does not have a 

significant effect, keeping welding speed and laser power
constant. 

Fig. 10. Evaluation of the fusion zone area for parameter set variation of 
welding speed (top left), focal point position (top right) and laser power 
(bottom left).

Regarding the oscillation of the laser beam, it can be seen 
that at a low frequency of 100 Hz, a downward spike appears. 
The respective cross-section, Fig. 4 a), shows a low 
penetration in the middle of the weld cross-section with a 
more distinct penetration depth on the left and right side. It 
seems that a keyhole welding process did not take place, but 
only a partial melting of the surface.

4. Conclusion

A high-power fiber laser with beam oscillation was used to 
produce bead on plate welds to investigate the influence of the 
oscillation frequency on the shape of the weld cross-section. 
In combination with the oscillation frequency varied from 100 
Hz to 1000 Hz, the welding speed, laser power and focal point 
position were varied also. All measures applied to evaluate 
the weld geometry on a mathematical or statistical basis 
comply with the original measurements obtained from the 
cross-sections of each weld. The following findings can be 
presented:

• Welds with a frequency up to 200 Hz have a high variance 
regarding the overall weld cross-section width and average 
angle of the cross-section outline. The penetration depth 
achieved was the lowest.

• Welds with 400 Hz and more, including welds with 0 Hz 
are more uniform in shape and variance regarding the 
obtained results. The highest oscillation frequencies 
produced similar or same results as were noted with welds 
without oscillation, i.e. 0 Hz, also concerning penetration 
depth and fusion zone area.

• Variation of the focal point position in combination with 
the oscillation frequency has little influence on the weld 
cross-section geometry at higher frequencies as well as on 
the penetration depth and fusion zone area.

• The influence of the heat input on the dimensions of the 
fusion zone area, by varying welding speed and laser 
power is most distinctive. The influence from oscillation of 
the laser beam is secondary.
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