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Laser welding and its different process variations using filler metal addition have 
increasingly become the preferred joining technology of the metal structure fabrication 
industry.  

The essential characteristics of laser welding methods enable deep and narrow welds to 
be produced at high welding speed, which is beneficial for productivity enhancement. 
However, these inherent process characteristics can cause weldability issues in certain 
applications. Such challenges include solidification cracking susceptibility of welds 
produced in thick section joints of rigid constructional arrangements. In keyhole mode 
laser-arc hybrid multi-pass welding applications, the width of the groove geometry is 
limited because of the narrow fusion zone produced. In single-side thick section multi- 
pass welding, this groove width restriction limits the applicability of root pass welding 
and, consequently, limits maximum usable joint thickness. Moreover, inhomogeneous 
distribution and mixture of filler metal across the fusion zone has been encountered in 
deep and narrow single-pass laser-arc hybrid and laser cold-wire welds where an over-
alloyed filler metal is needed for alloying purposes. Inhomogeneous filler metal mixing 
can have an adverse effect on weld metal corrosion resistance and ductility properties, 
and in certain cases can cause enhanced susceptibility to weld solidification cracking. 

The research scope of this article-based doctoral dissertation covers scientific study of 
welding technology development and improvement of laser-arc hybrid and cold-wire 
welding of thick section austenitic stainless steels. The research focuses on weldability, 
in particular, assessment of solidification cracking in multi-pass laser-arc hybrid welding, 
enhancement of the process capabilities of thick-section welding by defocusing of the 
laser beam in laser-arc hybrid and cold-wire processes, and study of mixing behavior in 
thick section laser welding with filler addition, especially improvements to mixing 
homogeneity as a result of appropriate combinations of groove geometry and process 
parameters. 

The research objective was to develop a self-restraint test set-up and verify whether the 
set-up is able to provide conditions that promote solidification cracking in multi-pass 
laser-arc hybrid welding of thick section austenitic stainless steel joints with different 
groove geometries. A further objective was to develop a defocusing technique for thicker 
weld joint filling and to investigate how filler metal mixing phenomena change as a result 



of different torch orientation, groove geometry, specific defocusing technique and laser 
welding method, for example, laser arc-hybrid and laser cold-wire processes. 
 
The research methods used comprised experimental investigations, numerical simulation 
studies and theoretical background studies. The laser types considered in the dissertation 
are solid-state lasers operating in continuous wave mode and at 1 micrometre wavelength. 
The welded joint thicknesses studied in the experiments were between 10 mm and 60 
mm.   
 
A self-restraint welding test sample set-up was developed to help analysis of solidification 
cracking susceptibility in multi-pass laser welding.  The developed test set-up enables 
assessment of the weldability of thick-section austenitic stainless steels using laser-arc 
hybrid multi-pass welding with respect to the base metal chemistry, produced weld 
geometry, base metal dilution, filler metal selection and overall propensity to weld metal 
solidification cracking susceptibility. The developed defocusing technique for multi-pass 
procedures offers a new alternative approach to enhancing efficiency in intermediate-
power laser welding of thick sections. The results of the mixing studies provide new 
knowledge about the mixing behavior of weld metals produced in thick section joints 
using laser-arc hybrid and laser cold-wire welding. Furthermore, the results produce 
enhanced understanding of the effect of welding parameters, for example, the effects of 
filler wire feeding configuration and groove geometry on filler metal mixing homogeneity 
and distribution intensity throughout the fusion zone of thick section welds. 
 
Keywords: laser arc-hybrid welding, laser cold-wire welding, austenitic stainless steel, 
thick sections, weldability, solidification cracking, laser beam, defocusing, multi-pass 
welding, filler metal mixing 
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Nomenclature 

Greek alphabet 

α ferrite 
γ austenite 

Dimensionless numbers 

Creq Chromium equivalent 
Creq/Nieq  Chromium / nickel equivalent ratio  
Nieq Nickel equivalent 

Abbreviations 

A Fully austenitic solidification 
A-F Austenitic - Ferritic  solidification 
AISI American Iron and Steel Institute 
AWS American Welding Society 
CFD Computational Fluid Dynamics 
DDC Ductility-Dip Cracking 
EDS Energy Dispersive Spectroscopy 
F-A-F Ferritic - Austenitic - Ferritic  solidification 
F-A Ferritic - Austenitic solidification  
F Ferritic solidification 
FZ Fusion Zone 
GMA Gas Metal Arc 
GMAW Gas Metal Arc Welding 
HAZ Heat Affected Zone 
ISO International Organization for Standardization 
ITER International Thermonuclear Experimental Reactor 
LAHW Laser-arc hybrid welding 
LCW Laser cold-wire welding 
Nd:YAG Neodymium-doped Yttrium Aluminum Garnet 
PA Flat position used in welding 
PF  Vertical up welding position 
PG Vertical down welding position 
PMZ  Partial Melted Zone 
RT Room Temperature 
SS Stainless Steel 

Symbols 

df ሾμmሿ	 			Focused laser spot diameter  
dfibre  [μm]               Core diameter of process fibre 
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DLA [mm] Horizontal distance between laser beam and arc/wire tip
Fl [mm] Focal length
Fr [mm] Length between collimation lenses
G [oC/mm]              Thermal gradient 
GR [oC/s]                   Cooling rate 
R [mm/s]             Growth rate 
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1 Introduction 

Laser welding and its different process variations with filler metal addition, such as laser-
arc hybrid welding (LAHW), have increasingly become the preferred joining technology 
of the metal structure fabrication industry. From the perspective of the medium and heavy 
section welding industry, in particular, the key benefit that makes laser welding process 
variants attractive is the ability to use the laser high-energy density beam source to weld 
thicker sections with one pass and with reduced welding distortion, which can shorten 
production times and enhance overall manufacturing performance. In spite of the 
considerable advances that have been achieved, ever-growing competition in the 
manufacturing sector is acting as a driver for further welding research and development 
and obliging manufacturers and research institutions to continue exploring new 
technologies, revise and optimize current process know-how, and through production 
gains, both quantitative and qualitative, help welding companies remain competitive and 
profitable. 

1.1 Research background and motivation 

The research background and motivation for this study originates from research and 
development work done by the author some years ago. The sub-projects with which the 
candidate was involved were related to weldability studies of the vacuum vessel of the 
International Thermonuclear Experimental Reactor (ITER). At the time, weldability 
studies of the ITER vacuum vessel focused on high energy density beam welding 
processes. One of the main areas of interest was exploring the potential of laser beam 
welding techniques as an alternative to narrow-gap gas tungsten arc welding, which is the 
reference method used in manufacturing and assembly welding of the ITER vacuum 
vessel. Another important research topic was solidification cracking susceptibility of the 
austenitic stainless steel construction material of ITER in laser-arc hybrid welding and 
development of an assessment set-up for cracking studies. (Jones et al., 2003) (Jones et 
al., 2005) (Karhu and Kujanpää, 2008) (Ahn et al., 2011) 

The vacuum vessel of ITER is one of the most critical components in the fusion reactor 
because its primary function is to provide a high quality vacuum environment for the 
fusion plasma and simultaneously act as the first confinement barrier from the nuclear 
safety perspective. The vacuum vessel of ITER is designed as a massive and rigid double-
walled torus structure made of 60 mm thick austenitic 316L(N)-IG stainless steel 
material. The vessel structure weighs about 5200 tons in total and comprises nine 40 
degree, 420 ton sectors measuring 13 meters in height and 7 meters in width. The sectors 
are designed in such a way that they will be assembled and joined together into a ring 
doughnut-shaped structure with field welding at the construction site. (Koizumi et al., 
1998) (Ioki et al., 2012) (Ahn et al., 2011) The ITER-facility is currently under 
construction in Cadarache in southern France and the assembly phase of the sectors at the 
construction site is expected to start in autumn 2020 (Arnoux, 2018) (Griffith, 2012). 
Completion of the field joint welding and testing of the vacuum vessel assembly is 
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estimated to take four years. It was estimated that the total length of deposited weld metal 
would arise to 50 kilometres depending on the needed amount of build-up passes and 
required amount of welding wire would be at least 25 000 kilograms (Dulon, 2015). In 
view of the magnitude and complexity of the vacuum vessel structure and the stringent 
fit-up and assembly tolerances, the assembly welding task can be considered a major 
welding engineering challenge requiring holistic consideration of metallurgical, operative 
and constructional weldability. (Guirao et al., 2009) (Ioki et al., 2012) (Kim et al., 2013) 
(Choi et al., 2014) 

In recent years, laser-arc hybrid welding has partly achieved maturity and gained 
acceptance in many areas of industrial fabrication, for instance, shipbuilding and pipeline 
manufacture (Webster et al., 2008) (Koga et al., 2010) (Kristensen, 2013) (Turichin et al., 
2017). In addition, new generation disc and fiber laser sources offer continuous wave 
(CW) mode for laser or laser-arc hybrid welding at power levels of 10-20 kW and higher 
(up to 100 kW), enabling greater material thickness, even several tens of millimetres, to 
be welded in a single pass (Rominger et al., 2015) (Rethmeier et al., 2009) (Katayama et 
al., 2015). In order to be able to exploit the full potential of such developments, many 
areas related to laser-arc hybrid and laser welding with filler metal processes require 
further study. One such area is non-autogenous thick section laser welding, especially in 
application cases where the resulting weld chemistry needs careful alloying with 
appropriate filler metal addition in order to improve and ensure the metallurgical quality 
of the weldments. If an over-alloyed filler metal is needed and the welds produced are 
deep and narrow, as is usually the case in thick section laser welding, it may be 
challenging to ensure that the filler metal and its elements are homogeneously mixed and 
evenly distributed throughout the fusion zone. (Karhu et al., 2013) (Gook et al., 2014) 
Gook et al., 2015) (Westin et al., 2011)  

1.2 Research problem 

Inhomogeneous filler metal mixing can cause unfavourable changes in weld metal 
chemistry and microstructure, which can lead to inferior mechanical properties, reduced 
corrosion resistance, or even increased weld solidification cracking susceptibility. 
Currently, relatively little published information is available that specifically addresses 
mixing behavior and factors influencing mixing in thick section laser welding with filler 
addition. In view of the rapid development in available high-power thick section laser 
technology, scientific research in this area is clearly needed. In addition, there is a 
continuing need to increase the productivity of thick section welding applications. These 
aspects and viewpoints form the core of the research problem of this thesis. 
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1.3 Scope and research environment 

The research scope of this thesis covers scientific study of welding technology 
development and improvement of laser welding of thick section austenitic stainless steels. 
The specific welding methods considered are laser-gas metal arc (GMA) hybrid welding 
and laser welding with a cold-wire (LCW). The laser types used in the welding 
experiments are solid-state lasers operating in continuous wave mode: a neodymium-
doped yttrium aluminium garnet (Nd:YAG) laser and an ytterbium fiber laser with a 
wavelength of 1064 nm and 1070 nm, respectively. Within the scope of this thesis the 
term thick section denotes the plate thickness of 10 mm and greater. The used plate 
thicknesses in the experiments were between 10 mm and 60 mm.  It should be noted that 
numerical modelling was utilized as a tool in order to gain understanding of the melt flow 
behavior of laser-gas metal arc hybrid welding with the help of simulation. For that 
reason, the addressing of theories behind modelling and numerical simulation in welding 
and discussion concerning their utilization are left out of the scope of the work.  

The scope of the dissertation does not include any modelling and numerical simulation 
software work by the candidate. The required modelling and numerical simulation work 
has been carried out by South-Korean research team at Korea Advanced Institute of 
Science and Technology (KAIST) in the mechanical engineering department under the 
supervision of the team leader professor Suck-Joo Na. 

This article-based dissertation focuses on a number of key areas related to weldability of 
thick section austenitic stainless steel. Figure 1.1 gives an overview of the research topics 
of the publications on which the dissertation is based and outlines some important 
considerations incorporated into the scope of the research. 
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Figure 1.1: Research topics and the main contribution of each publication with respect to the 
scope of the research. 

1.4 Objective and research question 

This research produces new scientific information about laser-arc hybrid and laser cold-
wire processes used for welding thick austenitic stainless steels and weldability aspects 
of them. The research objective and research question of the dissertation is presented as 
follows: 

Research objective 

Objective is to develop a self-restraint test set-up and verify, if it is able to provide the 
conditions that promote solidification cracking in multi-pass laser-arc hybrid welding of 
thick section austenitic stainless steel joints with different groove geometries. This 
verification was based on the utilization of AISI 316 ITER-grade austenitic stainless steel 
base material. In addition, the objective is to develop a defocusing technique feasible for 
thicker weld joint filling and describe how filler metal mixing phenomena changes due 
to different torch orientation, different groove geometry, specific defocusing technique 
and different laser welding applications such as laser arc-hybrid and laser cold-wire 
processes. 
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Research question 

How specific defocusing technique of laser arc-hybrid and laser cold-wire welding 
together with different torch orientation affects the shape of fusion zones and filler metal 
mixing with different groove geometries and what kind of test set-up could be used to 
analyse solidification cracking phenomena in multi-pass laser-arc hybrid welding of thick 
section austenitic stainless steel joints? 

1.5 Structure of the thesis 

This doctoral dissertation is based on four peer-reviewed scientific publications. The 
dissertation consists of two main parts. The first part is divided into the following 
sections: 

Chapter 1 presents an introduction to the research background and the motivation for the 
work and describes the studied topics within the framework of the research environment. 
The research problem, research question, scientific contribution and limitations of the 
scope of the dissertation are also presented in this chapter. 

Chapter 2 discusses the theoretical background including, for example, weldability 
aspects of austenitic stainless steel, process variations of thick section laser welding with 
filler metal and characteristics relating to weld metal mixing in thick section joints. 

Chapter 3 describes the research methods and materials used. 

Chapter 4 provides a recap of the research publications included in this dissertation. 

Chapter 5 presents the conclusions from the main research results and key findings with 
respect to the research hypotheses and research questions.   

Chapter 6 addresses future work and identifies possible research topics for further 
exploration and as an extension to the research carried out in this dissertation.  

The second part of the dissertation comprises the four scientific publications forming the 
basis of the dissertation. 

1.6 Contribution to welding science and welding industry 

This dissertation addresses fundamental issues related to weldability with the aim of 
development of and improvement to laser welding of thick section austenitic stainless 
steels. Within the scope of the study, the dissertation makes the following contributions 
to scientific knowledge in the field: 

1) New knowledge appertaining to development of the specific method and a proposal 
for a self-restraint welding test set-up for assessment of the hot cracking susceptibility of 
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a base and filler material combination in multi-pass laser-arc hybrid welding; and 
production of experimental data on the effect of weld bead cross-sectional geometry on 
weld solidification cracking in laser-arc hybrid multi-pass welds. 

2) New knowledge about how to enhance the applicability of 1 micrometre wavelength 
lasers with laser-arc or laser cold wire based welding processes in thick section welding 
with the help of the proposed combination of beam defocusing and multi-pass technique. 

3) New knowledge about the mixing behavior of weld metal produced in thick section 
joints in laser-arc hybrid and laser cold-wire welding. Enhanced understanding of the 
effect of welding parameters, for example, the effects of filler wire feeding configuration 
and groove geometry on filler metal mixing homogeneity and distribution intensity 
throughout the fusion zone of thick section welds. 

 

The scientific contributions are of particular relevance to welding procedure development 
for heavy component fabrication involving thick section welding assemblies. The 
expected practical benefits of this work can be described as follows:  

1) Helping welding fabricators perform assessments and comparisons of weld 
solidification cracking susceptibility of possible base and filler metal solutions prior to 
the production phase, for example, in parallel with a pre-production welding test. 
Moreover, fabricators can use the test set-up to evaluate the weld solidification cracking 
susceptibility of candidate alloys in response to various welding parameter changes. 

2) Enabling new alternative procedures to be implemented for enhancing efficiency in 
intermediate power laser welding of thick section applications. 

3) Supporting understanding of how mixing can be considered in welding parameter 
planning and filler metal alloy selection for thick section welding with laser-arc or laser 
cold wire-based processes. Such applications could be, for example, cases where specific 
crevice corrosion resistant requirements in thick section high molybdenum concentration 
alloyed austenitic stainless steel weldments need to be guaranteed with proper filler metal 
mixing. Another example could be welding applications of transition joints, for example, 
in welding of a dissimilar metal joint between a carbon steel and an austenitic stainless 
steel. 

1.7 Research limitations 

The findings and conclusions are limited to the considered welding procedures, laser 
types and laser wavelengths, and studied base and filler material grades. The laser-arc 
hybrid experiments were carried out with Nd:YAG laser + gas metal arc welding 
(GMAW) and fiber laser + GMAW. The laser types used in the experiments operate at 1 
micrometre wavelength and the research findings are thus not directly comparable or 
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directly applicable to lasers operating at other wavelengths, for example, carbon dioxide 
(CO2) lasers working at 10 micrometre wavelength. Available resources imposed limits 
as regards the number of experiments and possible weld sample examinations. Thus, it 
was only possible to consider flat position (PA) welding and the energy dispersive 
spectroscopy (EDS) studies of weld cross-sections examined only one transversal cross-
section sample per produced test weld joint. In modelling and simulation studies, 
development of a unified complete modelling solution for the welding process is 
extremely challenging. The laser-arc hybrid welding process is governed by very complex 
multi-physical phenomena that are difficult to fully describe numerically because of a 
lack of comprehensive knowledge of synergistic interactions between the laser and 
electric arc. Consequently, only rather limited modelling and simulation solutions are 
available and some simplifications and generalizations have to be used. Nevertheless, the 
modelling method used in this work can serve as a precursor to more advanced models 
and development of more sophisticated modelling approaches. 
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2 Theoretical background 

This chapter presents theoretical background from the themes associated with the 
research topics of this work. The chapter considers especially the following subjects: 
weldability aspects of austenitic stainless steel, thick section laser welding with filler 
metal process variations and characteristics relating to weld metal mixing in thick section 
joints. 

2.1 Weldability of metallic materials 

Welding can be considered to be one of the important fabrication techniques for metallic 
materials. In welding engineering, common attributes associated with welded 
constructions and their weldments are for example adequate strength or fatigue strength, 
good toughness, resistance against cracking and/or corrosion. From the perspective of 
materials to be welded, a thorough consideration of materials weldability is usually 
needed in order to reclaim above attributes. But what aspects term weldability is consisted 
of and what is meant by if a material possesses good weldability? There has been 
international standards and national regulatory documents constituted for describing and 
defining the characteristics of weldability of materials. For example the ISO/TR 581:2005 
is pointing out three interrelated factors which are governing the overall weldability. They 
are metallurgical, operative and constructional weldability (ISO/TR 581:2005, 2005). In 
Figure 2.1 it can be seen the representation from above factors. 

 

Figure 2.1: Representation of weldability according to ISO/TR 581:2005 (ISO/TR 581:2005, 
2005). 
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Each of the mentioned factors is associated with different attributes. A recap showing 
some of the main influencing attributes is compiled into Table 2-1. 

Table 2-1: Factors associating with weldability and examples of influencing attributes for each 
factors (ISO/TR 581:2005, 2005). 

WELDABILITY of a component 

Metallurgical weldability in 
material point of view 

Constructional weldability 
in production point of view 

Operative weldability 
in design point of view 

a) Chemical composition of 
material, critical for, e.g.  

- Tendency to hardening  
- Tendency to hot cracking 
- Tendency to brittle 

fracture 

a) Design of the structure, 
e.g.  

- Distribution of forces 
- Work piece thickness 
- Arrangement of welds 
- Differences in stiffness 

a) Preparation for 
welding, e.g.  

- Joint type 
- Shape of joint 

 

b) Metallurgical properties 
inherited from production 
methods, e.g. 

- Crystalline structure 
- Grain size 
- Segregations 
- Anisotropy 

b) Condition regarding 
loading, e.g. 

- Type and magnitude of 
stresses in the component 

- Speed of stressing 
- Effect of corrosion 

b)   Welding procedure, 
including e.g. 

- Welding processes 
- Types of filler 

materials 
- Welding parameters 
- Welding sequence 
- Welding positions 

c) Physical properties, e.g. 
- Melting point 
- Thermal conductivity 
- Strength and toughness 

 c)   Pre- and post-
treatment 

- Preheating 
- Post weld heat 

treatment 
- Mechanical and 

chemical treatment 

 

As can be noticed the term weldability is a multi-faceted issue, but some attempts have 
been made to define it in condensed manner. The standard ISO/TR 581:2005 formulates 
weldability to be as follows: “A component consisting of metallic material is considered 
to be weldable by a given process when metallic continuity can be obtained by welding 
using a suitable welding procedure. At the same time, the welds shall comply with the 
requirements specified in regard to both their metallurgical and mechanical properties and 
their influence on the construction of which they form a part” (ISO/TR 581:2005, 2005). 
The American Welding Society (AWS), on the other hand, has given the following 
definition for weldability: “The capability of material to be welded under the imposed 
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fabrication conditions into a specific, suitably designed structure and to perform 
satisfactorily in the intended service” (ANSI/AWS A3.0-89, 1989). Easterling states 
(Easterling, 1983) that from a practical point of view a material can be said to have a good 
weldability if it can be reliably welded on a production scale. According to Easterling the 
term good weldability is a function of four interacting factors: 1) type of welding process, 
2) environment, 3) alloy composition and 4) joint design and size. All of the mentioned
factors can be decisive together, or on the other hand even if one of them is unsuitable it
may lead to detrimental outcome of weldability (Easterling, 1983).

2.2 Weldability of austenitic stainless steels 

Austenitic stainless steels are widely used engineering material in a variety of applications 
because of their corrosion resistance, good ductility and toughness and they are rather 
easy fabricable. The 300 series alloys designated by American Iron and Steel Institute 
(AISI), are the most used of the austenitic grades. Most of the 300 series alloys are 
nominally based on 18Cr-8Ni system with slight modifications or with additional alloying 
elements. Such example are standard Type 316 (equivalent to for example EN 1.4436 
grade) austenitic stainless steels, which have chromium and nickel weight-% levels 
between 16-18 and 10-14, respectively. To improve pitting corrosion resistance of Type 
316 grade, molybdenum with 2-3 weight-% is used as an additional alloying element.  

Although the austenitic stainless steel grades are commonly considered to be quite easily 
weldable, there can be arisen weldability problems if adequate precautions are not taken 
into account well in advance. Above problems are usually related to loss of corrosion 
properties or solidification cracking of weldments. (Lippold, 2005) 

2.2.1 Solidification cracking of welds 

Hot cracking which is also called high temperature cracking are divided sub-types based 
on the microstructural characteristics they possess. While hot cracking is considered to 
be a general term, it can be classified into solidification cracking and liquation cracking 
(Lippold, 2015). According to Lippold (2015) solidification cracking occurs in the fusion 
zone (FZ) while the liquation cracking typically occurs in the partial melted region (PMZ) 
of the heat affected zone (HAZ). Lippold (2015) points out that the presence of liquid 
films along grain boundaries are normally associated with the above-mentioned cracking 
sub-types. Another sub-species of elevated temperature cracking which takes place in the 
solid state and may occur in both fusion zone and HAZ is called ductility-dip cracking 
(DDC). For example, in the case of stainless steels and Ni-base materials, alloys that are 
susceptible to DDC exhibit a sharp reduction in ductility at the temperature range between 
800 oC and 1150 oC upon cooling (Lippold, 2015). Lippold also mentions (Lippold, 2015) 
that the characteristic for DDC phenomenon in weld metals is that grain boundary 
liquation is not playing a role in cracking and cracks are always occurring intergranular. 
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Solidification cracks are considered as weld defect. For example standard SFS-EN ISO 
12932 which defines quality levels for imperfections in laser-arc hybrid welding of steels, 
nickel and nickel alloys, is not permitting cracks in any of the quality levels B, C or D.  

In the research work of this dissertation, solidification cracking is under the main interest 
and that is why other cracking types are intentionally left to less attention. The author 
likes to bring out that hereafter the terms hot cracking and solidification cracking are 
equally used in order to designate the same thing. 

Solidification cracking occurs at high temperatures where weld metal is in the process of 
liquid-solid transition. During the last stage of solidification in the transition from liquid 
to solid state, liquid films are present at grain boundaries in partially liquid, “mushy” 
region trailing the weld pool. At that stage solid matter consists of dendritic array structure 
separated by liquid films, Figure 2.2(b). Solidified weld exposes under the stresses 
because of the used welding heat. Welding heat produced by e.g. arc or beam source 
induces stresses due to expansion and contraction of welded material. Both heating and 
cooling sequence could induce expansion and contraction stresses, depending on e.g. 
degree of constraint, shape and thickness of the work piece to be welded. Stresses for 
their part induce strains to the welded material and if those stresses and strains rise over 
the critical value, which exceed the level what solidified partially liquid region can resist, 
a rapture of liquid film is developed: A solidification crack has formed, Figure 2.2(a) and 
2.2(b). Solidification cracks are defects which usually formed in weld centreline and 
when opened to the surface of the weld, they are distinctively detectable with naked eye. 
(Kujanpää, 1984) (Kujanpää et al. 1986) (Ploshikhin et al., 2005) (Cross, 2005) (Kurz 
and Trivedi, 1995) 

Figure 2.2: Schematic illustration of mechanism of solidification cracking. a) (Baker, 1975); b) 
(Ploshikhin et al., 2005) 
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2.2.2 The effect of solidification mode and δ-ferrite on solidification cracking 

Solidification mode of austenitic stainless steels is strongly determined by chemical 
balance of austenite and ferrite forming elements. Ferrite favouring elements are e.g. : Cr, 
Mo, Si, Nb and Ti. Austenitic favouring elements are e.g. : Ni, Mn, C and N. 
Solidification modes are named after depending on which order of sequence delta (δ)-
ferrite and austenite phase is started to form from the solidifying melt. Solidification 
modes can be divided in five sub-types which are schematically presented in Figure 2.3 
Those types are: 

a. Fully austenitic solidification  (Type A) 
b. Austenitic - Ferritic  solidification (Type A-F) 
c. Ferritic - Austenitic - Ferritic  solidification (Type F-A-F) 
d. Ferritic - Austenitic solidification (Type F-A) 
e. Ferritic solidification (Type F) 

Types A and A-F is called primary austenitic solidification modes, whereas types F-A-F, 
F-A and F are called primary ferritic solidification modes. 

 

Figure 2.3: Shematic presentation of different solidification modes of austenitic stainless steel 
weld. (Modified from Suutala and Moisio, 1980) 
 

Following phase transformations are taken place during cooling and solidification of the 
above mentioned solidification types. The descriptions from phase transformations below 
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are from the references of (Suutala, 1982b) (Kujanpää, 1984) (Lippold and Kotecki, 
2005). 

Type A: Melt solidifies as fully austenitic to the solid state and remains austenitic upon 
cooling to room temperature. Weld microstructure which is a result from fully austenitic 
(Type A) solidification is shown in Figure 2.4. 

 

Figure 2.4: Weld microstructure which is a result from fully austenitic (Type A) solidification. 
(Lippold and Kotecki, 2005) 
 

Type A-F: Austenite is the leading phase and delta ferrite is formed from ferrite 
promoting remaining melt which has enriched concentration of Cr, Mo and Si elements. 
Weld microstructure which is a result from austenitic-ferritic (Type A-F) solidification is 
shown in Figure 2.5. 

 

Figure 2.5: Weld microstructure which is a result from austenitic-ferritic (Type A-F) 
solidification. (Lippold and Kotecki, 2005) 
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Type F-A-F: Delta ferrite is the leading phase in solidification front and austenite is 
formed between the ferrite dendrites. At the very terminal phase the solidification of 
austenite leads to very strong diffusion generated segregation of alloying elements which 
generates a tiny amount of  highly concentrated (Cr, Mo, Si) ferrite. 

Type F-A: Delta ferrite solidifies as a leading phase and austenite is formed between the 
ferrite dendrites. During the cooling, austenite grows into the melt which is resulted in 
drastic decrease of ferrite content. Weld microstructure which is a result from ferritic-
austenitic (Type F-A) solidification is shown in Figure 2.6. 

 

 

Figure 2.6: Weld microstructure which is a result from ferritic-austenitic- (Type F-A) 
solidification. Ferrite shows as dark skeletal like morphology.  (Lippold and Kotecki, 2005) 
 

Type F: Melt solidifies as a single phase ferrite. Austenite is formed only within the solid 
state. Austenite nucleates from the grain boundaries of ferrite and grows into the ferrite 
during the cooling. Weld microstructure which is a result from ferritic (Type F) 
solidification is shown in Figure 2.7. 
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Figure 2.7: Weld microstructure which is a result from ferritic (Type F) solidification. Ferrite 
grains show lighter whereas austenite shows as dark Wittmanstätten-like structures along ferrite 
grain boundaries. (Lippold and Kotecki, 2005) 
 

As Figures 2.5-2.7 suggest, the amount of residual delta ferrite which is remained in weld 
microstructure in room temperature increases when solidification type is shifted from A- 
type to the utmost F type respectively. 

Various research studies have shown that delta ferrite has a beneficial effect on prevention 
of hot cracking in welding of austenitic stainless steels. E.g. the research results from 
Hull, showed that 5-10 % ferrite gives very beneficial effect in preventing hot cracking. 
Moreover, the studies of Hull demonstrated that excessive amount of ferrite is detrimental 
concerning cracking susceptibility, namely at high ferrite levels (~30%) cracking 
susceptibility increases again (Hull, 1967). Above mentioned effect of ferrite levels on 
solidification cracking susceptibility were also confirmed e.g. by Kujanpää et al. (1979), 
Cieslak et al. (1982) and Brooks et al. (1984). 

The beneficial effect of ferrite is generally considered to correlate with the residual ferrite 
content which is resulted after the weld is cooled to the room temperature. This room 
temperature (RT) ferrite assumption can be roughly used as a normative base. However, 
extensive studies have revealed that a beneficial effect is related in existing ferrite content 
at high temperatures (near liquidus/solidus) rather than in room temperature. Why and 
how high temperature ferrite is being interacted as a cracking inhibitor? This is tried to 
interpret by the researchers and at least following three proposals have been met 
consensus among researchers: 1) Ferrite has higher solubility than austenite for impurities 
such as sulphur and phosphorous (see Table 2-3 in Section 2.2.4), which restricts the 
aggregating of these low melting point elements to interdentritic region (see Figure 2.2 in 
Section 2.2.1) during the primary ferrite solidification. 2) The presence of duplex 
structure as ferrite (δ) and austenite (γ) grain boundaries are present during A-F and F-A 
type solidification; δ-γ boundaries are less wetted by liquid films than γ-γ or δ-δ 
boundaries. 3) In F-A type solidification ferrite-austenite (δ-γ) boundaries form irregular 



2.2 Weldability of austenitic stainless steels 29 

paths compared to A type solidification, where grain boundaries are much straighter. 
When weld solidification cracking occurs along the grain boundaries, crack propagation 
is much difficult to develop in tortuous ferrite-austenite (δ-γ) boundaries than in more 
planar and straight austenite-austenite (γ-γ) grain boundaries. Above mentioned 
difference in grain boundary morphology between A type and F-A type is schematically 
pictured in Figure 2.8. (Hull, 1967) (Matsuda et al., 1979) (Matsuda et al., 1982) (Suutala, 
1982b) (Kujanpää, 1984) (Kujanpää et al., 1986) (Brooks et al., 1984) (Brooks and 
Thompson, 1991) (Lippold and Kotecki, 2005) 

 

 

Figure 2.8: Difference in grain boundary morphology between A type and F-A type solidification. 
(Brooks et al., 1984) 
 

2.2.3 Use of weldability diagrams in prediction of solidification cracking 
susceptibility 

Different weldability diagrams which predict resulting room temperature microstructure 
and/or reigning solidification type have been developed in order to evaluate solidification 
cracking susceptibility of stainless steels. Common for all those diagrams are that they 
use certain equations to calculate chromium (Creq) and nickel (Nieq) equivalents which 
are based on the known composition of material. Weldability diagrams are developed by 
using the data from very extensive experiments. One of the very first weldability diagrams 
was developed by Anton Schaeffler in 1949 and it is known as Schaeffler-diagram. Since 
then, several enhancement and upgrade proposal has been made to affiliating with the 
original Schaeffler-diagram: E.g. Delong 1956, Hull 1973, Hammar & Svensson 1979 
and Kotecki & Sievert 1992 (known as WRC-1992 diagram), among others. Above 
mentioned diagrams with their chromium and nickel equivalents can be shown in Table 



2 Theoretical background 30

2-2. (Schaeffler, 1949) (Delong, 1956) (Hull, 1973) (Hammar & Svensson, 1979) 
(Kotecki & Sievert, 1992) 

Table 2-2: Chromium and nickel equivalents of different welding diagrams. 
Author / name 
of diagram 

Chromium equivalent (Creq) Nickel equivalent (Nieq) 

Schaeffler (1949) Creq = Cr + Mo + 1.5Si + 0.5Nb Nieq = Ni + 0.5Mn + 30C 

DeLong (1956) Creq = Cr + Mo + 1.5Si + 0.5Nb Nieq = Ni + 0.5Mn + 30C + 30N 

Hull (1973) Creq = Cr + 1.21Mo + 0.48Si + 
0.14Nb + 2.20Ti + 0.72W + 0.21Ta 
+ 2.27V + 2.48Al 

Nieq = Ni + [0.11Mn –
(0.0086Mn2)] +24.5C + 18.4N 
+ 0.44Cu + 0.41Co 

Hammar & 
Svensson (1979) 

Creq = Cr + 1.37Mo + 1.5Si + 2Nb + 
3Ti 

Nieq = Ni + 0.31Mn + 22C + 
14.2N + Cu 

WRC-1992 (by 
Kotecki & 
Sievert, 1992) 

Creq = Cr + Mo + 0.7Nb  Nieq = Ni + 35C + 20N + 
0.25Cu 

 
In Figure 2.9(a) and 2.9(b), it can be seen Schaeffler diagram (on the left) and Hammar 
& Svensson diagram (on the right), in which several materials of known compositions is 
plotted according to their calculated chromium and nickel equivalents and known 
solidification mode (Suutala and Moisio, 1980) (Kujanpää et al., 1979). A certain trend 
can be found between the chromium / nickel equivalents and solidification modes. 
Depending on classification of solidification types, three or four different fields are 
perceivable: as in small chromium / nickel equivalent ratios like Creq/Nieq = 1.1 (which 
means steep slope in trend line), solidification happens primarily austenitic mode, and as 
Creq/Nieq-ratio increases (declined slope) near to Creq/Nieq = 1.5, plot markings showed 
that solidification mode shifts ferritic-austenitic. Whereas the ratio is increased to value 
of 2.0 and more, solidification mode is regularized to exhibit ferritic solidification mode.  

It has been confirmed by extensive investigations that compositions which solidifies in 
ferritic-austenitic (F-A) type, offer best resistance to solidification cracking, whereas 
primary austenitic solidification (A and A-F type) is tend to be most susceptible to 
solidification cracking (Kujanpää et al., 1979) (Cieslak et al., 1982)  (Brooks et al.,1984). 
As an example of above, in Figure 2.10, result data from the experiments of Masumoto 
and Thier are incorporated to Shaeffler diagram. Both borderlines (solid and dashed) 
formed from the achieved result data, has same tendency as they point cracking and no 
cracking fields. (Masumoto et al., 1972) (Thier, 1976) (Kujanpää, 1979) 
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Figure 2.9: Solidification types plotted and located in (a) Schaeffler diagram (Kujanpää, 1979) 
and (b) Hammar & Svensson diagram. (Suutala and Moisio, 1980)  
 
 

 

Figure 2.10: Solidification cracking and no cracking fields in Schaeffler diagram. Solid line: 
According to the work of Masumoto et al., 1972. Dash line: According to the work of Thier, 1976. 
(Kujanpää, 1979) 
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2.2.4 Modified welding diagrams which take impurity elements into account 

It is commonly recognized that certain impurity elements like sulphur, phosphorous, 
silicon, boron, etc. enhance solidification cracking susceptibility in steels. Especially, 
sulphur (S) and phosphorous (P) are ranked to the most detrimental elements. Sulphur 
and phosphorous have low solubility in iron, (especially in γ-iron, see Table 2-3) 
chromium and nickel, which are the three major constituents of stainless steel (Borland 
and Younger, 1960) (Brooks and Thompson, 1991). The detrimental influence of these 
impurities is explained to relate to their potential to form low-melting eutectics (Table 2-
3) which appear as liquid eutectic films along the grain boundary and interdendritic 
regions during the terminal phase of solidification. This is associated with the origin of 
cracking as weld solidification cracking is localized to occur as a rupture of above 
mentioned last solidifying liquid film. (Kujanpää, 1984) (Lippold and Kotecki, 2005) 
(Cross, 2005) 

Table 2-3: Sulphur's and phosphorus’s solubility in iron [%], possible low melting phases with 
melting temperatures. (Folkhard, 1988) 

 

Kujanpää et al. (1979) represented modified welding diagram which coupled the use of 
Hammar & Svensson chromium and nickel equivalent diagram with the existing sulphur 
and phosphorous level. They gathered and evaluated wide range of published weld metal 
hot cracking data and plotted them to the diagram which is shown in Figure 2.11. Hammar 
& Svensson chromium and nickel equivalent diagram was chosen, because according the 
studies of Suutala (1982a), it give the most suitable correlation between composition and 
solidification mode. (Kujanpää et al., 1979), (Suutala,1982a) (Suutala, 1983) 

 

 

Constituent Solubility in iron [%] Low melting 
phase 

Melting 
point 
[Co] 

γ 
austenite 

δ       
ferrite 

Temperature 
[Co] 

Sulphur (S) 0.05 0.14 1365 eutectic Fe-FeS 
eutectic Ni-NiS 

988 
630 

Phosphorous (P) 0.20 1.6 1250 eutectic Fe-Fe3P 
eutectic Ni-Ni3P 

1048 
875 
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Figure 2.11: Suutala-Kujanpää diagram based on weld metal composition. Diagram is developed 
to predict solidification cracking according to known impurity content and chromium / nickel 
(Creq/Nieq) equivalent ratio of produced weld metal. (Kujanpää et al., 1979) 
 

The diagram shown in Figure 2.11 demonstrates how remarkable role the composition of 
weld metal plays on the effect of solidification cracking susceptibility. When the 
Creq/Nieq-ratio increases to the critical level, to the value Creq/Nieq ≈ 1.5 and over the 
resistance against solidification cracking is increased drastically. This threshold is 
revealed to be based on the fact that solidification behavior is changed from primary 
austenitic to primary ferritic when the value of Creq/Nieq = 1.5 is reached. As explained 
previously, primary ferritic solidification of weld metal possess far better resistance to 
solidification cracking than austenitic solidification. It can be also noticed from the 
diagram, that if Creq/Nieq –ratio of weld metal is way below the value of 1.5 (that means 
without exception fully austenitic solidification), combined impurity level of 
phosphorous (P) and sulphur (S) must be very low, P+S ≈ 0.01% (weight-%) or smaller 
in order to be resistant to cracking. Such extreme low impurity levels are difficult to 
achieve in practice and are often economically undesirable. That is why solidification 
cracking susceptibility is best prevented by balancing weld composition with selecting 
parent and filler material such a way that primary ferritic type of solidification is secured. 
(Kujanpää et al., 1979) (Suutala, 1982a) (Suutala, 1983) (Lippold and Kotecki, 2005) 
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2.2.5 Effect of high cooling rate and rapid solidification 

When a weld pool is solidifying, conditions incorporate complex dynamic behaviors, like 
growth undercooling, growth of dendrites, including changes in dendrite tip composition 
and primary or secondary arm spacing as well as growth morphology. The terms growth 
rate R [mm/s] and thermal gradient G [oC/mm] have great importance in solidification 
theory (Suutala, 1983). The growth rate R, also known as solidification rate correspond 
to the rate at which the liquid/solid interface advances in the weld pool. The thermal 
gradient G and growth rate R in the weld pool is a combined function of the material 
properties, position at the weld pool and heat input together with the used welding 
process. For example: Thermal gradient increases as the thermal conductivity of material 
decreases. In addition, in high energy density beam processes, like laser welding and 
electron beam welding the thermal gradient is larger than in conventional arc welding 
processes like gas tungsten arc (GTAW) or gas metal arc (GMAW) welding. The ratio 
G/R affects the growth morphology whereas the product of GR [oC/s], also known as 
cooling rate, determines the spacing of the dendrite secondary arms. In practice, 
solidification conditions and evolution of weld microstructure is usually described using 
the term cooling rate GR.  Cooling rates in welds can be greatly varied depending on the 
used welding processes, namely in laser and electron beam processes cooling rates may 
exceed the values on the order of 104…106 oC/s, whereas in conventional arc welding 
processes like gas tungsten arc (GTAW) or gas metal arc (GMAW) welding the cooling 
rates may vary from 10 to 103 oC/s. (Suutala, 1983) (Katayma and Matsunawa, 1984) 
(Elmer, 1988) (David et al., 1987) (David and Vitek, 1989) 

The influence of high cooling rates on the microstructure of stainless steel alloys have 
been studied by e.g. Katayama and Matsunawa (1984,1985), Lippold (1985), David et al. 
(1987), Elmer (1988), Vitek and David (1988), Brooks and Thompson (1991), Lippold 
(1995), Lienert (1998) and Lienert and Lippold (2003). The results from the studies of 
the above mentioned authors have shown the fact that high cooling rates and rapid 
solidification have altered the microstructures and solidification mode in stainless steel 
welds. Namely, the stainless steel material with the identical element compositions 
showed different solidification modes between slow and rapid solidification conditions. 
If it is contemplated a preliminary microstructural map for austenitic stainless steel welds 
constructed by Lippold (Lippold, 1995) in Figure 2.12, it can be pointed out the function 
of solidification rate on solidification mode. For example, if we have a weld metal with 
chromium / nickel equivalent (Creq/Nieq) value of 1.5 and welding process (e.g. gas 
tungsten arc welding = GTAW) which enables a solidification rate range smaller than 10 
mm/s, the map from Figure 2.12 shows that solidification occurs with Ferritic-Austenitic 
(F-A) mode. On the other hand, if the same weld metal with the same Creq/Nieq value of 
1.5 undergoes the solidification with the growth rate of 20 mm/s or greater (which is 
typical for e.g. laser or EB welding process), the prevailing solidification mode will be 
fully austenitic (A) instead of ferritic-austenitic (F-A) described above. 

The conventional welding diagrams e.g. introduced in Figures 2.9 - 2.11 are sufficient for 
evaluating microstructural characteristics and solidification cracking susceptibility in 
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conventional arc welding processes, in which solidification and cooling rates are slow or 
in moderate levels. Despite the fact, they are insufficient to use as such to predict welding 
products of rapidly cooling welding process like laser, laser-pulsed and EB welding.   
That is why the existing diagrams are further developed in order to widen the scope for 
welding process featuring rapid cooling. 

 

Figure 2.12: Example of microstructural map for austenitic stainless steel welds taking account 
of the weld composition (Creq/Nieq-value) and solidification growth rate and solidification mode. 
Key: A=Austenitic, AF=Austenitic-Ferritic, F/MA=transformation of ferrite to austenite through 
massive transformation, F=Ferritic (Lippold, 1995).             
 

Japanese and U.S. research teams have separately investigated the effect of high cooling 
rate (104...106 oC/s) on behavior of laser welded microstructures of several AISI 300 series 
stainless steels.  Research teams have concluded that the original Schaeffler diagram (see 
Figure 2.9a) needs modification in order to enable predicting the occurring microstructure 
of rapidly cooled weld metal. Their studies pointed out that in rapid cooling the ferrite 
content of low-ferrite welds is further reduced whereas the ferrite content of high-ferrite 
welds is increased.   As a result the two-phase (Austenitic-Ferritic or Ferritic-Austenitic) 
solidification range is radically suppressed while solidification mode is rather shifted to 
single phase solidification mode (primary austenitic or primary ferritic mode).  This 
suppression of two-phase (Austenitic-Ferritic or Ferritic-Austenitic) solidification field is 
shown in Figures 2.13 and 2.14.   (Katayama and Matsunawa, 1984) (Katayama and 
Matsunawa, 1985) (David et al., 1987) (Elmer, 1988)                                  
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Figure 2.13: Example of modified Schaeffler diagram for rapidly cooling and solidifying welds  
showing how 0% and 100% ferrite boundaries are shifted towards each other suppressing the two 
phase (F+A) field dramatically. (Katayama and Matsunawa, 1984) 
 

 

Figure 2.14: Example of modified Schaeffler diagram proposed by David et al.  Cooling rate is 
illustrated as a third dimension. Austenite+Ferrite field is suppressed as weld cooling rate is 
increased. (David et al., 1989) 
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Above mentioned microstructural features in rapidly cooling and solidifying welds are 
evidently reported to be a consequence of shift in solidification mode during the cooling 
of weld metal. This shift in solidification mode has also implication for other welding 
diagrams like Suutala-Kujanpää diagram introduced before (Figure 2.11). In Figure 2.15, 
it is shown modified Suutala-Kujanpää diagram proposed by Pacary (1990). Pacary 
introduced new demarcation curvature according to the results achieved from the pulsed 
laser welding studies. It can be noticed that in pulsed laser welding (rapid solidification 
process) demarcation curvature which divide area cracking or no cracking, has transferred 
to the chromium / nickel equivalent ratio of Creq/Nieq ~ 1.68 whereas in conventional arc 
welding demarcation lies near the Creq/Nieq  value of 1.5.  In above case results support 
the findings that in chromium/nickel equivalent ratio range below ~1.68 rapid 
solidification favours austenite as the first solidifying phase, leading increased 
solidification cracking susceptibility.  Despite the fact that Pacary’s modified welding 
diagram is based on the test carried out by pulsed laser welding, it can be suggestively 
applied to other processes like continuous wave laser welding and electron beam welding 
which in known to produce rapid solidifying welds as well. (Suutala, 1983, Lippold and 
Kotecki, 2005) 

 

Figure 2.15: Example of modified Suutala-Kujanpää diagram proposed by Pacary for predicting 
hot cracking in rapid solidification conditions. Key: Solid symbols = cracking, open symbols = 
no cracking. (Pacary et al., 1990, Re-printed in Lippold and Kotecki, 2005) 
 

2.2.6 Prevention of weld solidification cracking 

For the occurrence of weld solidification cracking two prevailing conditions is needed: i) 
thermally and/or structurally imposed restraint and ii) cracking susceptible microstructure 
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(Lippold, 2015). When considering thermally imposed restraint and strains, high energy 
density beam welding of material with low thermal conductivity such as an austenitic 
stainless steel can produce elongated, teardrop-shaped weld pool. Especially with high 
welding speeds which are inherently characteristic to laser and electron beam welding 
processes, grains in solidified weld pool are able to grow from both sides of the fusion 
boundary towards the centreline without competitive growth. In very rapid cooling 
conditions, solidifying grain boundary can even be orientated parallel to the fusion 
boundary. If adjacent tension due to thermal contraction is simultaneously present, the 
weld centreline can be highly susceptible to weld solidification cracking. (Lippold, 2015) 

Preventing or minimizing solidification cracking in welding of austenitic stainless steels 
is executed simply and most effectively by controlling the composition of base and filler 
materials. This means that weld metal composition should be balanced such a way that 
ferritic-austenitic (F-A) solidification mode is secured, because (F-A)-solidification 
provides far better resistance for solidification cracking than e.g. fully austenitic (A) 
solidification. Weldability diagrams described earlier can be used to help choosing proper 
weld composition. It has to remember the proper use of those diagrams: In high energy 
density welding processes (e.g. laser welding and electron beam welding) the effect of 
rapid solidification on the solidification mode and resulting microstructures must be 
taking into consideration. Depending on the service conditions and applications, ferritic-
austenitic (F-A) solidification of the welds can not be always produced. As an example 
could be a case where antimagnetic or cryogenic properties prevails or endurance in harsh 
corrosion environment exclude the possibility to contain any room temperature ferrite in 
produced weld. In that case one possibility is to minimize the weld restraint by means of 
structure, joint and groove designing. However, in assembly welding of very rigid and 
massive structures, high stresses and restraints can not be usually avoided. Consequently, 
if weld solidifies in fully austenitic and at the same time it is affected by high level of 
strains, a danger of weld solidification cracking will be pronounced. In above case the 
only factor which is left in prevention of weld solidification cracking is to use high-purity 
base and filler materials which contain very low content of detrimental impurity elements 
like sulphur and phosphorous. (Lippold and Kotecki, 2005) 

2.3 Thick section laser welding 

Solid state high brightness lasers of new generation are providing ever increasing power 
levels for welding. Established high-power levels of disk and fiber lasers for thick section 
welding applications have been typically around 10-20 kW. Currently, a fiber laser 
equipment with 100 kW laser power has been commercially available and one such unit 
has been installed in Japanese research institute. (Rethmeier et al., 2009) (Grupp et al., 
2013) (Zhang et al., 2014) (Rominger et al., 2015) (Katayama et al., 2015) 
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2.3.1 Single-pass welding 

In laser beam welding, the available power density (W/cm2) is much higher than that of 
conventional arc welding processes (Katayama, 2013). That is why laser welding is 
considered as a high energy density welding process, in which an ability to use a keyhole 
welding is exploited. In order to bring e.g. a steel alloy locally in the vapour phase for 
keyhole welding, the power density of laser beam at the surface of the work piece must 
be risen to the magnitude of 106 W/cm2 or greater. (Ion, 2005) (Elmer et al., 2009)  

At the power density of 106 W/cm2 weld cross-sections with high depth (d) to width (w) 
ratio (d/w) can be produced. The d/w-ratio can yield to 10:1 or even greater (Elmer et al., 
2009). Such an example of the butt-joint weld cross-section produced into 12 mm thick 
type 304 austenitic stainless steel with 10 kW autogenous fiber laser welding can be seen 
in Figure 2.16 (Zhang et al., 2014). 

 

Figure 2.16: Example of high depth to width ratio (d/w ~ 9:1) single-pass weld cross-section 
characteristic for high-power thick section laser welding. Material: type 304 austenitic stainless 
steel with plate thickness of 12 mm; Laser power 10 kW; Focal spot diameter ø 0.4 mm; welding 
speed 2.4 m/min. (Zhang et al., 2014) 
 

The power density is the quotient of the beam power and cross-sectional area of the beam. 
Therefore the power density to be used is primarily controlled by the focal spot diameter 
and the available laser power. In Figure 2.17 it is plotted the mentioned relationship, 
showing the required laser power to reach a given power density as a function of beam 
diameter. For example, to achieve a power density of 106 W/cm2, required for a keyhole 
mode welding, a 0.5 mm diameter beam only requires approximately 2 kW of laser power, 
whereas a 1 mm diameter beam requires approximately 8 kW of laser power. (Elmer et 
al., 2009) Taking advantage of mentioned relationship offers particularly in the case of 
solid state lasers operating at the 1 micrometre wavelength a chance to scale power 
density and in that way have a chance to control the shape of produced weld cross-section 
if necessary. Available laser spot diameter can for example be manipulated by defocusing 
the beam, using longer focal length optics and/or stepping up to larger diameter process 
fiber. (Elmer et al., 2009) (Kawahito et al., 2009) 
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The focused laser spot diameter (dfሻ available is dependent on the used optical set-up of 
a welding head and can be defined with the following equation (Ion, 2005):  

௙݀ ൌ ௙݀௜௕௥௘ 	
ி೗
ிೝ
	  (2.1) 

Where dfibre is the core diameter of process fibre, and Fl and Fr are the focal lengths of 
the launch and recollimation lenses, respectively. The equation 2.1 is useful when 
assessing the suitable combination of processing fibre diameter and the optical 
configuration of welding head for a specific welding application. An example of such 
assessment using equation 2.1 is given in Table 2-4, in which a chosen Fr	is kept constant 
120 mm while combination of three different process fibre diameter options (A1, A2, A3) 
and two focal length options (B1, B2) are compared to examine the resulting focused 
laser spot diameter (dfሻ available. 

 

Figure 2.17: Constant power-density boundaries showing the relationship between the applied 
laser beam diameter and laser power for approximate regions of different laser materials 
processing applications. (Elmer et al., 2009) 
 

Table 2-4: Example showing the effect of different processing fibre diameter and focal length 
combination options on available focused laser spot diameter. Calculations were made according 
to Equation 2.1 and recollimation length is chosen as a constant Fr	ൌ	120	mm.	

Processing fibre 
diameter [μm] 

Focal length B1; 
300 mm 

Focal length B2; 
450 mm 

Focused laser spot diameter [μm] 
A1; 200 500 750 
A2; 300 750 1125 
A3; 400 1000 1500 

 



2.3 Thick section laser welding 41 

Autogenous high-power laser welding can allow efficient joining of thick-sections, but it 
requires stringent fit-up tolerances from the joints to be welded because of the small 
diameter of the laser beam. In butt-joints the best practice is to use closed gap preparation. 
In Figure 2.18 it is presented as an example of a single pass butt-joint weld produced on 
20 mm thick AISI 316L austenitic stainless steel plates using a fibre laser with 19 kW 
laser power and welding speed of 1.5 m/min (Kujanpää, 2014). This demonstrates the 
modern high-power fibre laser welding equipment’s capability to produce ~1 mm weld 
penetration in austenitic stainless steel per 1 kW of used laser power at a welding speed 
of 1.5 m/min. 

 

Figure 2.18: Example of a single-pass fibre laser weld produced on 20 mm thick butt-joint of AISI 
316L austenitic stainless steel plates. Laser power 19 kW; welding speed 1.5 m/min; Focal 
position F= - 4 (Kujanpää, 2014). 
 

When considering welding of thick section joints an autogenous laser beam welding is 
not always practically feasible and that is why filler metal addition to the welding process 
is needed. The need for the use of filler addition can be associated with accommodation 
of the joint fit-up tolerance requirements of the welded parts (Wester et al., 2008) 
(Rethmeier et al., 2009) or for example, metallurgical and mechanical properties required 
for the produced weldments (Westin et al., 2011) (Gook et al. 2014) (Gook et al. 2015).  

Filler metal can be introduced to the laser process for example, via an arc (laser-arc 
hybrid) as a molten form or using a cold-wire (Dilthey, et al., 1999) (Dilthey and 
Wiesschemann, 2002) (Jokinen et al., 2003) (Salminen and Kujanpää, 2003) or pre-
heated wire feeding (Ohnishi et al. 2013) (Peng et al., 2016). Also pre-set filler metal foil 
inserts inside the joint has been used (Kujanpää et al., 1990) (Westin et al., 2011). In 
addition to the option of using pre-set filler metal foil, Wahba et al. (2016) demonstrated 
in their investigations that with using fine cut-wire particles of solid filler wire that were 
pre-set into the groove as an additional filler metal prior welding, a 25 mm thick open 
square butt-joint could be successfully laser-arc hybrid welded with a single pass. The 
above-mentioned technique utilizes a relatively wide 2.5 mm root gap and a necessary 
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backing solution that is realised using a temporary copper backing with an appropriate 
fusible submerged arc welding flux layer on top of it. 

Filler metal addition in a welding wire form with laser welding with wire feeding or via 
laser-arc hybrid process is currently considered to be the most practical method. In 
addition, a solid welding wire has the advantage that contaminant pickup is low and there 
is available wide variety of gas metal arc wires with different chemistry and wire 
diameters (Ion, 2005). 

In laser-arc hybrid and laser cold-wire welding, the filler wire feeding parameters such as 
wire feeding rate and feeding position, are dependent on the width of the air gap and 
thickness of the joint to be welded. The wire feeding rate must be adjusted according to 
welding speed and gap volume. In addition, the wire can be fed either into leading edge 
or trailing edge of the laser beam / weld pool interaction zone in respect to welding 
direction. Process fundamentals and parameters involved in laser keyhole cold-wire 
welding and laser-gas metal arc hybrid processes were thoroughly investigated for 
example by Arata (1986), Salminen and Kujanpää (1995), Salminen and Kujanpää 
(2003), Dilthey et al. (1999), Dilthey and Wiesschemann (2003), Jokinen et al. (2003) 
and encompassing process parameters descriptions can be found from above references. 

From industrial point of view one interesting application area which can be mentioned 
for the use of thick section laser-arc hybrid welding is installation of large diameter 
pipelines. For example, in order to improve the productivity of pipeline girth welding, 
Rethmeier et al. (2009) investigated optimum parameter combinations for laser-arc 
hybrid and laser cold-wire welding with 20 kW fiber laser and developed welding 
procedures for up to 32 mm thick pipe steel joints with different welding positions. In the 
experiments, they e.g. demonstrated positional welding of 16 mm thick butt-joints in flat 
(PA), vertical up (PF) and vertical down (PG) position with single pass using laser-arc 
hybrid and laser cold-wire processes. Moreover, they concluded that in 16 mm thick butt-
joints they tested, up to 2 mm edge misalignment and root gap up to 0.3 mm could be 
successfully tolerated and bridged, respectively. In Figure 2.19 it can be seen the 
examples of 16 mm thick butt-joint weld cross-sections from the positional welding 
experiments of Rethmeier et al. (2009).  
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Figure 2.19: Weld cross-section examples of 16 mm thick butt-joint welds from positional laser-
arc hybrid welding experiments from Rethmeier et al. (2009). Laser power 17 kW; welding speed 
2 m/min. 
 

In further experiments carried out by Gook et al. (2018), which were extended from that 
of Rethmeier et al. (2009), the investigators managed to enlarge root gap bridging 
tolerance from 0.3 mm to 0.7 mm using laser beam scanning optics in laser-arc hybrid 
welding of 16 mm thick butt-joints of X65 pipe steel, Figure 2.20.  

 

Figure 2.20: Cross-sections of laser-arc hybrid welds produced in 16 mm thick butt-joints with 
root gaps of 0.5 mm and 0.7 mm. In joints pictured on the middle and right hand side a scanner 
optics module is applied at a frequency of 200 Hz and an amplitude of 0.7 mm. Laser power 19 
kW; welding speed 2.2 m/min. Gook et al. (2018) 
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2.3.2 Multi-pass welding 

Automated or mechanized multi-pass narrow gap (NG) welding with filler wire addition 
has been traditionally utilized with conventional arc welding methods like gas tungsten 
arc welding (NG-GTAW), gas metal arc welding (NG-GMAW) and submerged arc 
welding (NG-SAW) in joining thick-section materials especially in components 
fabrication for power plants. (Zhang et al., 2011) (Xiao et al., 2015) (Liu et al., 2018)  

NG-GTAW and NG-GMAW have the advantage over NG-SAW that they can be used 
for all-position welding, but they suffer from rather low welding speed (NG-GTAW < 
0.15 m/min and NG-GMAW < 0.3 m/min) and high amount of deposited filling passes 
and increased deposited welding energy accumulation. That is causing limited production 
efficiency and in addition, resulting in increased heat input per weld unit length and 
welding distortions. In order to overcome those limitations, laser beam welding combined 
with arc-hybrid process or filler wire feeding (Jones et al., 2003) are foreseen as 
alternative welding technologies. 

Katayama et al. (2015) demonstrated in their fundamental research on 100 kW fibre laser 
welding that a 70 mm thick closed square preparation can be autogenously laser welded 
with two passes, applying one pass from both sides at 100 kW and welding speed of 2 
m/min. In corresponding thick section applications with much lower laser power levels, 
but nevertheless in multi-kilowatt range, an applicable way is to use a combination of 
narrow gap groove and multi-pass welding with filler wire procedure. Multi-pass laser 
welding can be performed e.g. with an arc-hybrid process or a filler wire feeding without 
the arc and from one or both side of the plates that are being joined. A groove design are 
usually aimed to be such that the total cross-sectional area of the groove can be kept as 
minimal as possible in order to minimize the mount of required deposited filler metal and 
number of filling passes. Typical joint preparation is a single or double V-preparation 
with a root face. Very small groove angles, between 4 to10 degrees are typically used, 
Figure 2.21(a). (Zhang, 2013) The height of a root face is normally chosen according to 
the achievable fusion depth that the laser power available is capable of producing in a 
root pass welding. Concerning subsequent filling passes, the most convenient practice is 
to use one pass per layer build-up sequence, Figure 2.21(b) (Zhang, 2013). 
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(a) 

t = 20…70 mm;  α = 4…10o;  R = 5…20 mm;   
W = 2…5 mm;  G = root gap 0…1 mm 

(b) 

Figure 2.21: (a) Examples of groove configurations used in multi-pass laser welding; (b) 
Schematic presentation of multi-pass laser welding with filler wire from both sides. (Zhang, 2013) 
  

Although a very narrow groove geometry is desirable in multi-pass welding, there are 
some welding process related principles that are needed to be taken into account: The 
diameter of the laser beam changes when it exits from welding head and advances along 
the vertical direction of its conical path towards work piece to be welded. This beam 
diameter change is depending on the optical set-up and the beam focusing settings used. 
That is why a groove angle or gap opening at surface of the joint needs to be wide enough 
to accommodate the laser beam passage into the bottom of the groove. During the multi- 
pass welding, some level of inevitable welding deformation will take place. In 
particularly, transversal shrinkage and angular distortion will constrict the width of 
groove tighter. If necessary, above effect needs to be also counted in the groove design. 
Moreover, especially if laser-arc hybrid process is applied to over 30 mm deep grooves, 
the gap between the fusion faces needs to be adequately wide to accommodate an arc 
torch / a contact nozzle tip into appropriate position respect to the bottom of the groove. 
This ascertains the prerequisites for fluent arc generation along with robust process 
transfer during the laser-arc hybrid welding. For above reason a laser cold-wire welding 
i.e. without an arc, allows a bit easier approach into a bottom of deep and narrow groove 
because in cold-wire welding a much longer stick-out length (wire extension between the 
tip of wire nozzle and work piece) for filler wire can be used.  

In Figure 2.22 it is shown as an example of applied narrow gap groove geometry and 
multi-pass weldment in 50 mm thick type 316L austenitic stainless steel produced by 
Zhang et al. (2011) with a disk laser welding with filler wire. The welding was carried 
out on both sides using a 6 kW laser power and 0.4 m/min welding speed: One root pass 

G 
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was made without filler metal for each side and followed by build-up welding with filler 
wire requiring 3 filling passes for each side. 

 

(a)  (b) 

Figure 2.22: Example of double sided narrow gap groove geometry (a) used for welding of 50 
thick type 316L austenitic stainless and a resultant  multi-pass weld cross-section (b) produced 
with using a combination of laser welding and laser welding with filler wire. (Zhang et al., 2011) 
 

Yang et al. (2019) investigated narrow gap laser welding with filler wire of 100 mm thick 
joints of type 304 austenitic stainless steel plates. They used very narrow U-shaped 
groove with 4 mm width and 5 mm root face thickness. Because of narrow and deep 
groove, they utilize a long needle-like wire feeding guide nozzle to fit it inside the groove 
during welding, Figure 2.23(a). Laser power and welding speed used for filling passes 
were 4.5 kW and 0.6 m/min, respectively. The authors reported that they needed 1 root 
pass and 42 filling passes to complete 100 mm thick weld joint (Figure 2.23b) and the 
angular distortion of the joint stayed below one degree.  
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Figure 2.23: (a) Schematic presentation of multi-pass laser welding with filler wire using 4 mm 
narrow gap design for joining 100 mm thick type 304 austenitic stainless steel plates; (b) resultant 
multi-pass weld cross-section with a root pass and 42 filling passes. (Yang et al., 2019) 
 

Zhang et al. (2018) performed experiments on 40 mm thick type 316 L austenitic stainless 
steel using multi-pass laser-arc hybrid welding with V-groove with 10 degree bevel angle 
and 5 mm thick root face. The schematic presentation of groove configuration and the 
set-up of laser beam and arc torch arrangements used in the experiments can be seen in 
Figure 2.24(a). Optimized laser-arc hybrid welding parameters for multi-pass procedure 
with a root pass and 13 subsequent filling passes (Figure 2.24b) were: The root pass was 
made with 4 kW laser power and 1 m/min welding speed while the used arc current and 
voltage was 200 A and 22 V, respectively. For filling passes 2.5 kW laser power, 1 m/min 
welding speed and arc current and voltage range of 200-250 A and 22-22.4 V were used, 
respectively. Furthermore, it was reported in above study that if welding parameters were 
not optimized, due to narrow groove and small distance from the tip of the wire to groove 
side walls, the arc was easily attracted by side walls, which caused arc deflection and 
unstable arc burning, Figure 2.25. 

 

b) 
a) 

4 mm 
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Figure 2.24: (a) Schematic presentation of groove configuration and the set-up of laser beam 
and arc torch arrangements used in the multi-pass laser-arc hybrid welding of 40 mm thick type 
316 L austenitic stainless steel plates; (b) resultant multi-pass weld cross-section with a root 
pass and 13 filling passes. (Zhang et al., 2018) 
 

 

Figure 2.25: High speed photography from narrow gap laser-arc hybrid welding: (a) deflection 
of the arc, (b) arc burning instability, (c) stable welding process. (Zhang et al., 2018) 
 

2.4 Mixing in thick section laser welding 

By mixing in this occasion, it is meant of mixing between a filler metal and base metal in 
a macroscopic scale when they are added together into a weld metal by welding. Common 
attribute associated with describing mixing in weld metal is homogeneity. By this it is 
meant how evenly filler metal and base metal are mixed together across the whole fusion 
zone. In normal practice it is aimed to homogenous mixing in weld metal as this provides 

c) 



2.4 Mixing in thick section laser welding 49 

basis for uniform microstructure and consistent resultant chemical and mechanical 
properties across the produced weld metal. 

As it was discussed in earlier sub-sections, there can be several practical reasons why a 
use of filler metal addition is required in thick section laser welding. Usually, the need 
for the use of filler metal arises from joint fit-up tolerances. In those applications quite 
often used suitable practice is to choose a filler metal chemistry which closely matches to 
the welded base material.  In above cases mixing is not a concern if there are no 
discernible elemental contrast between the base and filler metal chemistry. But concerns 
can be arisen in certain thick-section application where besides of enhancing gap 
bridgeability, a weld metal chemistry needs to be alloyed with a filler metal containing 
an over-alloying composition compared with that of a welded base metal. For example, 
Westin et al. (2011) studied laser-arc hybrid single-pass welding of 13.5 mm thick type 
2205 duplex stainless steel using a leading torch configuration. They found that the 
duplex ferrite-austenite microstructure in produced welds are not in balance while at the 
mid-thickness and root portion of the weld cross-section showed too high ferrite 
proportions respect to austenite counterpart.  In conducted corrosion tests they pointed 
out that excessive ferrite content at root side had decreased the weld metal pitting 
resistance. They concluded that the improved austenite formation from the use of filler 
wire was limited to the upper half of the weld cross-section. Gook et al. (2013), reported 
also from the challenges of getting a filler wire elements mixed into the deep bottom of 
the closed butt-joint in laser-arc hybrid welding of thick root pass of pipe steels grade 
X80 and X120. They studied the possibility to enhance weld toughness properties with 
applying nickel alloying into weld metal with a help of filler metal. They used a leading 
torch configuration and concluded that beyond a 14 mm thick square root face 
preparation, no filler metal addition could be detected from the weld metal. In laser cold-
wire and laser-arc hybrid welding experiments of 11.5 mm thick cryogenic 9%Ni-steel 
for LNG (large-size liquefied natural gas) storage tanks, Gook et al., (2015) used a nickel 
base type 625 filler wire for closed butt-joints. Both cold-wire and hybrid process 
experiments were made using leading wire feeding. In weld cross-sectional analysis they 
observed inhomogeneous filler metal mixing in the welds from both welding processes. 
In the laser cold-wire weld the distribution of nickel base filler metal was weaker and 
more inhomogeneous compared to the laser-arc hybrid weld. The elemental mapping 
studies showed that only a minor part of filler metal exists at mid-thickness of the cold-
wire weld while at the root portion no filler material could be detected, Figure 2.26(a). In 
the hybrid weld, however, the filler metal distribution was homogeneous from the upper 
part of the weld cross-section till the depth of about 6 mm and below that level filler metal 
mixing is getting weaker and inhomogeneous, Figure 2.26(b). 
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(a)  (b) 
Figure 2.26: Ni concentration EDS mapping from the laser cold-wire weld cross-section (a) and 
from the laser-arc hybrid weld cross-section (b). Monochrome profile shown on the left and colour 
element map on the right. (Gook et al., 2015) 
 

In all experimental examples presented above, a closed butt-joint geometry was used, 
filler wire feeding was introduced in leading configuration respect to the laser beam and 
welding direction. In addition, the horizontal wire tip distance to laser beam in hybrid 
welding was between 3-5mm, whereas in the cold-wire example it was zero. Furthermore, 
a recap from the main process parameter values used in the welding experiment references 
presented on the basis of mixing discussion in this sub-section can be found later in Table 
2-5 located at the end of the section. 

Victor et al. (2008) studied laser-arc hybrid welding of 9.5 mm thick carbon steel with a 
10-kW fibre laser. They evaluated the effect of process orientation on filler metal mixing 
in closed butt-joint. Austenitic stainless steel type 308 filler wire was chosen to reveal 
contrast between the low alloyed carbon steel base metal and the over-alloyed filler metal 
from the etched weld cross-sections. The welding experiments were performed in both 
the leading and trailing arc torch configuration and with two horizontal wire tip distance 
to laser beam (DLA) of 2 mm and 5 mm. The weld cross-sections presented in Figure 
2.27(a-d), show filler metal rich portions etched on brighter grey colour while darker grey 
colouration represents more of weld portions with the base metal level. The mixing in the 
welds made with leading arc torch configuration appears to be quite similar for both DLA 
settings, Figure 2.27 (a) and (b). The welds made with trailing arc torch configuration and 
the DLA of 2 mm (Figure 2.27c) produced better mixing than both leading arc torch 
configuration cases. When considering combination of longer DLA= 5 mm and trailing 
torch, Figure 2.27(d) indicates that filler metal remains mainly on the weld surface 
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resulting poor mixing towards the weld root. In mixing point of view above results 
suggest that with leading torch configuration setting DLA is not so strictly defining than 
with trailing torch configuration where DLA needs to remain much shorter than 5 mm.   In 
overall hybrid process point of view, DLA needs to be biased that both the laser and arc 
co-operates in mutual weld pool.  

 

Figure 2.27: Filler metal mixing indications in single-pass closed square butt-joint laser-arc 
hybrid welds. (a) Leading arc torch and DLA = 2 mm; (b) Leading arc torch and DLA = 5 mm; (c) 
Trailing arc torch and DLA = 2 mm; (d) Trailing arc torch and DLA = 5 mm. (Victor et al., 2008) 
 

In addition to mentioned mixing experiments, Victor et al. (2008) demonstrated in the 
same research study, that the experimental welding set-up they used, DLA setting around 
3 mm produced the deepest bead-on-plate weld penetration on both leading and trailing 
torch configuration, Figure 2.28. 
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Figure 2.28: Bead-on-plate weld penetration plotted against different DLA settings used in laser-
arc hybrid welding with trailing torch and leading torch configuration. Laser power 5 kW, focal 
position 0 (surface), welding speed 2 m/min, wire feeding 8.9 m/min. (According to Victor et al., 
2008) 
 

Karhu et al. (2013) studied the effect of root gap (0-0.4mm) and wire feeding 
configurations (leading/trailing) on filler metal mixing of welds produced on 15 mm thick 
joints of AISI 316L austenitic stainless steel plates with laser-arc hybrid and laser cold-
wire welding. In the experiments a constant DLA setting of 3.5 mm and 0 was applied for 
laser-arc hybrid and laser cold-wire processes, respectively.  Laser-arc hybrid welds were 
produced with leading wire feeding while in laser cold-wire welds also trailing wire 
feeding was tested. The authors concluded that compared to closed gap, the open gap 
preparations of 0.2-0.4 mm in laser-arc hybrid tests helped vertical filler mixing only a 
~1/3 depth (~5 mm deep from the weld surface) of joint thickness. At near the weld root 
portions, in depths between 10-15 mm mixing was observed to be by average ~2 to 4-
fold lesser compared to the mixing values at the near surface region. The results of laser 
cold-wire welds showed that in closed root gap the mixing was equally poor and 
inhomogeneous with both leading and trailing wire feeding. The authors pointed out by 
applying EDS transversal line scans across the weld fusion zones, that quite a large 
fluctuation in mixing profiles take place at the depth range of ~6 mm and deeper from the 
weld surface in both laser-arc hybrid and laser cold-wire welds. In addition, they reported 
from very narrow ~100…200 μm band in weld metal area locating adjacent to the fusion 
line, where filler metal mixing is quite largely decreased while a large local drop in 
mixing profile is clearly detectable. This can partly be due to epitaxial grain growth from 
the base metal towards unmixed and partially mixed zone. 

Recently, Üstündag et al. (2019) introduced an interesting method to improve filler metal 
mixing in thick section laser-arc hybrid welding. The authors used an apparatus consisting 
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of AC magnet providing a maximum output power of 6 kW and an oscillating frequency 
of 1.2 kHz at the close vicinity of weld root side. The system generates external oscillating 
magnetic fields during the welding. It is known that when welding current is supplied 
through an arc torch from the surface side, the magnetic fields the electric current induces 
generate together the electromagnetic force as known as the Lorenz force (Kou, 2003). 
The authors (Üstündag et al., 2018) used the developed system to generate additional 
corresponding upward Lorenz force from the root side, Figure 2.29. They described that 
the principle method has been previously successfully used for thick section laser-arc 
hybrid welding in order to give an electromagnetic weld pool support which gives an 
opportunity to use reduced welding velocity. With using electromagnetic weld pool 
support melt pool sagging and gravity drop-out of the weld root can be prevented. The 
possibility of allowing to use lower welding speed gives means to control cooling rate 
and weld pool solidification rate. Slower weld pool solidification may also help to 
introduce filler metal elements deeper in thick and narrow joints.  

 

Figure 2.29: (a) Schematic of electromagnetic weld pool support system; (b) root side view. FL = 
Lorenz force, B = magnetic flux vector, j = electric current vector. (Üstündag et al., 2019) 
 

In addition, the authors (Üstündag et al., 2019) developed the above described system set-
up further by finding the optimized turn angle setting for the used magnet poles in order 
to generate vortical flow of the melt which may have an additional stirring effect for the 
filler metal mixing. They demonstrated that the optimal balance for both electromagnetic 
weld pool support and electromagnetic stirring is found at a turn angle of 30o respect to 
transversal plane of weld pool cross-section and welding direction. With using the 
developed system the authors produced a 20 mm thick single pass laser-arc hybrid weld 
on S355 structural steel using a nickel base filler wire and reduced welding speed. 
Optimized magnet parameters included a turn angle of 30o, an AC power of 1.8 kW and 
an oscillating frequency of 1.2 kHz. The authors reported that in filler metal mixing point 
of view the EDS-results confirmed that the use of above set-up improved the homogeneity 
of the filler material distribution across the weld fusion zone from surface to root.  
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Table 2-5: Compilation of the main process parameter values used in laser-arc hybrid welding 
experiment references related to mixing discussion of sub-section 2.4. The values marked with 
superscript asterisk * denotes process parameter values of laser welding with cold-wire.  

Laser 
power 
[kW] 

Focal 
position 
[mm] 

Wire feeding 
configuration 

Welding speed 
/ wire feed rate 

[m/min] 

DLA 
[mm] 

Material / joint 
thickness [mm] 

Reference 

14 -4 leading 2.2 / 15 3 Duplex SS 2205 
/ 13.5 

Westin et 
al. 2011 

17 ? leading 2.6 / 16 ? X80 and X120 
steel / 14 

Gook et al. 
2013 

14 -3 leading 2* / 2* and      
3 / 12 

0* and   
4-5 

9%Ni steel / 
11.5 

Gook et al. 
2015 

9 0 leading / 
trailing 

2,3 / 8.9 2 and 
5 

Carbon steel / 
9.5 

Victor et 
al. 2008 

17 -4 leading / 
trailing* 

1.5* / 1.8* and  
15 / 2 

0* and 
3.5 

Austenitic SS 
316L / 15 

Karhu et al. 
2013 

12.2 -11 leading 0.5 / 11 4 S355 steel / 20 Üstündag 
et al. 2019 

 

2.5 Recognized needs for improvements 

Derived from the theoretic background study, the following weldability aspects can be 
pointed out, which are further needed to be paid attention to and need further in-depth 
research and scientific knowledge for accelerating the progress of deploying laser 
welding in thick section applications: 

 Knowledge from an assessment of solidification cracking in multi-pass laser 
welding 

 Knowledge enabling enhancements in multi-pass laser welding and especially in 
laser-arc hybrid welding techniques in thick section applications exceeding 
thickness over 40 mm 

 Knowledge concerning mixing behavior and influencing welding parameters on 
mixing in thick section laser welds 
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3 Research materials and methods  

This chapter presents the materials used in the experiments of this dissertation and 
describes the research methods used. 

3.1 Materials 

The base materials used in the welding experiments were austenitic stainless steel alloys 
with the different plate thickness between 10mm and 60mm as follows:  

 Alloy X, plate thickness 10 mm (Publication II) 

 AISI 316L-A, plate thickness 10 mm and 20 mm (Publication II, III and IV) 

 AISI 316L-B, plate thickness 60 mm. (Publication I and II) 

The steels AISI 316L-A and B are both of ITER grade 316L(N)-IG heats.  

The test specimens for the welding tests were rectangular pieces of 150 mm in width and 
300-400 mm in length. Preparation of the required geometries and fusion faces of the test 
specimens was done by machining.  

The filler materials used were stainless steel solid wires with following types and 
diameters:  

 Thermanit 19/15, Ø1.2 mm (Publication I) 

 ESAB OK Autrod 316LSi, Ø1.0 mm (Publication II) 

 ESAB OK Autrod 308LSi, Ø0.8 mm (Publication II) 
 Avesta 2205, Ø1.0 mm (Publication III and IV) 

The exact chemical compositions of the base and filler materials are given in Table 3-1. 
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Table 3-1: Chemical compositions of base materials and filler materials. (Fe weight-% content = 
balance) 

Element 
weight-% 

C Si Mn P S Cr Ni Mo N Cu Ti+Ta 

Base materials 

Alloy X 0.026 0.30 1.49 0.030 0.001 22.0 5.8 3.09 - 0.16 < 
0.01 

AISI 
316L-A 

0.024 0.37 1.70 0.020 0.0002 17.6 12.3 2.43 0.07 0.01 < 
0.01 

AISI 
316L-B 

0.025 0.36 1.70 0.021 0.0001 17.6 12.2 2.41 0.07 0.01 < 
0.01 

Filler materials 

Thermanit 
19/15 

0.015 0.46 7.32 0.013 0.005 20.2 15.1 2.79 0.18
7 

0.09
5 

- 

Autrod 
316LSi 

0.020 0.80 1.80 0.018 0.011 18.4 12.2 2.50 0.06 0.09 - 

Autrod 
308LSi 

0.020 0.90 1.00 0.020 0.010 19.7 10.7 0.04 - 0.03 - 

Avesta 
2205 

0.010 0.36 1.60 0.017 0.0001 22.9 8.7 3.20 0.14
7 

0.08 - 

 

3.2 Methods 

The research methodology of the dissertation utilises triangulation, in which research 
knowledge from different sources and from multiple perspectives are gathered and 
synthesised. This supports reliability viewpoints of the research. The triangulation of this 
study is based on the experimental research, theoretical background from scientific 
literature and numerical simulation studies, Figure 3.1.  



3.2 Methods 57 

 

Figure 3.1: Research methodology used is gathering and synthesising research information from 
different sources and from multiple perspectives. 
 

The laser types used in the experiments of this dissertation were solid state lasers that 
operate in continuous wave mode and at the 1 micrometre wavelength-range: A 
neodymium-doped yttrium aluminium garnet (Nd:YAG) laser and an ytterbium-doped 
fiber laser with a wavelength of 1064 nm and 1070 nm, respectively. 

In Publications I and II, welding experiments were performed by using a combination of 
Nd:YAG-laser and GMAW hybrid and cold wire-processes. The Nd:YAG-laser used was 
a HAAS-LASER GmbH model HL 3006 D with Ø 0.6 mm optical fiber beam delivery 
system. The laser has a maximum output power of 3 kW at the surface of a work piece. 
Used lens focusing optic of welding head gives a 200 mm focal length, 6.12 degree 
focusing angle and can provide a spot diameter of 0.6 mm in the focal point. 

Figure 3.2(a) shows the set-up used in the Publication II with multi-pass laser arc-hybrid 
welding experiments of 60 mm thick single side joint. In Figure 3.2(b) it is presented a 
principle drawing of the configuration used for the filling passes in laser-arc hybrid 
welding with defocusing technique.  
 
In Publications III and IV, welding experiments were performed by using a combination 
of IPG 10 kW YLS-10000 fibre laser and GMAW hybrid and cold wire-processes. Beam 
delivery from the laser source to the welding station and welding head was with a process 
fiber of 200 µm core diameter. The welding head was a laser welding head-unit from 
Kugler GmbH with copper metal optics and an adjustable GMAW torch unit. The optical 
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system of the Kugler laser welding head consisted of 120 mm collimation and 300 mm 
focusing lenses. The optical set-up can provide a focal spot diameter of 500 µm. 
 

 

 
 
 
 
 

 
 
 
 
 

 

 
Figure 3.2: (a) Welding head set-up used in multi-pass laser-arc hybrid experiments. (b) Drawing 
presenting the principle of configuration used for the filling passes of multi-pass laser-arc hybrid 
welding with defocusing technique. 
 

A Kemppi Pro 5200 gas metal arc welding (GMAW) machine was deployed in the laser 
arc-hybrid experiments. In laser-arc hybrid welding a pulsed arc mode and welding 
machine’s synergy settings were utilized. In the laser cold-wire experiments, the filler 
wire was fed and guided through the same GMAW machine and torch as used in the laser-

Laser 
welding 
head 

Adjustable 
GMAW torch 

Trailing gas 
shielding unit 

a) 

b) 
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arc hybrid experiments. A grounding cable shoe was disconnected from the fastening 
table to enable the use of cold-wire welding. 

To execute required welding movements, a KUKA KR 15 articulated arm robot and a 
custom-built gantry-based X/Y/Z- linear movement station was used in welding 
experiments of Publication I&II and Publication III&IV, respectively. 

In multi-pass laser-arc hybrid welding with defocusing technique proposed in Publication 
II, laser beam defocusing values were gradually increased within the corresponding 
groove width of a subsequent fill up pass in question. In Table 3-2 and Figure 3.3 there is 
given a detailed example how defocusing was used in the case of laser-arc hybrid multi- 
pass weld E2 presented in Publication II. 

Table 3-2: Example showing details of defocusing technique used for multi-pass welding of test 
weld E2 presented in Publication II. 

Multi-pass weld 
E2, layers 

Laser beam 
defocusing, F [mm] 

Diameter of laser 
beam spot Ø [mm] 

Filler wire feeding rate 
[m/min] 

Capping pass +65 ≈ 7.5 15 

8th fill up pass +65 ≈ 7.5 14 

7th fill up pass +60 ≈ 7.0 13 

6th fill up pass +55 ≈ 6.5 12 

5th fill up pass +55 ≈ 6.5 11.5 

4th fill up pass +50 ≈ 5.9 11 

3rd fill up pass +50 ≈ 5.9 10 

2nd fill up pass +40 ≈ 4.9 9.5 

1st fill up pass +35 ≈ 4.4 9.0 

Root pass 0 0.6 12 
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Figure 3.3: Drawing presenting a principle how laser-arc hybrid filling passes are produced in the 
case of multi-pass weld E2 presented in Publication II. Configurations for (a) the first fill up pass 
(F=+35); (b) the second fill up pass (F=+40); (c) the third fill up pass (F=+50). 
 

In addition to visual weld inspections carried out with a naked eye and magnifying glass, 
the metallographic examination of the test welds were made from the etched transversal 
weld cross-sections using a light microscope. In the weld metal mixing investigations, 
EDS (Energy Dispersive Spectroscopy) analysis of selected weld cross-sections was done 
using a Hitachi SU3500 scanning electron microscope and Thermo Scientific Ultradry 
DSS EDS-detector. Both the EDS stepwise characterisation and EDS mapping techniques 
were utilised. The techniques are described in Publication IV in detail. 

In modelling and simulation studies carried out in the Publication III, a commercially 
available computational fluid dynamics (CFD) simulation software FLOW-3D® from 
Flow Science Inc. was utilised (FLOW-3D®, 2019). The numerical analysis and its 
corresponding process model were built on the FLOW-3D® version 9.2. No other 
commercial add-in software were used, instead several customised user subroutines 
developed by the South-Korean research team at Korea Advanced Institute of Science 
and Technology (KAIST) were utilised for the process models. 
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4 Overview of the publications and research findings 

To solve the stated research problem and to answer to the principle research question of 
this thesis (in Chapter 1.4) each publication includes detailed objectives and hypotheses 
together with derived specific questions which are discussed in publications I-IV. 

4.1 Publication I 

Solidification cracking studies in multi pass laser hybrid welding of thick section 
austenitic stainless steel 

Objective: The objective of the work was to develop a test set-up for the study of hot 
cracking in multi-pass laser hybrid welding of thick section austenitic stainless steel and 
use the test set-up in evaluation of the hot cracking susceptibility of welds produced with 
the special customised grade AISI 316L(N)‐IG ITER.  

Research hypotheses: In constructional arrangements of increased section thickness and 
high structural rigidity, the studied vessel base material AISI 316L(N)‐IG ITER austenitic 
stainless steel grade is susceptible to hot cracking when the deposited weld metal favours 
primary austenitic solidification. A welding test set-up that takes advantage of the self-
restraint imposed by the rigid configuration of the tested specimen can reveal hot cracking 
occurrence. 

Research questions: Can the developed test set-up produce critical conditions that 
promote hot cracking in test welds produced with multi-pass laser-arc hybrid welding? 
Do the tested combination of base and filler metal indicate hot cracking susceptibility? 
Do the studied groove options (narrow/wide) and depth-to-width ratio of produced weld 
cross sections show different solidification cracking susceptibility for the studied base 
and filler metal combination? 

Results and contribution to the whole 

The results of the welding experiments showed that the developed test set-up can produce 
critical conditions to promote hot cracking in produced test welds of AISI 316L(N)-IG 
ITER grade in multi-pass laser-arc hybrid welding. Results confirmed that the used 
combination of the base and filler material compositions and welding process parameters 
favored primary austenitic solidification and led in fully austenitic weld metal 
microstructure.  Although all produced individual filling passes had crack susceptible 
austenitic solidified microstructure and possessed calculated Cr/Ni-equivalent value be in 
the range of 1.3, the results indicated that the shape of the weld cross-section plays also a 
role in weld solidification cracking susceptibility.  The test series which had narrower 
filling passes with large depth to width ratio tended to be more susceptible to hot cracking 
than the wider ones. The research carried out in the Publication I contributes with 
introducing new means and knowledge to assessing weldability of laser-arc hybrid multi 
-pass welding of thick-section austenitic stainless steels in respect with base metal 
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chemistry, produced weld geometry, base-metal dilution, filler metal selection and overall 
propensity to weld metal solidification cracking susceptibility.  

4.2 Publication II 

Defocusing techniques for multi-pass laser welding of austenitic stainless steel 

Objective: The objective of the work was to study the feasibility of laser beam defocusing 
as a way to fill and bridge wider groove geometries than can be welded with focused 
keyhole mode welding with filler metal addition. The used defocusing technique was 
designed for application with multi-pass welding of thick austenitic stainless steel joints 
of up to 60 mm with single-side preparations. 

Research hypotheses: The laser beam can be adjusted by adequate use of defocusing to 
enable to production of a broader weld fusion zone in order to accommodate welding of 
wider groove geometries than conventionally used in keyhole mode welding. The above 
defocusing technique can enable new approaches to laser-arc and laser filler wire welding 
of thick sections with multiple passes. 

Research questions: How do different defocusing setting values affect the resulting fusion 
zone cross-section of the produced weld bead? How can defocusing be applied to filling 
and bridging of wide groove geometries of up to 60 mm joint thickness? Is there potential 
for using an intermediate laser power (~ 3 kW) and defocusing technique in thick section 
multi-pass welding? 

Results and contribution to the whole 

The welding experiments demonstrated that by using the described defocusing technique 
and conduction limited hybrid method in the welding of filling passes even a gap width 
of 11 mm can be bridged and filled. In order to avoid lack of fusion defects between the 
filling passes and the groove sidewalls, the size of the laser beam spot should be properly 
set to respect with the groove width to be welded. For example, in the case of 60 mm 
thick bevelled Y-shape groove, starting from the bottom of the groove, the size of the 
laser spot diameter has to be gradually increased while the build-up welding with filling 
passes is proceeding. In order to secure the sidewall fusion, the diameter of laser spot size 
needs to be adjusted by defocusing near to the same as the current groove width is in that 
particular groove depth. 

Results showed that the groove filling efficiency is much better when using laser-arc 
hybrid welding than in laser welding with cold filler wire. Extra heat source of GMAW 
enables wire melting before it enters to the laser induced melt pool. When combining 
laser welding with cold filler wire for the first 20-25 mm weld thickness and then laser-
arc hybrid welding for the rest upper 35-40 mm thickness, a total of 15 to 20 passes was 
needed to complete the 60 mm thick multi-pass weld. As the laser-arc hybrid multi-pass 
welding was used alone, from the root to the capping weld, it was managed to fill 60 mm 
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thick joint with the total of 10 passes. The research and development work of process 
optimization carried out in the Publication II contributes with offering new alternative 
procedure approach to enhancing efficiency in intermediate-power laser welding of thick 
section applications. In addition, capability to use wider groove geometries and produce 
wider weld fusion zones may help to scale down a weld solidification cracking 
susceptibility which is pointed out in Publication I to be a risk with deep and narrow weld 
deposits.   

4.3 Publication III 

Effect of leading and trailing torch configuration on mixing and fluid behavior of 
laser-gas metal arc hybrid welding 

Objective: The aim of the work was to study filler metal mixing and fluid flow in single-
pass welds done on 10 mm thick close square preparations of austenitic stainless steel 
plates using a laser-arc hybrid welding process with a leading and trailing arc torch. The 
mixing behavior of the filler and base metal is evaluated and compared based on both 
experimental studies and simulations. The objective of the work was to gain 
understanding of the melt flow behavior of laser-gas metal arc hybrid welding with the 
help of simulation. A topic of special interest was the effect of gas-metal-arc (GMA) torch 
orientation in hybrid welding and its influence on melt flow and weld metal mixing.  

Research hypotheses: Simulations can offer enhanced understanding of weld pool mixing 
and in-depth knowledge related to different mixing behavior between trailing and leading 
torch configurations in laser-arc hybrid welding. 

Research questions: Can simulation results offer explanations for the different mixing 
behavior observed for trailing and leading torch configurations in laser-arc hybrid 
welding? 

Results and contribution to the whole 

The simulation studies of full penetration fibre laser-arc hybrid welding of 10 mm thick 
closed butt-joint of austenitic stainless steel revealed characteristic weld pool flow 
patterns and temperature contours both for leading and trailing torch configuration. It was 
interpreted from the longitudinal sections extracted from the weld pool simulations that 
when the GMA torch in laser-arc hybrid welding is used with leading configuration, a 
solidification front at the mid-thickness area of freezing melt pool is proceeding as a 
lateral peninsula which sections the melt pool into upper and lower part. On the contrary, 
this behavior was not observed when simulation was carried out using GMA trailing torch 
configuration. The above mentioned solidification peninsula may obstruct the circulation 
of the melt flow between the weld surface and the root, which in turn may reduce the 
mixing of weld metal in the case of leading torch configuration. The explanation for the 
described different melt pool solidification can be that in the leading torch configuration, 
the filler metal droplets impinge in the leading edge of the laser induced melt pool, 
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whereas in the trailing torch configuration the arc heat and the filler metal droplets 
impinge into behind the laser beam where the molten pool is fully developed.  

In additional simulations, tungsten particles were added as tracers into the simulated melt 
pool of trailing and leading torch simulations. It was found that when the particles were 
initially placed at the weld surface side and once the particles reached the weld bottom 
recirculation they were unable to reach the upper recirculation back when the leading 
torch was used. In the trailing torch configuration, however, the particles that were 
initially introduced in the surface part of the weld were able to reach the bottom 
recirculation and then returned back towards the upper recirculation. This phenomenon 
helps in the mixing of the melt in the trailing torch configuration. The simulation results 
concluded that in the trailing torch configuration, the flow recirculation is more 
pronounced, and therefore, mixing is more efficient than in the leading torch variation. 
The recirculation of melt at the root part will increase the mixing in the root part of the 
weld. The absence of such recirculation in the leading configuration was the main reason 
for having low mixing at the bottom part of the weld. The research carried out in the 
Publication III contributes with providing new knowledge about the mixing behavior of 
weld metals produced in thick section closed butt-joints in laser-arc hybrid welding. The 
key contribution in particularly is the interpretation and explanations to the difference of 
mixing behavior between the leading and trailing torch configuration with the help of 
simulation studies. 

4.4 Publication IV 

Filler metal mixing behaviour of 10 mm thick stainless steel butt-joint welds 
produced with laser-arc hybrid and laser cold-wire processes 

Objective: The aim of this study was to investigate filler metal mixing behavior in 10 mm 
thick joints of austenitic stainless steel in single-pass laser-arc hybrid and laser cold-wire 
welding processes. The objective was to examine the effect of groove geometry and filler 
wire feeding orientation on filler metal mixing in terms of the intensity and homogeneity 
of mixing throughout the weld cross-section from the weld surface to the root. 

Research hypotheses: Mixing in weld metals can be inhomogeneous in single-pass thick 
section joints of laser-arc hybrid and laser cold-wire welding processes. Mixing can be 
studied using the methodologies described in the article. Wire feeding configuration 
(leading/trailing) and joint preparation have an effect on the behavior of filler metal 
mixing in the weld cross-sections produced. 

Research questions: Can filler metal mixing at the root portion of the weld be enhanced 
by widening the root gap of an I-groove weld or by using a suitable V-groove? Can any 
difference be found between the results for leading or trailing wire feeding, that is, when 
the filler wire is introduced to the melt pool in front of or behind the laser beam with 
respect to the welding direction? Is there any noticeable difference in filler metal mixing 
behavior between laser-arc hybrid and laser cold-wire welding? 
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Results and contribution to the whole 

Welding experiments conducted on 10 mm thick austenitic stainless steel butt-joints with 
I- and V-groove preparation showed that during the weld examination phase, an EDS 
elemental mapping also proved to be very beneficial tool along with an EDS stepwise 
characterization method for determining and assessing the filler metal mixing in produced 
weld cross-sections. The mixing results showed that welds produced in 10 mm thick 
closed root gap and in 0.4 mm open gap have considerable difference of filler metal 
mixing between the upper part and the lower part of the weld cross-section. This 
inhomogeneous distribution of filler metal could be clearly seen from the EDS elemental 
mapping images. Mentioned mixing behavior was discernible in both the leading and 
trailing wire feeding and it was more pronounced in laser welding with cold-wire if 
compared to laser-arc hybrid welding results. When the used root gap of I-groove was 
widened to the value of 0.8 mm, it clearly helped to introduce filler metal and its elements 
deep down into the weld root portion. In laser arc-hybrid welding both leading and trailing 
wire feeding configurations showed enhanced mixing behavior across the whole weld 
fusion zone. In laser welding with cold-wire, however, in contrary to the trailing wire 
feeding, the leading wire feeding still showed a distinct contrast of the filler metal 
distribution between the upper part and lower part of the weld cross-section. Utilization 
of 10 degree V-groove preparation with trailing wire feeding proved to be the best choice 
to provide efficient and homogeneous distribution of filler metal across the whole fusion 
zone in the case of laser cold-wire welding. On the other hand, in laser arc-hybrid welding 
the results showed that the use of V-groove preparation with both wire feeding 
configuration produced high level of filler metal mixing but the overall homogeneity of 
distribution across the whole fusion zone was not that good as it was in the laser-arc 
hybrid welds produced in I-groove with 0.8 mm root gap. The research carried out in the 
Publication IV contributes with providing new knowledge about filler metal mixing 
behavior when using different groove types and wire feeding configurations in laser-arc 
hybrid and laser cold-wire welding of thick sections. In addition, the research findings 
produced new means how filler metal mixing can be controlled and optimized using the 
adequate groove geometry and welding process parameters.  
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5 Conclusions 

This article-based dissertation focuses on research and development of enhancing 
weldability aspects of thick section austenitic stainless steel in laser-arc hybrid and laser 
cold-wire welding. The studied joint thicknesses were between 10 mm and 60 mm. The 
Nd:YAG laser and ytterbium fibre laser used in the welding experiments were solid-state 
lasers operating in continuous wave mode and at 1 micrometre wavelength. The particular 
research emphases of weldability studies of the dissertation were arisen from the basis of 
the recognized research problem and the stated principle research question.  The 
weldability studies carried out were focused on the following key-areas: 

A. Assessment of solidification cracking in multi-pass laser-arc hybrid welding. 
 

B. Enhancement of the process capabilities of welding thick-sections using adequate 
controlled defocusing of laser beam in laser-arc hybrid and cold-wire processes. 
 

C. Fostering of comprehension from mixing behavior in thick section laser welding 
with filler addition and the knowledge how to affect mixing homogeneity using 
adequate combination of groove geometry and process parameters. 

The main research results and key findings with respect to the studied key-areas can be 
concluded as follows: 

A. A specific self-restraint welding test set-up was developed to help analysing 
solidification cracking susceptibility of welds in multi-pass laser welding.  That 
will offer a method for assessing weldability of laser-arc hybrid multi-pass 
welding of thick-section austenitic stainless steels in respect with base metal 
chemistry, produced weld geometry, base-metal dilution, filler metal selection and 
overall propensity to weld metal solidification cracking susceptibility. 
 

B. The results from the welding experiments demonstrated that the developed 
defocusing technique with multi-pass procedure can offer new alternative 
approaches to enhancing efficiency in intermediate-power laser welding of thick 
section applications. In addition, capability to use wider groove geometries and 
produce wider weld fusion zones may help to scale down a weld solidification 
cracking susceptibility. The results showed that when defocusing technique is 
adequately used in conduction-limited regime with laser-arc hybrid welding, even 
a gap width of 11 mm can be bridged and filled during the build-up welding of 
filling passes.  
 
Results showed that the groove filling efficiency is much better in laser-arc hybrid 
welding than in laser welding with cold wire. The capability of multi-pass welding 
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of 60 mm thick joints with single side preparation was successfully demonstrated 
with welding experiments. When combining laser welding with cold filler wire 
for the first 20-25 mm weld thickness and then adding laser-arc hybrid welding 
for the rest upper 35-40 mm thickness, a total of 15 to 20 passes was needed to 
complete the 60 mm thick multi-pass weld. In comparison, when the laser-arc 
hybrid multi-pass and defocusing technique was used alone from the root to the 
capping weld, it was managed to fill 60 mm thick joint with the total of 10 passes. 
 

C. The mixing behavior of 10 mm thick butt-joint welds of austenitic stainless steel 
was studied both with using empirical welding experiments and with the help of 
numerical simulations. The simulation studies propose an interpretation and 
explanations to the different mixing behavior between the leading and trailing 
torch configuration. The simulation studies of full penetration fibre laser-arc 
hybrid welding of 10 mm thick closed butt-joints revealed characteristic weld pool 
flow patterns and temperature contours both for leading and trailing torch 
configuration. The simulation results concluded that in the trailing torch 
configuration, the flow recirculation is more pronounced, and therefore, mixing is 
more efficient than in the leading torch variation. The recirculation of melt 
observed at the root part will increase the mixing in the root part of the weld. The 
absence of such recirculation in the leading configuration was the main reason for 
having low mixing at the bottom part of the weld.  
 
The use of an EDS elemental mapping proved to be very beneficial tool along 
with an EDS stepwise characterization method for determining and assessing the 
filler metal mixing in produced weld cross-sections. The mixing results gained 
from the empirical welding experiments showed that welds produced in 10 mm 
thick closed root gap and in 0.4 mm open gap of an I-groove have considerable 
difference of filler metal mixing between the upper part and the lower part of the 
weld cross-section. Above mentioned mixing behavior was discernible in both the 
leading and trailing wire feeding and it was more pronounced in laser welding 
with cold-wire if compared to laser-arc hybrid welding results. When the used 
root gap of I-groove was widened to the value of 0.8 mm, the results indicated 
that it clearly helped to introduce filler metal and its elements deep down into the 
weld root portion: In laser arc-hybrid welding both leading and trailing wire 
feeding configurations showed enhanced mixing behavior across the whole weld 
fusion zone. In laser welding with cold-wire, however, in contrary to the trailing 
wire feeding, the leading wire feeding still showed a distinct contrast of the filler 
metal distribution between the upper part and lower part of the weld cross-section. 
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Utilization of 10 degree V-groove preparation with trailing wire feeding proved 
to be the best choice to provide efficient and homogeneous distribution of filler 
metal across the whole fusion zone in the case of laser cold-wire welding. On the 
other hand, in laser arc-hybrid welding the results showed that the use of V-groove 
preparation with both wire feeding configuration produced high level of filler 
metal mixing but the overall homogeneity of distribution across the whole fusion 
zone was not that good as it was in the laser-arc hybrid welds produced in I-groove 
with 0.8 mm root gap.  
 
Above research findings provide new knowledge about filler metal mixing 
behavior when using different groove types and wire feeding configurations in 
laser-arc hybrid and laser cold-wire welding of thick sections. In addition, the 
findings provide new means how filler metal mixing can be controlled and 
optimized using the adequate groove geometry and welding process parameters.  
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6 Suggestions for further study 

The following suggestions for further study can be considered in order to complement 
existing studies: 

 Solidification cracking studies using the developed self-restraint set-up with the 
initial type 316L base material and two or three new comparative filler metal alloy 
candidates which possess a chemical composition providing Cr/Ni-equivalent 
values from 1.9 to 2.0. Depending on dilution rates of  base material and filling 
passes, that would change the weld metal composition and the Cr/Ni-equivalent 
values into range of 1.8-1.9 which would favour primary ferrite solidification. 
According to theoretical background that will lead to lower solidification cracking 
susceptibility.  
 

 Concerning the developed defocusing technique, the corresponding experimental 
studies would be beneficial to carry out using a 10 kilowatt fibre laser. The 
purpose of above experiments would be to demonstrate whether the capacity of 
higher laser power can be used to enhance welding speed and process productivity 
compared to 3 kilowatt laser power and welding speeds used in Publication II. 
 
 

 Concerning the mixing studies a set of additional EDS examinations from the 
longitudinal weld cross-sections along the welded joints would be beneficial to 
carry out because they can supply more statistical augmentation to the 
interpretation of mixing. Moreover, it is suggested that the effect of a slight 
defocusing (F=+20) on the mixing in closed I-groove preparation should be 
further studied as a way to affect mixing behavior. In the results of preliminary 
experiments carried out with laser welding with cold-wire, which have not been 
published yet, it was seen that the use of defocusing setting with F=+20, levels 
down the abrupt filler metal mixing inhomogeneity observed in Publication IV in 
the case of normal focal setting with F= - 4. 
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Solidification Cracking Studies in Multi Pass
Laser Hybrid Welding of Thick Section
Austenitic Stainless Steel

Miikka Karhu and Veli Kujanpää

Introduction

VTT- Technical Research Centre of Finland has carried out several R&D sub-
tasks during the international FUSION technology program in which a suitable
welding method has been considered for the manufacturing of vacuum vessel for
International Thermonuclear Experimental Reactor (ITER). The tasks have been
involved hybrid Nd:YAG laser and electron beam welding. Because the walls of
vacuum vessel will be made of 60 mm thick stainless steel, above mentioned high
energy density beam processes have shown great potential of being high efficient
joining method. In work of R&D tasks, the laser welding with filler wire and the
hybrid welding were used in welding of thick section austenitic stainless steel for
a very narrow gap and using a multi pass technique. The results have shown that
by using the narrow groove with one pass per layer procedure the number of passes
can be decreased significantly and the efficiency of the welding can be increased.
In addition, the total heat input stays smaller than in conventional arc welding
processes, which leads to lesser welding distortions.

Despite the successful welding process development it has been realized that
metallurgical issues like occurrence of weld solidification cracking could cause
troubles if it is not taken care of with certain precautions which means e.g. care-
fully selected weld chemistry. In the tests of basic AISI 304L and AISI 316LN laser
and hybrid laser multi pass welding experiments, clear indication of hot cracking
was seen in many test welds [1]. Therefore it may be well judged that used vessel
material AISI 316L(N)-IG ITER steel grade could be susceptible to hot cracking,
if other conditions favoring hot cracking, e.g. increased section thickness and rigid-
ity of structure to be welded, primary austenitic weld solidification, etc. are present
[2–5]. Stem from above mentioned observations, a hot cracking study was con-
ducted. The purpose of the study was to develop a test set-up for studying hot
cracking in multi pass laser hybrid welding of thick section austenitic stainless
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steel and then use this set-up for evaluation of hot cracking susceptibility of welds
produced into the special customized heat AISI 316L(N)-IG ITER-grade by using
certain reference filler wire material (THERMANIT 19/15). The concept of the test
set-up was to use a straight forward approach in designing: It was built a very rigid
clamping table together with fastening system and a test piece-design which is very
rigid itself and produces self restraint.

Experimental Procedures

Materials

Parent material used in the experiments was a specially customized heat AISI
316L(N)-IG ITER-grade austenitic stainless steel. Concerning chemical composi-
tion of the ITER-grade stainless steel, it is specified to be inside certain limits and it
is known as a nominal chemical composition, Table 1. Filler wire used in the exper-
iments was an austenitic stainless steel wire THERMANIT 19/15 with a diameter
of 1.2 mm. Regarding the test materials used in this experiments both parent and
filler material is from the known heat and known chemical composition according
to EN 10204-3.1. The exact chemical compositions of the materials are shown in
Table 2.

Initial Assessment of Weldability for Parent and Filler Material

Various constitutional diagrams have been developed in order to evaluate a weld-
ability of stainless steels [7–11]. For example, the use of those diagrams could help

Table 1 Nominal chemical
composition (wt-%) of AISI
316L(N)-IG stainless
steel. [6]

Element Min Max

C 0.015 0.030
Mn 1.6 2.0
Si – 0.50
P – 0.025
S 0.005 0.01
Cr 17.0 18.0
Ni 12.0 12.5
Mo 2.30 2.70
Tia – 0.15
Ta – 0.01
Nb – 0.01
Cu – 0.3
B – 0.0020
Co – 0.05
N 0.060 0.080

aNb+Ta+Ti < 0.15 wt%
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Table 2 Exact chemical
composition (wt-%) of the
parent material AISI
316L(N)-IG and filler wire
material THERMANIT 19/15
according to EN 10204-3.1

Element AISI 316L(N)-IG THERMANIT 19/15

C 0.025 0.015
Mn 1.7 7.32
Si 0.36 0.46
P 0.021 0.013
S 0.0001 0.005
Cr 17.6 20.18
Ni 12.2 15.08
Mo 2.41 2.79
Ti 0.005 –
Ta 0.003 –
Nb 0.005 –
Cu 0.1 0.095
B 0.0004 –
Co 0.03 0.016
N 0.067 0.187

to predict as-welded microstructure and avoid unfavorable parent material or filler
material compositions which could lead e.g. to solidification mode or microstruc-
ture favoring hot cracking. The diagrams are based on chromium (Creq) and nickel
(Nieq) equivalents and their ratio (Creq/Nieq) which can be calculated when a chem-
ical composition of parent material and filler material is available. In the case of
conventional arc welding where solidification rate is slow, it is found that if the
ratio of chromium and nickel equivalent (Creq/Nieq) in weld metal is below a cer-
tain level, e.g. 1.5, the susceptibility for solidification cracking is much higher than
in welds where chromium and nickel equivalent ratio is above 1.5. The critical ratio
is depending on the solidification rate such that at the higher solidification rates the
critical ratio is slightly increased (Creq/Nieq ~1.7). This is observed to be case e.g. in
laser or electron beam welding. The impurities, especially sulphur and phosphorus
also play a role in the susceptibility of hot cracking. If the impurity content is very
low, below 0.01%, the susceptibility is much decreased [12–18].

The hot cracking susceptibility is also dependent on the level of strains affected
by the rigidity of the structure. If the structure is thick and very rigid, stresses
induced by welding heat in-put, are less likely become relieved by deformation of
the structure. If deformations are hindered, strains could become stronger and more
concentrated in the welding zone. In above case the strains causing hot cracking
develop much easier [2, 3]. Furthermore, it is commonly recognized that in appli-
cations, where fully austenitic stainless steel welds are in certain specific reason
required (e.g. anti-magnetic requirements etc.), hot cracking in weld metals could
cause remarkable problems.

For the above reasons the ordinary austenitic stainless steel composition is often
balanced such that usually ordinary AISI 316L or AISI 316LN composition is on
the safe composition range, i.e. the ratio of chromium and nickel equivalents is over
1.5, which should ensure that solidification is primary ferritic resulting in approx.
5–15% delta ferrite in the weld metal at room temperature. This has been observed
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to prohibit hot cracking. Another import factor for hot cracking prevention is
reduction of impurity content (S+P); for safety reason it is usually limited to
0.03 . . . 0.04%.

Initial requirement governed by the ITER-application was a fully austenitic
microstructure for the base and weld metal. Therefore it was anticipated that
there could be a risk for weld solidification cracking. Consequently, initial assess-
ments of weldability were made using chromium and nickel equivalents. The
ratio of chromium and nickel equivalents in used vacuum vessel material ITER
grade austenitic stainless steel AISI 316L(N)-IG was calculated according to nom-
inal chemical composition and for five different chromium and nickel equivalent
equations, Tables 1 and 3.

Calculations revealed that depending on the variation of the element con-
tents, Creq/Nieq -ratio is in the range of 1.15–1.68. This indicates potential risk
of hot cracking, especially when Creq/Nieq –ratio remains lower than 1.5. The
resulting regions defined by points of calculations are plotted in xy-coordinate
which is featured in Fig. 1. Depending on obtained heat, marked areas in Fig. 1
gives an idea, how much the range of Creq – and Nieq –ratios can vary in AISI
316L(N)-ITER grade within the permissible composition range (according the
Table 1).

Furthermore, chromium and nickel equivalents according to exact chemical com-
positions (Table 2) for both parent material and filler material were calculated. In
that case, only Hammar & Svensson diagram was decided to use, because it will
best correlate weld solidification conditions [19].

It can be seen from the diagram in Fig. 2, that produced weld metal will follow the
segment line starting from point 1.5 and moving along the segment line towards to
point 1.2 depending on dilution ratio. Consequently, produced weld metal will have
even smaller Creq/Nieq-ratio than 1.5, because of used filler material. For example,
if dilution rate of 40% is assumed, weld metal will have a Creq/Nieq-ratio of 1.3,
which means possible risk of hot cracking tendency.

Table 3 Chromium and nickel equivalents provided by different authors [7–11]

Author / name of
diagram Chromium equivalent (Creq) Nickel equivalent (Nieq)

Schaeffler Creq = Cr + Mo + 1.5·Si + 0.5·Nb Nieq = Ni + 0.5·Mn + 30·C
DeLong Creq = Cr + Mo + 1.5·Si + 0.5·Nb Nieq = Ni + 0,5·Mn + 30·C + 30·N
Hull Creq = Cr + 1.21·Mo + 0.48·Si +

0.14·Nb + 2.20·Ti + 0.72·W +
0.21·Ta + 2.27·V + 2.48·Al

Nieq = Ni + [0.11·Mn
– (0.0086·Mn2)] + 24.5·C +
18.4·N + 0.44·Cu + 0.41·Co

Hammar &
Svensson

Creq = Cr + 1.37·Mo + 1.5·Si +
2·Nb + 3·Ti

Nieq = Ni + 0.31·Mn + 22·C +
14.2·N + Cu

WRC-1992 (by
Kotecki & Sievert)

Creq = Cr + Mo + 0.7·Nb Nieq = Ni + 35·C + 20·N +
0.25·Cu
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Fig. 1 Chromium (Creq) and
nickel (Nieq) equivalents of
ITER grade austenitic
stainless steel AISI
316L(N)-IG was calculated
according to nominal
compositions and five
different equations.
Equivalent regions are
coordinated as a chart

Fig. 2 Creq and Nieq values
of parent (AISI 316LN-IG)
and filler material (Thermanit
19/15) placed in Hammar &
Svensson diagram
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Hot Cracking Test Set-Up: Rigid Clamping Table and Test
Piece Design

Test set-up was decided to be designed and built in order to evaluate hot cracking
susceptibility of ITER-grade heat AISI 316 L(N)-IG austenitic stainless steel when
it is being narrow gap multi pass laser hybrid welded under very rigid conditions.

A very rigid clamping system was designed and built in order to emulate rigid
welding conditions and strains which can occur in massive components assembly
welding. The test system consists of rigid 170 mm thick table and clamping sys-
tem for that. In clamping system, the total of 6 pieces of Ø 30 mm diameter high
strength bolts together with 40 mm thick holder blocks was used to minimize angu-
lar distortions caused by welding heat. Each bolt was tightened into the moment of
1,500 Nm with using dial torque wrench. That equals approx. a 300 kN compression
per bolt.

Test Pieces

The test piece used was planned to be rigid as it self and to simulate the rigid-
ity of assembly welds. The tested material was AISI 316 L(N)-IG ITER Grade
austenitic stainless steel with original thickness of 60 mm. Test piece consisted
of two 400 mm × 150 mm plates with thickness of 60 mm. Those 60 mm thick
halves were machined in order to posses following features when combined together
(Fig. 3): Both ends have close square preparation at the length of 60 mm. The joint
thickness, which is intended to be filled using multi pass welds, is 20 mm. The
length of the welded joint is 250 mm and the joint has a root gap of 1.2 mm.

As can be seen in section A-A and C-C in Fig. 3, the 20 mm thick joint to be
welded is captured near to half way at the whole 60 mm thickness of the test piece.
A rectangular cavity for a root of the weld is prepared to be 30 mm× 10 mm. Below
the root cavity is a 20 mm thick close square preparation along the whole length of
the test piece (400 mm).

After machining of necessary groove geometries, two halves were put together
and sealed with using electron beam welding at the sections where close square
preparations were prepared, Fig. 4. The aim of above mentioned procedure was to
prohibit transverse shrinkage and angular distortions and in that way to produce
strains which are correspondent to those which can occur in massive components
assembly welding.

Two kinds of 20 mm thick groove geometries were used in hot cracking tests. The
groove geometries are shown in Fig. 5. The basic idea was to use wider (Fig. 5a)
and narrower (Fig. 5b) groove configurations, in order to get two different multi
pass weld shapes together with different depth to width ratios of produced multi
pass welds.
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Fig. 3 Test piece used in hot cracking tests

Welding Equipment

Welding experiments were performed by using a combination of Nd:YAG-laser pro-
cess and MIG-process. The laser used in hybrid process was HAAS-LASER GmbH
model HL 3006 D with Ø 0.6 mm optical fiber beam delivery system, Fig. 6. The
laser has a maximum output power of 3 kW at the surface of a work piece. The full
power of 3 kW was used in all experiments. Used lens focusing optic gives a 200 mm
focal length, 6.12 degree focusing angle and can provide a spot diameter of 0.6 mm
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Sealed with EB-welding

Fig. 4 Test piece used in hot
cracking tests. Two machined
halves are put together and
sealed using electron beam
welding into the one test
piece

a)

b)

a)

b)

Fig. 5 Two different groove
geometries were used in hot
cracking tests

in the focal point. The laser system enables a beam parameter product of 25 mmm-
rad. GMAW machine used in the hybrid welding was KEMPPI Pro 5200 equipped
with ProMIG 501 unit, Fig. 7. KUKA KR 15 robot was used in order to execute
required welding movements. Self tailored hybrid welding head was mounted in the
wrist flange of KUKA-robot, Fig. 7.
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Fig. 6 3 kW Nd:YAG-laser used in the experiments

Fig. 7 Welding equipment used in the experiments. Left: Kemppi Pro MIG-welding machine,
right: Hybrid welding head mounted in KUKA KR 15 robot

Hot Cracking Test Program

As described earlier, two different groove configurations were decided to use such
a way that three identical test pieces for both groove geometries were prepared.
Consequently, we had two test series with three identical hot cracking welding test
repetitions in each series. Test pieces with wider groove geometry, Fig. 5a, belonged
to the series A and test pieces with narrow groove geometry, Fig. 5b, belonged to
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the series B. With using preliminary welding tests proper welding parameters were
searched for both groove geometries. Constant welding parameters used in both
series are presented in Table 4. As the same parameters in welding of root passes
could be used in both series, there were different welding parameters regarding to
the welding of filling passes between series A and B, Table 5. That is because filler
wire feeding rate, welding speed and focal position needs to be adjusted according
to different groove volumes used in test series A and B. Inside the test series, the
same parameters were used for welding of each three identical test pieces.

The lay-out of the experimental set-up is shown in Fig. 8.
Before welding experiments, test piece was clamped to the rigid table as

described earlier in this study. Welding experiments were executed in such a way
that a keyhole mode hybrid welding was first used in welding of root pass (Fig. 9a)
and after that a required amount of filling passes (4. . .6 passes) were produced with
conduction limited hybrid welding. In conduction limited hybrid method, a power
density of an Nd:YAG- laser beam spot was purposely dispersed by using strong
defocusing (Fig. 9b). Using the above procedure, the welding process can be brought

Table 4 Constant welding parameters

The constant parameters

Laser power 3 kW
Focal length 200 mm
Horizontal distance between the laser focal point and filler wire

feeding point
2 mm

Diameter of filler wire 1.2 mm
Stick out (electrode extension) 17 mm
Orientation and the angle of arc torch leading, 55◦
Shielding gas (MISON He30= Ar+30%He+0,03NO) and flow rate:

– Via arc torch’s nozzle
– Via extra nozzle

20 l/min
20 l/min

Table 5 Welding parameters of root and filling passes for series A and B

Welding parameters for the root pass

Filler wire feeding rate 9.5 m/min (28.8 V / 232 A)
Focal point position ±0 mm (spot sizeØ0.6 mm)
Welding speed 1.3 m/min

Welding parameters for the filling passes

Wider groove geometry,
Fig. 6a

Series A

Narrow groove geometry,
Fig. 6b

Series B
Filler wire feeding rate 9.0. . .9.5 m/min (29. . .30 V /

205. . .260 A)
9.0. . .11 m/min

(28. . .31 V / 220. . .295 A)
Focal point position +50 mm (spot size Ø 5.9 mm) +30. . .+40 mm (spot size Ø

3.8. . .4.9 mm)
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Fig. 8 Left: The lay-out of the experimental set-up. Right: Close-up from the hybrid welding head
configuration

a) b)

Fig. 9 Set-up used in hybrid welding: (a) key-hole mode in welding of root pass and (b)
conduction limited mode in welding of filling passes

inside the conduction limited regime. In addition, a molten filler metal was syner-
gistically added into the laser induced melt pool via a metal inert arc (MIG, Ar +
He shielding) welding process. By doing so, a considerable wide melt zones can be
produced, which gave a possibility to fill groove gaps which are impossible to fill
with using keyhole hybrid welding alone.

After welding, test-pieces were allowed to cool room temperature before clamp-
ing was released. Next, test welds were examined by X-ray radiography. After that,
test welds were sectioned for macro- and micro graphical preparation. Evaluations
of the welds were done by the visual inspection from welded test pieces and from
the macro- and micro graphical cross-sections of the welds and from the X-ray
radiographs as well.
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In order to get reference data from the decreasing groove cross-section and vol-
ume, measuring tasks were carefully performed between welding of each pass.
Amount of occurred transverse shrinkage was determined measuring the width of
welded test piece perpendicular to weld joint using a calibre rule. In addition, the
closure of gap opening was separately measured at the surface of the test piece using
a calibre rule.

Finally, measurements and macrographs from the test welds together with chem-
ical analysis of base and filler material were combined as the rate of dilution was
determined by calculations. In order to get some reference to dilution calculations,
electron probe micro analysis (spot size 500 μm and sampling time 30 s) were
selectively performed from the weld cross-sections as well.

Results and Discussion

The scope of the study did not include strain measurement during testing. However,
results of welding tests showed that the developed test set-up can produce critical
conditions to promote hot cracking in produced test welds.

Observations of Hot Cracking Tendency

Multi pass technique was used in hot cracking welding tests. In test welds of series
A (wider groove), a total of 5 passes were needed to fill the groove, whereas in test
series B (narrow groove), 7 passes were needed. During the welding experiments,
great attention was paid to the visual inspection of the surface of the intermedi-
ate passes. The surface of each individual pass was visually inspected before the
welding of consequent pass started. The observations from the visual inspections
clearly showed that hot cracking, which opened to the surface of the weld pass,
did occur. Hot cracking observations concerning individual passes in both series are
summarized in Tables 6 and 7.

In test series A, hot cracking occurred only in one test piece of all three: in weld-
ing of the first filling pass of multi pass weld H3. In test series B, hot cracking
occurred in every test piece. In those test pieces, hot cracking was occurred in

Table 6 Hot cracking observations after completion of individual passes: test series A

Occurrence of hot cracking

Test series A Weld H1 Weld H2 Weld H3

Root pass No No No
1st filling pass No No Yes
2nd filling pass No No No
3rd filling pass No No No
4th filling pass No No No
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Table 7 Hot cracking observations after completion of individual passes: test series B

Occurrence of hot cracking

Test series B Weld H4 Weld H5 Weld H6

Root pass No No No
1st filling pass No Yes Yes
2nd filling pass Yes Yes Yes
3rd filling pass Yes Yes No
4th filling pass No No No
5th filling pass No No No
6th filling pass No No No

the first, second and third filling passes, whereas in root passes no cracking was
observed to occur. It was also found that all cracking occurred in welds which were
situated 2/3 of plate thickness from the bottom.

It turned out when completed weld cross-sections were observed that cracks
found earlier from the surface of the individual passes seemed to be “healed” by

H1 H2 H3

Fig. 10 Welds from the test series A: Weld H1, Weld H2 and Weld H3

H4 H5 H6

Fig. 11 Welds from the test series B: Weld H4, Weld H5 and Weld H6
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re-melting of following overlapping passes. This can be noticed from the macro-
graphs of the weld cross-sections of test series A (weld H1, H2 and H3) and
test series B (weld H4, H5 and H6) which are presented in Figs. 10 and 11,
respectively.

Effect of Weld Bead Geometry

In both test series A and B, cross-sectional weld bead geometries were measured
from the macrographs, especially depth and width of each individual pass (Tables 8
and 9). In addition, depth to width ratios was calculated and those ratio-values were
compared to hot cracking tendency.

According to results, narrow groove configuration used in series B tended to
cause more hot cracking than wider groove configuration used in series A. However,
in root passes hot cracking was not emerged, although they had a large depth to
width ratios (D/W~1.29. . .3.04). In general, depth to width ratio (D/W) of 1 seems
to be often a near threshold value concerning the occurrence of hot cracking in filling
passes. In multi pass welds H1 and H2, where depth to width ratios of filling passes
stayed between 0.5. . . 0.84, no cracking was observed.

Table 8 Cross-sectional
weld bead geometry
(depth/width) in test series A

Test series A

Weld H1 D (mm) W (mm) D/W
Root pass 6.4 2.7 2.37
1st filling pass 7.3 8.8 0.83
2nd filling pass 7.6 9.1 0.84
3rd filling pass 6.5 10.5 0.62
4th filling pass 7.0 10.5 0.67

Weld H2 D (mm) W (mm) D/W
Root pass 5.8 3.2 1.81
1st filling pass 7.0 8.5 0.82
2nd filling pass 6.3 8.5 0.74
3rd filling pass 6.5 9.5 0.68
4th filling pass 6.5 13.0 0.50

Weld H3 D (mm) W (mm) D/W
Root pass 7.0 3.3 3.04
1st filling pass 8.0 8.3 0.96
2nd filling pass 7.5 8.0 0.94
3rd filling pass 6.9 9.5 0.73
4th filling pass 5.8 12.9 0.45

Note: grey color donates occurred hot cracking
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Table 9 Cross-sectional
weld bead geometry
(D = Depth/W =Width) in
test series B

Test series B

Weld H4 D (mm) W (mm) D/W
Root pass 5.0 3.6 1.39
1st filling pass 5.4 5.6 0.96
2nd filling pass 4.5 6.3 0.71
3rd filling pass 4.8 6.6 0.73
4th filling pass 4.5 6.3 0.71
5th filling pass 4.6 5.9 0.78
6th filling pass 5.6 8.8 0.64

Weld H5 D (mm) W (mm) D/W
Root pass 5.5 3.2 1.72
1st filling pass 6.0 5.1 1.18
2nd filling pass 5.5 5.1 1.08
3rd filling pass 5.8 5.5 1.05
4th filling pass 5.9 5.5 1.07
5th filling pass 5.5 5.9 0.93
6th filling pass 5.5 9.1 0.60

Weld H6 D (mm) W (mm) D/W
Root pass 5.7 4.0 1.43
1st filling pass 5.1 5.6 0.91
2nd filling pass 5.8 5.4 1.07
3rd filling pass 5.5 5.1 1.08
4th filling pass 4.3 5.4 0.80
5th filling pass 3.8 5.4 0.70
6th filling pass 4.2 8.3 0.51

Note: grey color denotes occurred hot cracking

Weld Microstructure and Appearance of Hot Cracking

As mentioned earlier, visual evaluation after welding of each filling pass revealed
that hot cracks occurred centered at along the weld length and opened to the surface
of the weld. In Fig. 12a, it is shown an example from the test series B, where the part
of the joint was purposely left without upper filling passes in order to authenticate
the presence of hot cracking in that case occurring in the first filling pass. In Fig. 12b,
it is shown the top view from the Fig. 12a, which reveals hot cracking opened to the
surface of the first filling pass.

From the micro graphs presented in Fig. 13, it can be seen magnifications
(450×) taken from the same cross-section as shown in Fig. 13a. Micro graphs
show the upper and lower part of the hot crack propagated in the fully austenitic
microstructure.

It seems that during the multi pass welding of this study, the following filling
pass has been overlapped into the previous pass such much that molten metal has
“healed” the hot crack underneath. Evaluations from the X-ray radiography and the
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a) b)

1mm

1mm

Fig. 12 (a) Macro
cross-section showing hot
cracking propagated into the
surface of the first filling pass
(magnification 4×). (b) The
top view from the Fig. 12a
showing hot cracking along
the weld length
(magnification 5,3×)

Fig. 13 Micro graphs taken from the same cross-section as shown in Fig. 12a. Micro graphs show
the upper (graph on the left) and lower part (graph on the right) of the hot crack in the fully
austenitic microstructure. Magnification 450×

cross-sectional macro graphs (Figs. 10 and 11) of the welds support “healing” obser-
vation. Anyhow, in general this healing- effect will not be always 100% certain,
which must have taken into considerations in production welds of real applications.

Weld which is a product of primary austenite solidification mode has very
distinctive microstructural morphology when viewed metallo-graphically. Above
mentioned are e.g. cited in references 19–21. Based on metallographic examination
primary austenite solidification can be defined in all test welds of series A (welds:
H1, H2 and H3) and B (welds: H4, H5 and H6). There is couple of micro graph
example shown from the both series A and B. In Fig. 14a, b it is shown weld metal
structures from the intermediate passes of test weld H3 and H4, respectively. Both
weld metals have solidified in primary austenite solidification mode. Fully austenitic
microstructure of weld metal is presented in Fig. 14a, b.
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a) b)

Fig. 14 Micro graphs showing fully austenitic microstructure of weld metal in (a) test weld H3 and
(b) H4. Both weld metals have solidified in primary austenite solidification mode. Magnification
230×

Assessment of Rate of Dilution

From the both test series one test weld was selected for the assessment of rate of
dilution: Multi pass weld H1 from the test series A and multi pass weld H5 from
the test series B. In order to assess the rate of dilution, following procedure was
used: Cross-sectional macrographs of weld H1 and H5 are digitally exported to
CAD-software and further converted into CAD-image. The borderlines of groove
geometries with known reduction adjustments which are due to transverse shrink-
age were super positioned with the weld cross-section into the same image. By using
CAD-software’s image processing capabilities, individual proportions of each weld
pass, melted base- and filler material in terms of cross-sectional area were deter-
mined. Finally, rate of dilution in each pass was calculated with using proportions
of determined cross-sectional area together with the chemical element’s proportions
taken from the specifications which show the exact chemical compositions of the
base and filler material (Table 2). Since dilution rates were known, chromium and
nickel equivalent values were additionally calculated using equations presented in
Table 3. Summary of both the rate of dilution and chromium and nickel equiva-
lent calculations (Hammar & Svensson) for the multi pass welds H5 and H1 are
presented in Tables 10 and 11.

Dilution in root pass of weld H1 and H5 was determined by calculations to be
63% and 60%, respectively. What comes to filling passes, dilution rates concerning
base material are in weld H1 between 6 and 31% (average value 16%) and in weld
H5 between 8 and 17.5% (average value 13.25%). Results reveal that each filling
pass was some extent diluted by previous passes which naturally contain proportion
of elements from the base material. Larger dilutions in root pass results from the
narrow square preparation (width ~1 mm) in root face, as groove volume remains
very low and much of filler material is not needed.

In order to get some reference to dilution calculations, electron probe micro anal-
ysis (EPMA) were performed from the weld cross-sections of welds H1 and H5.
EPMA measurements give information about desired element content in weight-%.
Electron probe micro analyses were carried out with using a spot size of 500 μm
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Table 10 The results of dilution- and Cr/Ni-equivalent calculations concerning multi pass
weld H5

Multi pass weld: H5
Pass no.

Proportions of dilution (%) Hammar & Svensson equivalents

Base mat. Filler mat. Previous pass Cr-eq Ni-eq Cr/Ni-eq

Root passa 60 40 – 22.48 16.77 1.34
1st filling passb 16.5 44.5 39a 23.30 17.99 1.30
2nd filling passc 13.5 51 35.5b 23.78 18.75 1.27
3rd filling passd 8 41 51c 23.97 19.08 1.26
4th filling passe 11 44 37d + 8c 23.99 19.13 1.25
5th filling passf 17.5 54.3 28.2e 23.92 18.99 1.26
6th filling pass 13 47.9 39.1f 23.97 19.06 1.26

For example: 4th filling pass = base material 11% + Filler material 44% + 3rd filling pass 37% + 
2nd filling pass 8% = 100%

Table 11 The results of dilution- and Cr/Ni-equivalent calculations concerning multi pass 
weld H1

Multi pass weld: H1
Pass no.

Proportions of dilution (%) Hammar & Svensson equivalents

Base mat. Filler mat. Previous pass Cr-eq Ni-eq Cr/Ni-eq

Root passa 63 37 – 22.41 16.58 1.35
1st filling passb 31 49 20a 23.27 17.77 1.31
2nd filling passc 12 46 41b +1a 23.68 18.58 1.28
3rd filling passd 15 47 38c 23.83 18.81 1.27
4th filling pass 6 47 45d + 2c 24.07 19.29 1.25

and sampling time of 30 s. Each pass in both H1 and H5 test weld was analyzed and
further two measurements were made for the base material as well. The points of
locations of analyses are shown in Figs. 15 and 16.

When justifying the confidence of EPMA measurements, following compari-
son was made: The chemical analysis data of the base material AISI 316L(N)-IG

Fig. 15 The points (A. . .F)
showing locations where
electron probe micro analyses
(EPMA) were taken in multi
pass weld H1
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Fig. 16 The points (A. . .H)
showing locations where
electron probe micro analyses
(EPMA) were taken in multi
pass weld H5

according to EN 10204-3.1 (Table 2) was considered as a reference data and that
data was compared to data collected from the base material with separate electron
probe micro analyses (EPMA). EPMA data differed from the given reference data
(EN 10204-3.1) on the range of approx. 2.5–11% depending on the reviewed ele-
ment. That could be considered as a reasonable matching accuracy between those
two independent measurements.

On the other hand, also the results of electron probe micro analysis seemed to
be quite consistent when compared to ones which were achieved by using dilu-
tion calculations. This confirmed that used procedure for the assessment of rate of
dilution can be successfully used. The results including cracking observations and
dilution calculations are in good agreement with the initial data, as it is known
that both parent material and filler wire used, are fully austenitic. The fact that
in test weld H1 and H2 filling passes did not cracked although chromium/nickel-
equivalent ratios were at the same level as H4-H6 could have been related to weld
cross-sectional geometry. Filling passes in weld H1 and H2 are much wider than the
filling passes which were cracked in welds H4-H6 (Tables 8 and 9). When consider-
ing test weld H3, it had cracking in the first filling pass, which had the highest depth
to width ratio (0.96) of all H3 filling passes, Table 8. Narrower filling passes with
large depth to width ratio tended to be more susceptible to hot cracking than the
wider ones.

Effect of Weld Metal Composition

In order to speculate what kind of filler material selection could help to prevent weld
solidification cracking in the studied case, Cr/Ni-equivalent diagram can be used as
a suggestive tool, Fig. 17. In the Fig. 17, the data from the results of dilution- and
Cr/Ni-equivalent calculations concerning multi pass weld H1 and H5 are converted
to Hammar & Svensson diagram.

As it can be seen from the Fig. 17, in the case of filling passes dilution corre-
sponds to Creq/Nieq-ratio values of 1.25. . .1.31 in weld metal, whereas in root pass
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Fig. 17 Cr/Ni-values for
filling passes and root pass of
multi pass weld H1 and H5
are marked in Hammar &
Svensson diagram. Grey and
darkened area shows
boundaries for recommended
filler material and weld metal
composition, respectively

dilution was higher leading to value of 1.35. That is way below compared to risk
value of 1.5. In that respect, hot cracks in test welds approved that risk according to
Creq/Nieq-calculations is for real.

It should be noticed that the used parent material had quite low impurity content.
According to the certificate (see Table 2) phosphorous (P) + sulphurous (S) content
was 0.021 + 0.0001 = 0.0211 wt-% whereas the nominal composition spec (see
Table 1) allows the total of P + S content of 0.035 wt-% as a maximum. As the results
showed that cracking could occur at quite low impurity content (P+S=0,0211 wt%),
therefore it could be danger that hot cracking susceptibility strongly enhances if the
used ITER-grade heat will hold the maximum amount of impurity content allowed
by the nominal composition spec, Table 1.

Selection of Filler Metal to Decrease Cracking Risk

One possibility to overcome cracking risk is a correct filler material choice. In the
case of this study, that is to use more ferritic filler wire material, which will have
e.g. a value of Creq/Nieq-ratio about 1.9. . .2.0 (see Fig. 17). Using this kind of filler
wire and assuming dilution shown in Tables 10 and 11, Creq/Nieq-ratio about 1.75–
1.90 and primary ferrite solidification could be achieved in weld metal. However,
the welded application itself does not necessarily allow 5–15% room temperature
delta ferrite content in weld metal, because of certain requirements or restrictions.
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In the case of this study initial requirement was that microstructure of weld metal
in joints must be fully austenitic, containing as less as possible delta ferrite at room
temperature. It was not fully clear by end-user’s side, is ferrite content allowed in
assembly welds of ITER-applications and furthermore if ferrite is allowed, what is
the maximum allowed content in percent? Thus, it is important to clearly specify
the maximum allowed weld ferrite content. If primary ferrite solidification could be
achieved in produced weld, weld hot cracking susceptibility would be remarkably
reduced compared to situation where a weld is solidified as primary austenitic mode.

Conclusions

In this study the main objective was to find a method for studying hot cracking
susceptibility when a thick section austenitic stainless steel is welded using laser
hybrid welding process (3 kW Nd:YAG-laser + GMAW) and multi pass technique.
The tested parent material was a specially customized heat: AISI 316L(N)-IG ITER-
grade austenitic stainless steel. During this study the test system was first developed
and tested. It consisted of a very rigid clamping system and specially designed
60 mm thick test piece which was planned to be rigid as itself.

Although the test set-up did not include strain measurement during testing,
results of welding tests showed that the developed test set-up can produce critical
conditions to promote hot cracking in produced AISI 316L(N)-IG ITER grade test
welds in multi pass laser-arc hybrid welding. Results showed that in this case the
used combination of the parent/filler material was led to primary austenitic solid-
ification and fully austenitic weld metal microstructure. It was advisable to carry
on welding tests with using filler wire composition which may give primary ferrite
solidification on weld metal and thus leading to diminishing hot cracking suscep-
tibility. Results also confirmed that hot cracking susceptibility of welded base and
filler material combination can be suggestively pre-estimated by applying known
weld metal composition and chromium (Creq) and nickel (Nieq) equivalents.

Within the test series, weld passes did not always have same cracking suscepti-
bility although they possessed the same range of Cr/Ni-equivalent values. This can
be associated to cross-sectional geometry of individual weld pass. Narrower filling
passes with large depth to width ratio tended to be more susceptible to hot cracking
than the wider ones. Above could be found in test series B, where weld passes were
more susceptible to hot cracking than the passes in series A.

As the scope of this study did not include strain measurement during testing,
it has been considered to execute further studies with set-up which include strain
measuring at the near weld zone during the welding.
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Abstract 

This study introduces an experimental work carried out in multi-pass laser welding with cold filler wire and laser-arc hybrid welding 
of thick section austenitic stainless steel. As it has been demonstrated earlier, hybrid and cold wire welding with a keyhole-mode 
can offer very efficient way to produce multi-pass welds in narrow gap thick section joints. However, when multi-pass welding is 
applied to one pass per layer method without e.g. scanning or defocusing, the used groove width needs to be very narrow in order 
to ensure the proper melting of groove side walls and thus to avoid lack of fusion/cold-run defects. As a consequence of the narrow 
groove, particularly in thick section joints, the accessibility of an arc torch or a wire nozzle into the very bottom of a groove in root 
pass welding can be considerably restricted. In an alternative approach described in this paper, a power density of a laser beam spot 
was purposely dispersed by using a defocusing technique. In groove filling experiments, a power density of defocused laser beam 
was kept in the range, which led the welding process towards to conduction limited regime and thus enabled to achieve broader 
weld cross-sections. The object was to study the feasibility of defocusing as a way to fill and bridge wider groove geometries than 
what can be welded with focused keyhole-mode welding with filler addition. The paper covers the results of multi-pass welding of 
up to 60 mm thick joints with single side preparations. 
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1. Introduction

Laser welding is generally considered as a high energy density welding process, in which an ability to use a keyhole
welding is exploited. In order to bring e.g. a steel alloy locally in the vapour phase for keyhole welding, the power 
density of laser beam at the surface of the work piece must be risen to the magnitude of 106 W/cm2 or greater. This 
keyhole laser welding mode is also normally applied in hybrid or cold wire welding process, which results to a narrow, 
pinhead looking weld bead, where typical keyhole weld features like high depth/width ratio can be detected. It has 
been demonstrated in the previous studies of e.g. Arata et al. (1986), Jokinen et al. (2003), Rethmeier et al. (2009), 
Phaoniam et al. (2013) and Zhang (2013), that hybrid or cold/hot wire welding with keyhole mode can offer a very 
efficient way to produce multi-pass welds in very narrow gap thick section joints. In the alternative approach described 
in this paper, the used groove configurations (especially width of the groove gaps) were resembled like those used in 
conventional narrow gap arc welding processes (e.g. NG-TIG). One driving force for testing wider groove geometries 
was targeting to improve especially the accessibility and clearance of an arc torch or a wire nozzle in the case of root 
pass and lower passes welding of thick joints (~ 60mm). When the successful groove filling in above mentioned 
groove configurations is aimed, a keyhole mode welding alone cannot be used in filling runs, because gap widths are 
too wide to be bridged. Under the circumstances, a laser part (in terms of power density of the beam at the work piece) 
as well as filler wire feeding rate and welding speed has to be tuned in hybrid or cold wire process such that much 
wider weld beads can be produced. Therefore, it was decided to disperse a power density of a laser beam spot 
purposely by using defocusing and in that way bring the welding process towards or inside the conduction limited 
regime. 

Nomenclature 

NG-TIG  narrow gap – tungsten inert gas 
PL  laser power  
F focal point position 
vw welding speed 
vf filler wire feeding speed 
MIG metal inert gas 
LF lack of fusion 

2. Experimental

2.1. Materials and test specimens 

Base materials used in the experiments were austenitic stainless steel alloys with the different plate thickness 
between 10mm and 60mm as follows: AlloyX, PL=10mm, AISI 316L-A, PL=20mm, AISI316L-B, PL=60mm. Test 
specimens for the welding tests were rectangular pieces of 150 mm in width and 300 mm in length. Required groove 
geometries were made using machining and joints are prepared with tack welds in both ends and at the middle in order 
to achieve demanded joint configuration. Filler materials used were diam. Ø 1.0 mm ESAB OK Autrod 316LSi and 
diam. Ø 0.8 mm ESAB OK Autrod 308LSi stainless steel filler wires. The exact chemical compositions of the base 
and filler materials are given in Table 1. 
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Table 1. Chemical compositions of the used base and filler materials. 

Element weight-% C Si Mn P S Cr Ni Mo N Cu Ti+Ta 

Alloy X 0.026 0.30 1.49 0.030 0.001 22.0 5.8 3.09 - 0.16 < 0.01 

AISI 316L-A 0.024 0.37 1.70 0.020 0.0002 17.6 12.3 2.43 0.07 0.01 < 0.01 

AISI 316L-B 0.025 0.36 1.70 0.021 0.0001 17.6 12.2 2.41 0.07 0.01 < 0.01 

Autrod 316LSi 0.020 0.80 1.80 0.018 0.011 18.4 12.2 2.50 0.06 0.09 - 

Autrod 308LSi 0.020 0.90 1.00 0.020 0.010 19.7 10.7 0.04 - 0.03 - 

2.2. Welding equipment 

Welding experiments were performed by using a combination of Nd:YAG laser and GMAW/cold wire-process. 
The laser used in trials was HAAS-LASER GmbH model HL 3006 D with Ø 0.6 mm optical fiber beam delivery 
system. The laser has a maximum output power of 3 kW at the surface of a work piece. The full power of 3 kW was 
used in all experiments. Used lens focusing optic gives a 200 mm focal length, 6.12 degree focusing angle and can 
provide a spot diameter of 0.6 mm in the focal point. The laser system enables a beam parameter product of 25 
mm*mrad. GMAW machine used in the hybrid and cold wire purpose was KEMPPI Pro 5200 equipped with ProMIG 
501 unit. KUKA KR 15 robot was used in order to execute required welding movements. Self-tailored hybrid welding 
head was mounted in the wrist flange of KUKA-robot, Figure 1. 

Fig. 1. Welding set-up showing general arrangement used in the welding experiment. 

2.3. Experimental procedure 

In order to get basic knowledge how different set of defocusing values affect  the cross-section of the produced 
weld bead, welding experiments were started with preliminary bead-on-plate defocusing tests. This gave a suggestive 
guideline which was then applied in the further welding experiments, where gap filling of different groove widths was 
studied.  

Groove gap filling experiments were executed in such a way that austenitic stainless steel test pieces with different 
plate thickness (10-60 mm) and groove gap openings were welded in the flat position and with utilizing laser-arc 
hybrid welding and also partly laser welding with cold filler wire.  Evaluations of test welds were made using visual 
inspection and a light microscopy as well. Selected test welds were cut transversally into the specimens for 
metallographic preparation. During the preparation, the specimens were ground, polished and electrolytically etched 
(10% aqueous oxalic acid, 30V/2A/40s) in order to reveal macro- and microscopic weld cross-sectional appearances. 
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3. Results and discussion

3.1. Bead-on-plate defocusing tests 

Bead-on-plate experiments give informative guideline how the use of different beam defocusing values affect the 
mode of heat transfer (keyhole vs. conduction limited) into work piece and the shape of emerging weld cross-section. 
This knowledge is applied to further gap filling experiments in the later chapter. 

The series of bead-on-plate melt runs were carried out using a 3 kW Nd:YAG laser power, a 200 mm focal optic 
and different focal position adjustments. Only the use of positive (F=0…+60) defocusing values which were set above 
the surface of the test piece were considered because the 200 mm focal length was used and it was decided that it will 
be better not to bring welding optic too close to the surface of the test piece and weld pool which would be the case if 
negative defocusing values would be used. In this particular case, above procedure enables multi-pass filling also near 
to root portion of up to 60 mm thick joint and get a welding optic further off from occasional spatters coming from 
the weld pool zone. 

Figure 2 shows the macro cross-sections from the bead-on-plate defocusing trials where series of melt runs were 
autogenously laser welded in 10 mm thick AlloyX austenitic stainless steel plates using 3 kW laser power at the 
welding speed of 0.4 m/min, argon shielding gas and seven different (F=0…+60)  focal position adjustments. 

a) F=±0 b) F=+10 c) F=+20 d) F=+30 e) F=+40 f) F=+50 g) F=+60

Fig. 2. Cross sections of bead on plate melt runs in austenitic stainless steel, autogenously welded with Nd:YAG laser and different focal 
positions. Laser power: 3 kW and welding speed: 0.4 m/min. 

For a plain comparison purposes, the size of beam spot in diameter was assessed by using data geometry of beam 
measurement. Moreover, theoretical power densities for different focal position adjustments were estimated with 
simplified manner where e.g. reflections, scattering and attenuation etc. was omitted. The recap of above-mentioned 
contemplation is presented in Table 2. 

Table 2. Diameters of laser beam spot and theoretical power densities at different focal positions using a 200 mm focal length optic and a 3 kW 

laser power. 
Melt run Focal position [mm] Diameter of beam spot (note 1) [mm] Power density  (note 2) [W/cm2 ] 

a) ± 0 Ø 0.6 ~ 1.06 x 106 

b) + 10 ~ Ø 1.7 ~ 1.32 x 105 

c) + 20 ~ Ø 2.7 ~ 5.24 x 104 

d) + 30 ~ Ø 3.8 ~ 2.65 x 104 

e) + 40 ~ Ø 4.9 ~ 1.59 x 104 

f) + 50 ~ Ø 5.9 ~ 1.10 x 104 

g) + 60 ~ Ø 7.0 ~ 0.78 x 104 

Note 1: In case of a) Ø 0.6 mm spot diameter is the measured value of a focus monitor. Diameter values from b) 
to g) are calculated, approx. values. 

Note 2: Calculated with simplified manner, using a theoretical laser power value of 3 kW (reflections, scattering 
and attenuation is omitted). 
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As the shapes of the weld cross-sections in Figure 2 and the scale of power densities with different focal adjustment 
given in Table 2 are being evaluated, it can be noticed that in the cases of a) and b) power density of laser beam at the 
work piece has been high enough to produce a keyhole-mode. That is corresponding with the theoretical power density 
values of 1.06 x 106 W/cm2 and 1.32 x 105 W/cm2, which are listed in Table 2. Onwards the cross-section c), where  
focal positions of  +20 mm and greater are used, the welding process is starting to turn from keyhole-mode into the 
conduction limited mode, while power density is decreasing at the level, where vaporization of material is not 
sufficient enough to sustain or even produce keyhole vapour channel. Above mentioned can be detected from the 
cross-sectional features starting from the melt run c) and continuing towards the melt run g), as the penetration 
becomes shallower and depth/width ratio decreases. As for examples, the depth/width (d/w) ratio of weld cross-section 
produced using F=0 focusing in case a) is determined to be d/w ~ 4, whereas in the case c) and f) which were strongly 
defocused (F=+20…+50), d/w is ~ 1 and ~ 0.1, respectively.  This tendency of cross sectional weld features is in well 
accordance with the assessment of theoretical power densities which are calculated to be at the magnitude of 106 
W/cm2 in the case a) and 104 W/cm2 in the cases from c) to g), Table 2. In Figure 2e) and onwards, the features of 
weld cross-sections are pronounced looked like produced by conduction limited mode as a protruding peak which can 
be barely noticed at the center of weld bottom in the case e) are faded away in the case f) and g).  

In order to demonstrate the effect of welding synergy when a defocused laser beam welding and a gas metal arc 
process is combined into a laser-arc hybrid process, set of  bead-on-plate trials were executed. Figure 3 presents an 
example of cross-sections of a separate melt runs from plain (3a) Metal Inert Gas (MIG) and (3b) defocused laser 
welding and also when preceding separate process are combined into a (3c) laser-arc hybrid process. 

 

 

a) MIG b) LASER c) HYBRID 

vw = 0.4 m/min; vf = 12 m/min 

U = 22 V ; A = 120 A 

PL = 3 kW ; vw= 0.4 m/min 

F = +40 

Parameter combination of a) + b) 

Fig. 3. Macro cross-sections of bead-on-plate welds produced by a) MIG process alone, b) defocused autogenously laser process and c) combined 

laser-arc hybrid process of a) + b). 

 
In used hybrid process, an arc torch is applied in leading position. As arc is melting the surface of the work piece 

in advance, that could in some extent assist defocused laser beam in terms of advanced beam absorption at the work 
piece and vice versa laser beam can provide a hot spot for enhanced arc ignition. The influence of above mentioned 
synergy effects on the shape of the hybrid weld bead can be seen when cross-sections a), b) and c) in Figure 3 are 
evaluated: Even though a laser beam is strongly defocused, the penetration in the hybrid weld is a bit deeper (MIG 
and laser = 2 mm vs. hybrid = 3.4 mm) and the shape of penetration is more evenly distributed on lateral regions of 
the weld bead than in MIG or laser weld bead. 
 

3.2. Gap filling experiments with 10 mm thick test pieces 

The idea of gap filling experiments with 10 mm test pieces was to demonstrate the parameters needed and the 
ability to fill thicker plates (20 and 60 mm). Therefore the sizes of the tested gap width were chosen to emulate 
corresponding gap widths which will occur in the case of 60 mm thick joint configuration. 

 +    = 
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Experiments started with welding of 10 mm thick test pieces using a keyhole-mode hybrid welding in root pass 
and conduction limited hybrid welding in filling pass. The used set-up of laser–arc/filler wire interactions is presented 
in Figure 4. Base material used in these tests was AlloyX and filler metal was Autrod 308LSi wire in 0.8 mm diameter. 
In this series of conduction limited hybrid welding experiments the main interest was laid on the feasibility to bridge 
and fill grooves with gap widths up to near 11 mm.  The used groove geometries consisted of open joint preparations 
with a 1 mm root gap, a 5 mm root face and different upper square gap opening widths between 6.8 and 10.8 mm, 
Figure 5. 

 

 

a) Set-up for root pass b) Set-up for filling passes 

Fig. 4. Set-up used in welding tests: a) Key-hole mode in welding of root pass and b) Conduction limited mode in welding of filling passes. F 

number (e.g. 0, +10…+60) indicates focal point position. 

 
 
 
 
 
 

 
 
 
 

Fig. 5. The groove geometry used in the experiments with 10 mm thick test pieces. Varied gap widths were between 6.8mm and 10.8 mm. 

 

Once operating inside conduction limited welding regime, the beam spot size should be adjusted with defocusing 
such that the beam spot is a bit smaller than the gap of the groove. By doing so, the access of the beam path down to 
the groove bottom is ensured. On the other hand, to avoid a lack of fusion between the weld bead and the fusion faces, 
the beam spot should not be too small-sized compared to the gap width to be welded, because melting effect towards 
fusion faces could be then remained too low or even non-existent if the heat of the beam will not properly reach the 
side walls of the groove, although an arc melting effect is also present and contributes in hybrid welding.  

The first test weld B2 (Figure 6a) was welded in nearly 7 mm wide gap. In this case a defocusing value of + 40 
mm, which gave a beam spot diameter of ~ 4.9 mm was applied. The macro cross-section (Figure 6a) shows that the 
welding heat has reached the side walls of the groove and also the volume of filler wire feeding respect to the groove 
volume has been sufficient as the filling pass exhibits a bit concave surface.  In test weld B4, where a gap width to be 
bridged was increased to 9 mm, the diameter of beam spot was enlarged by increasing the defocusing value to the 
value of +50 mm, which corresponds roughly a beam spot diameter of ~ 5.9 mm. Welding speed used earlier in the 
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test weld B2, was reduced from 0.5 m/min to 0.3 m/min and the filler wire feeding was tuned a bit higher to 
accommodate the grown groove volume in the case of weld B4. Judging from the macro cross-section of test weld B4 
in Figure 6b, the elevated defocusing value of +50 mm combined with the proper amount of wire feeding and welding 
speed is successfully applied to the groove. As contemplating the test weld B5, it was welded into the groove which 
had 10.8 mm gap width. Welding speed was kept in 0.3 m/min but filler wire feeding was tuned a bit higher to 
accommodate grown groove volume in the case of weld B5. In order to get the fusion faces of wider groove melted, 
the spot size of the beam was enlarged from ~5.9 mm to ~7 mm by enhancing defocusing from value F=+50 mm to  
F=+60 mm. It can be seen from the macro cross-section of Figure 6c that the welding heat has reached the side walls 
of the groove and even gap width of 10.8 mm can be successfully bridged and filled using defocusing technique. 

 

 
a) 

 
b) 

 
c) 

Parameters for filling pass: 

F= +40 mm 
PL = 3 kW ; vw= 0.5 m/min 
vf= 16 m/min → 23.8V/129A 

F= +50 mm  
PL = 3 kW ; vw= 0.3 m/min 
vf= 17 m/min → 25.3V/137A 

F= +60 mm 
PL = 3 kW ; vw= 0.3 m/min 
vf= 18 m/min → 25.9V/142A 

Fig. 6. Macro cross-sections from the defocusing trials applied to laser-arc hybrid welding of different groove gaps. 

 

3.3. Gap filling experiments with 20 mm thick test pieces using multi-pass cold wire and hybrid process 

In the case of laser welding with filler wire, wire is introduced as a solid form into the laser induced weld pool. As 
the wire is entering into the interaction zone of the laser impingement point, a part of laser power is reflected away 
from the wire and a certain part is absorbed into the wire causing wire heating and melting. In addition to above, a 
part of power of laser beam is also consumed to the heating and melting of the base material. As compared laser 
welding with filler wire (cold wire) to laser-arc hybrid welding, melting of filler wire is taken place in a bit different 
way: Before entering into the laser induced weld pool zone, filler wire is already melted by the arc source and it is 
introduced into the weld pool in molten spray of droplet form. That is why the melting efficiency in laser-arc hybrid 
welding is far better than in laser welding with filler wire. 

Some bead-on-plate welding trials on AISI 316L-A plate were carried out in order to get suggestive data what kind 
of the effect different defocusing settings of laser beam has on the melting capacity of filler wire and the emerging 
width of weld bead. In the trials the filler wire was guided through the same GMA-torch which will be used in hybrid 
trials, only a grounding cable shoe was disconnected from the fastening table to enable the use cold wire welding. In 
the above case of laser welding with filler wire, the trials demonstrated the limits for the maximum filler wire feeding 
for five focal position variants. It came evident that as the level of focal position was enhanced, the power density of 
laser beam was decreased and the corresponding maximum wire feeding rate was decreased as well. If maximum wire 
feeding rates were exceeded, melting behaviour started to fluctuate causing spatters and uneven weld surface because 
the melting capability of laser beam was not enough as the limit was reached. The used focal point position variants 
and corresponding maximum wire feeding rates and widths of the produced weld beads are presented in Table 3. 
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Next, it was prepared a couple of 20 mm thick test specimens which had groove geometries with different gap 
width in order to test limits for groove filling capability in case of defocused multi pass cold wire welding. The groove 
geometries and corresponding weld cross-sections can be seen in Figure 7. 
 

Table 3. The results of filler wire melting capability trials concerning laser welding with filler wire. 

 
Focal position 

 [mm] 

Max. filler wire feeding 
rate [m/min] 

Width of melted weld bead 

[mm] 

+ 10 

+ 20 
 

5.5 

3.5 

2.6 

3.3 

+ 30 

+ 40 

+ 50 
 

3.0 

2.5 

2.0 

5.3 

6.3 

7.2 

Laser power: PL = 3 kW; Focal length: FL = 200 mm; Welding speed: vw= 0.3 m/min; Filler 
wire: Autrod 316LSi, Ø 1.0 mm 

 

 

 
 

 
 

a) b) c) d) 

Parameters for root pass: PL=3kW, F=0, vw=0.5 m/min, vf= 1.6 m/min 

Parameters for filling passes (total of 6 filling pass):  
PL=3 kW, F=+10…+20, vw=0.5 m/min, vf= 3.5…5 
m/min 

Parameters for filling passes (total of 16 filling pass):  
PL=3kW, F=+40, vw=0.3 m/min,  vf= 2.5 m/min 

Fig. 7. Groove geometries used in cold filler wire multi pass tests and corresponding weld macro cross-sections. 

As can be judged from the weld macro cross-section of the Figure 7b, the groove geometry with 3…4 mm wide 
gap depicted in Figure 7a was successfully filled when the total of 7 filling passes were needed. Because the welding 
of 60 mm joint thickness range was considered as a final target, this 20 mm part depicted in Figure 7a/b was anticipated 
to deploy for welding of the first 1/3 bottom portion of 60 mm thickness if it will turn out that a hybrid welding torch 
cannot be fitted and deployed near the bottom of the groove portion. Above stems from the fact that in cold wire 
welding up to ~40 mm wire stick-out/electrode extension can be used whereas in hybrid welding wire stick-out needs 
to be less than 20 mm to ascertain fluent arc behaviour. When concerning the welding results of wider groove 
configuration shown in Figure 7c, it came obvious already during the welding that the used groove geometry was far 
too wide in this case for laser welding with cold filler wire. As it can be seen in Figure 7d, a severe lack of fusion 
defects can be noticed all the way on the left side of the fusion face. Lack of fusion is caused from insufficient melting 
of fusion face of the groove. Because of the wide groove, laser beam spot is forced to be widened in order to try to get 
also groove faces melted. A larger beam spot with the focal point position value of F=+40 leads to a decreased power 
density which in side deteriorates the melting capacity when applied in laser welding with cold filler wire. As a 
consequence, groove filling was left poor because low filler wire feeding rate (~2.5 m/min) could be used. A total of 
17 passes had to be made in order to fill whole 20 mm thickness. 
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In defocusing trials with hybrid process, the defocusing value of F=+50 mm was tried at first. The cross-section 
of multi-pass weld in Figure 8b showed that filling of 9…11 mm wide groove geometry (Fig. 8a) was successfully 
carried out with root pass and five filling passes. The following trial was made using ~3 mm wider groove (Fig. 8c) 
compared to the former one: The first three filling passed were made using the defocusing value of F=+50 mm and 
the then continued with F=+60 mm for the last three filling passes.  In this case the groove geometry was too wide to 
be completely melted, Fig. 8d. Using the current laser-arc hybrid set-up, the limit of bridgeable groove width lies 
around the value of 11 mm.  A total of 7 passes (root pass + 6 filling pass) were made in order to fill the whole 20 mm 
thickness. When the results of defocusing trials are compared between the laser cold wire and laser-arc hybrid process, 
it can be judged that when using hybrid welding where filler metal are pre-melted via an arc torch, a much wider 
groove than in laser welding with cold filler wire can be used. 
 

 
 

 

 

a) b) c) d) 

Parameters for root pass: PL=3kW, F=0, vw =1.4 m/min, vf = 12 m/min (29.5V/198A) 

Parameters for filling passes (total of 5 filling 
pass):  

PL=3 kW, F=+50, vw=0.4 m/min, vf= 12.4 m/min 
(~30.4-30.6V/168-184A) 

Parameters for filling passes (total of 6 filling pass):  

PL=3kW, F=+50…+60, vw=0.4 m/min,  vf= 10-15 m/min 
(~32.6-35.8V/166-238A) 

Fig. 8. Groove geometries used in laser-arc hybrid multi-pass tests and corresponding weld macro cross-sections. 

3.4. Gap filling experiments with 60 mm thick test pieces using multi-pass cold wire and hybrid process 

The final welding trials of the defocusing experiments were dedicated to filling tests of 60 mm thick groove 
geometries. The first approach was to use a procedure which deploys laser welding with filler wire for the first ~1/3 
thickness of 60 mm and then continues with using laser-arc hybrid welding to fill the remaining ~2/3 of joint thickness. 
Welding parameters were adopted from the preliminary welding trials described earlier. As narrow gap joint thickness 
grows up to 60 mm, the used bevel angle has to be maintained as small as possible to avoid excessive width of groove 
opening at the surface side of test piece. At first, it was decided to use the groove geometry with both inner bevel 
angle of 2 degrees and upper bevel angle of 4 degrees, Figure 10a. When a narrow gap welding procedure is used, the 
challenge which will come up is how to introduce the filler wire into the very bottom of the groove. In practice, this 
means that a wire feeding nozzle or an arc torch has to be extremely narrow in order to fit near the bottom of the 
narrow groove. Especially, when the arc-source is used, electrode extension length has to be kept less than 20 mm 
(Figure 9b) in order to maintain smooth molten metal transition and robust welding process. That is why at the first 
trial, it was decided to use cold wire laser welding without an arc-source in welding of the first 25 mm of the groove 
thickness. In the cold wire method the length of the wire extension from the tip of the wire nozzle was set to 40 mm 
(Figure 9a). When contemplating the cross-sectional macrograph of multi-pass welds B22 and B23 (Figure10b and 
10c), it can be noticed that filling passes have successfully filled the groove and overlapped enough each other. In the 
weld B22, ten cold wire filling passes were first produced using the defocusing value of F=+20, 3.5 m/min wire 
feeding (316LSi wire) and 0.5 m/min welding speed. For the upper groove filling of weld B22, nine laser-arc hybrid 
welded passes were needed. The used defocusing values were F=+30…+50, whereas wire feeding was 13…19.5 

 LF 
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m/min and welding speed 0.6 m/min. A total of 20 passes including the root pass were needed to fill 60 mm thickness. 
In the weld B23, a total of eight cold wire filling passes were first produced using the defocusing value of F=+20…+30, 
3…3.5 m/min wire feeding and 0.35 m/min welding speed. After cold wire passes, six laser-arc hybrid passes were 
made for the rest upper groove region. Eventually, a total of 15 passes including the root pass were needed to fill 
whole 60 mm thickness of the multi-pass weld B23. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 9. a) Configuration for laser welding with cold filler wire in filling of lower 25mm portion. b) Configuration for laser-arc hybrid welding of 

upper 35 mm portion. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

Fig. 10. a) Groove geometry used in gap filling multi-pass tests: both cold wire and laser-arc hybrid method was used as described in Fig. 9. b/c) 

The corresponding weld macro cross-sections of multi-pass weld B22 and B23. d) Micrographs from the weld B23 exhibiting solidification 

cracking propagating in primary austenitic solidified region. 
 
 

During welding, it was noticed that solidification cracking occurred in three laser-arc hybrid filling passes in multi-
pass weld B22. Those cracks were located in the passes which were approximately in the middle of the whole groove 
thickness of 60 mm. Cracking was clearly detected visually as the cracks were propagated to the surface of the pass 
and located longitudinally at the weld centre line. In Figure 11, it can be seen a picture taken from the hot crack before 
the next filling pass was continued. On the other hand, when cross-sectional macrograph of completed multi-pass 

a) b) 

 
  

 

Weld B22 Weld B23 

a) b) c) 

d) 
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weld B22 is observed, hot cracks seem to be healed by re-melting of a consequent overlapping filling pass. When 
microstructures were studied in the test weld B23, it was found also a solidification crack emerging in cold wire 
welded pass: It can be seen that the major portion of the weld microstructure has been solidified in primary ferritic 
mode and the crack path is propagated in the primary austenitic solidified island located at the weld centre line, Figure 
10d. The same sort of cracking observations in fast solidified EB-welds has been also reported by Lippold (1985). 

Fig. 11. Top view from above of narrow gap groove. A hot crack propagated to the surface of the laser arc-hybrid filling pass during the welding 

of multi-pass weld B22. 

As a laser-arc hybrid welding was proved to be a more efficient method in terms of groove filling than a plain laser 
welding with cold wire, it was decided to make couple of trials in which a whole 60 mm deep groove from the root 
up to the capping run was tried to fill using laser-arc hybrid welding. In order to reach the bottom of the groove, a 
special 90 mm long and thin contact nozzle for above trials was prepared. Figure 12a shows the groove geometry used 
for the first hybrid welding trials of 60 mm thick test piece D1. The following range of variable parameters for filling 
passes was used: Focal point position F=+50…+60 mm, welding speed 0.4 m/min, filler wire feeding rate 12…23.5 
m/min (U=25…31.2V/I=166…230V). In weld D1 total of 15 passes were needed. That is 5 passes less than in the 
case of test weld B22. When examining the cross-sectional macrograph of weld D1 in Figure 12b, it can be noticed 
that lack of fusion defects occur on the both side of groove fusion face. In this case groove geometry was too wide to 
be completely melted. To get groove fusion faces properly melted, it is decided to modify a little bit the existing 
groove geometry. In this new groove configuration (Figure 12c), the width of the groove at the very bottom of the 
groove was decreased to the value of 4 mm, enabling a bit narrower groove cross-section at the lower area than used 
in the earlier groove version.  This new improved configuration chosen to be deployed in test piece E2 is practically 
the narrowest possible, which just allows access for the used contact electrode nozzle to the near bottom of the groove. 
Welding parameters were a little bit adjusted from the test weld D1 such a way that welding speed for the filling passes 
was a bit decreased and filler wire feeding rate was adjusted accordingly. In addition, at the each pass the diameter of 
laser beam spot size was tried to adjust according to the concurrent width of the groove by using defocusing of laser 
beam. The following range of variable parameters was used: Focal point position F=+35…+65 mm, welding speed 
0.25…0.35 m/min, filler wire feeding rate 9…15 m/min (U=27…32V / I=177…240V). The macrograph of produced 
multi-pass test weld E2 can be seen in Figure 12d. In multi-pass weld E2, total of 10 passes were needed to fill the 
whole joint thickness of 60 mm. When examining the cross-sectional macrograph of multi-pass weld E2, it can be 
noticed that fusion between the filling passes and the groove edges are complete. This confirms the significance of 
correctly adjusted defocusing and a diameter of laser beam spot size respect to the width of the groove. In the case 
where bevelled Y-shape groove is used, the size of the laser beam spot diameter has to be gradually increased in each 
filling pass. In order to secure the side wall fusion, the diameter of laser beam spot size needs to be adjusted by 
defocusing near the same as the width of the current groove. 
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Fig. 12. a/c) Groove geometries used in the gap filling of entire laser-arc hybrid multi-pass tests, b/d) the corresponding weld macro cross-

sections of multi-pass weld D1 and E2. The white arrows are pointing the lack of fusion defects in weld D1. A total of 15 and 10 laser-arc hybrid 

passes were needed in D1 and E2, respectively. 

4. Conclusions

Series of conduction limited welding tests for austenitic stainless steel joints were carried out using a combination
of 3 kW Nd:YAG laser and MIG/cold wire welding process. In this conduction limited process variation, a size and 
power density of a laser beam spot was purposely dispersed by using a defocusing technique. The experiments 
demonstrated that by using the described defocusing technique and conduction limited hybrid method in welding of 
filling passes even a gap width of near 11 mm can be bridged and filled. In order to avoid lack of fusion defects 
between the filling passes and groove sides, the size of the laser beam spot should be properly set to respect with the 
groove width to be welded. A narrow gap configuration set special requirements to contact/wire feeding nozzle 
because of limited space. Especially, the bottom portion of a deep groove is challenging to reach in the case of an arc. 
In that sense, a laser welding with cold filler wire without an arc in root pass and couple of consequent filling passes 
will enable easier operation in narrow groove because wire stick-out could be risen up to 40 mm. Contrary to laser-
arc hybrid welding wire stick-out should not exceed 20 mm. Results showed that the groove filling efficiency is much 
better when using laser-arc hybrid welding than in laser welding with cold filler wire. Extra heat source of GMAW 
enables wire melting before it enters to the laser induced melt pool. When using laser welding with cold filler wire for 
the first 20-25 mm weld thickness and then laser-arc hybrid welding for the rest upper 35-40 mm thickness, a total of 
15 to 20 passes was needed to complete the 60 mm thick multi-pass weld. As laser-arc hybrid multi-pass welding was 
used alone, it was managed to fill 60 mm thick joint with 10 passes. In metallurgical point of view the combination of 
base and filler material used in the welding experiments was found to be susceptible to weld solidification cracking. 
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The paper introduces the results of mixing and fluid flow studies for full penetration laser-gas metal

arc (GMA) hybrid welding with GMA leading and trailing torch configuration. The material used was

austenitic stainless steel with the thickness of 10 mm. The joint configuration was butt joint without

gap. It was found that the molten pool at the root side is a longer time in the molten state than the pool

at the weld surface. Compared to autogeneous laser welding, the addition of GMA makes the upper

bead wider. This effect is more prominent in the case of GMA trailing compared to the case of GMA

leading. The simulation results also show a similar trend of bead shape change in the case of GMA

leading and trailing configuration compared to the experimental ones. Mixing behavior of filler and

base metal is also evaluated and compared by both experimental studies and simulations. In GMA

leading configuration, the mixing is more pronounced in the upper part of the weld cross section, while

in GMA trailing, the mixing is more efficient in the whole cross section compared to GMA leading

case. Simulation results support this difference in mixing behavior. Laser is the main source that pro-

vides full penetration and forms a molten pool on upper and root surface. The direction of wire feeding

affects the mixing behavior. In GMA leading configuration the wire droplets impinge in front of the

laser beam and in the front edge of the molten pool, whereas in GMA trailing configuration, the wire

droplets impinge behind the laser beam where the molten pool is fully developed. This causes the dif-

ference in mixing. VC 2017 Laser Institute of America. https://doi.org/10.2351/1.5008304

Key words: laser-GMA hybrid welding, element mixing, GMA leading, GMA trailing, volume of

fluid method, full penetration, keyhole, fiber laser

I. INTRODUCTION

Hybrid laser-gas metal arc (GMA) welding combines the

processes of both GMA and laser welding enabling fast weld-

ing speed and deep penetration. The advancement in fiber

laser technology has made it possible to weld thick sections

with a single pass. The processes of laser welding and GMA

welding alone are quite complex multiphysics phenomena,

which make it more complex when they are combined

together. Laser welding in partial and full penetration shows

different characteristics. Addition of GMA in leading or trail-

ing configuration can also affect the flow behavior,which, in

turn, would affect the mixing of GMA wire in the melt pool.

Zhang et al.1,2 studied the metal transfer mechanism for

hybrid welding and they found that plasma has considerable

influence on electrode melting, droplet formation, detach-

ment, impingement onto the work piece, and weld morphol-

ogy. They also studied the effect of laser leading and trailing

configuration on plasma and metal transfer in hybrid welding

for CO2 lasers. They found that laser leading configuration

(i.e., GMA trailing) yields a more stable arc due to increase

in arc conductivity augmented by the laser beam. Zhao et al.3

studied the flow and mixing characteristics of laser leading

and trailing configuration for CO2 laser by experimental

means in full penetration welding with gaps of 0, 0.5, and

1.0 mm. They conclude that the inward flow, i.e., the fluid

flow toward the inside of the keyhole, is important in uniform

mixing. In laser leading case, i.e., GMA trailing mixing is

stronger than in laser trailing, i.e., GMA leading. Wei et al.4

used double GMA sources on both sides of laser, to study the

arc characteristic and metal transfer in double GMA hybrid
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welding. They found that one gas metal arc is active at a time

at lower current and the arcs change to synchronous arcing at

higher currents. Karhu et al.5 studied the filler wire mixing in

laser-GMA and laser-cold wire welding in both laser leading

and laser trailing configurations, using fiber laser. They found

that laser-arc hybrid welding is better in terms of mixing as

compared to laser-cold wire welding, and the near top surface

mixing is higher when compared to lower regions near the

weld root.

Experimental studies are costly and give very little

insight into flow behavior, and therefore, simulation studies

are needed. Modeling of the process involves complex multi-

physics phenomena, which include multiple reflection inside

keyhole, arc heat source, recoil pressure, Marangoni flow,

bubble pressure model, etc. Some studies were carried out

for laser welding, GMA, and hybrid welding with partial

penetration.6–12 Partial penetration welding poses a danger

for porosity in the bottom of the melt pool. This, usually, is

not the case when using full penetration. Numerous studies

are available, which have taken into consideration the full

penetration welding by using fiber laser. Avilov et al.13 per-

formed the full penetration welding of AlMg3 30 mm thick

plate. They proposed the use of inductive support to prevent

the gravity dropout of liquid metal. Bachmann et al.14

performed the numerical and experimental investigation of

inductive weld pool support for AISI 304 steel. They found

the optimal parameters for magnetic field needed to support

the gravity dropout. Zhang et al.15 performed the optimiza-

tion of full penetration laser welding of 12 mm stainless steel

plate. They found that along with welding parameters the

defocusing of laser beam plays an important role in the opti-

mization process. In addition, assist gas application used in

root surface side could improve the process stability and

bead geometry. Zhang et al.9 extended the application of

laser welding model developed by Cho et al.7 to full penetra-

tion welding and they found that the flow in full penetration

welding is periodic in nature and lower surface of molten

pool at the root side may be longer and more unstable than

the upper surface.

In the present work these models are extended to study

and compare the flow and mixing behavior in full penetration

laser-GMA hybrid welding using the GMA leading and

trailing configuration. The results achieved from modeling

are compared with the experimental results. The main pur-

pose of the work was to gain understanding from the melt

flow behavior of laser-GMA hybrid welding with the help of

simulation. Especially, the effect of GMA torch orientation

and its implication on emerging melt flow and weld metal

mixing was in interest.

II. EXPERIMENTAL PROCEDURE

Experiments were performed on austenitic stainless steel

AISI-316L by using a combination of pulsed GMA and

10 kW fiber laser welding. The welding parameters used are

shown in Table I. The composition of filler wire and base

metal had some difference in terms of Cr and Ni concentra-

tion, for providing a sufficient contrast of alloying elements

in the fusion zone. Tables II and III list the composition of

alloying elements in the base and filler metal. Cr and Ni con-

centrations were 17.6% and 12.3% in the base metal, while

in the filler wire, the concentrations were 22.9% and 8.7%,

respectively. A 10 mm thick plate was welded using closed

butt joint as shown in Fig. 1. The properties of the fiber laser

used in the current experiment and simulation are summa-

rized in Table IV.

III. MATHEMATICAL MODELS

A. Full penetration laser welding

The governing equations used for modeling full penetra-

tion laser welding were similar to the ones used in the partial

penetration welding described in Ref. 6. The difference, how-

ever, was in the application of vapor plume heating, vapor

shear stress, and vapor recondensation flux. In the case of full

penetration autogenous laser welding, the model used by

Zhang et al.9 was implemented. The shear stress induced by

vapor in partial penetration welding was zero at the bottom of

the keyhole and increased linearly toward the keyhole exit, as

shown in Fig. 2(a). On the other hand, in full penetration

welding, there are two exits; one at the top surface and

another at the root surface. Therefore, the shear stress induced

by vapor was assumed to be zero at the middle of the keyhole

and increase linearly toward both exits, Fig. 2(b). Contrary to

the partial penetration welding case, Fig. 2(c), metal vapor

induced heat source was applied on both sides of the keyhole

extending to the middle of the work piece, Fig. 2(d). In the

TABLE I. Hybrid welding parameters.

Description Values

Laser power 10 kW

Focal point position 4 mm below surface

Welding speed 1.3 m/min

GMAW average voltage 25 V

GMAW average current 95 A

Wire feeding speed 5 m/min

Wire stick out 15 mm

Wire diameter 1 mm solid wire

Torch angle 65�

Horizontal interaction distance

between laser spot and wire tip

3 mm

Shielding gas Arþ 2% CO2þ 30% Heþ 0.03% NO

Shielding gas flow rate 24 l/min

TABLE II. Composition of base metal (AISI 316L).

Element C Mn Si P S Cr Ni

wt. % 0.024 1.7 0.37 0.02 0.0002 17.6 12.3

Mo Ti Ta Nb Cu B Co N

2.43 0.005 0.003 0.005 0.1 0.0003 0.03 0.07

TABLE III. Composition of filler wire (wt. %).

C Si Mn P S Cr Ni Mo NbþTa Cu N

0.010 0.36 1.6 0.017 0.0 22.9 8.7 3.20 0.0 0.08 0.147
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case of full penetration laser welding with the addition of a

GMA source, the models developed for vapor recondensation

flux were also implemented, Fig. 3. In the case of full pene-

tration welding, a radiation heat source was applied on the

top and bottom surface, Fig. 3(a). In addition, the vapor

recondensation flux was applied increasing linearly from the

middle of the plate toward the top and root openings of the

keyhole, Fig. 3(b).

B. Governing equations for laser-GMA hybrid welding

Mainly three-dimensional transient simulations were

carried out for laser-GMA welding. Here, the mass conserva-

tion equation, the momentum conservation equation, referred

to here as the Navier–Stokes equation, the energy conserva-

tion equation, and the volume of fluid (VOF) equation were

used as governing equations to execute the molten metal

flow analysis. An additional equation for alloying element

conservation was used to investigate the mixing of Cr. The

molten metal was treated as a Newtonian flow, considering

the fluid to be an incompressible laminar flow. Based on

these assumptions, the aforementioned governing equations

were solved.

C. Mass conservation equation

r:V ¼ _ms

q
: (1)

Here, V is the velocity vector and _ms is a mass source term

by molten drops.

D. Navier–Stokes equation

@V

@t
þV:rV¼�1

q
rPþ vr2V�KVþ _ms

q
Vs�Vð ÞþG ;

(2)

where K ¼ CðF2
s Þ=ðð1� FsÞ3 þ B�Þ.

Here, q is the fluid density, P is the pressure, v is the

dynamic viscosity, K is the drag coefficient for a porous

media model in the mushy zone, Vs is the velocity vector for

the mass source, G is the body acceleration due to body

force, C is a constant representing mushy zone morphology,

Fs is the solid fraction, and B� is the positive zero used to

avoid division by zero. The third term of the right hand side

of Eq. (2) is the source term for the frictional dissipation in

the mushy zone. Here, the Carman–Kozeny equation derived

from the Darcy model is used to model the flow in the mushy

zone based on the assumption that this region can be treated

as a porous media.16 The fourth term is the additional term

for considering the mass source by molten drops.

E. Energy conservation equation

@h

@t
þ V:rh ¼ 1

q
r: krTð Þ þ _hs

where h ¼ CpT þ f Tð ÞLf : (3)

Here, h is the enthalpy, k is the thermal conductivity, T is the

temperature, and _hs is an enthalpy source term due to mass

FIG. 1. Summary of experiments.

TABLE IV. Properties of fiber laser used.

Parameters Values

Wavelength (lm) 1070

Polarization Circular/Random

Beam quality (M2) 25.1

Beam quality, Beam Parameter Product (mm mrad) 8.467

Focal length (mm) 300

Beam diameter on optics (mm) 16.777

Focusing number 18

Focal radius (lm) 303

Rayleigh length (mm) 10.844
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source. The enthalpy-based continuum model was used to

consider the solid–liquid phase transition where Cp is the

specific heat, Lf is the latent heat of fusion and f ðTÞ is the

temperature dependent function as

f Tð Þ ¼

0 T � Tsð Þ
T � Ts

Tl � Ts
Ts � T � Tlð Þ

1 Tl � Tð Þ:

8>>>><
>>>>:

Here, Ts and Tl are solidus and liquidus temperature.

F. VOF equation

@F

@t
þr: VFð Þ ¼ _Fs: (4)

Here, F is a volume-of-fluid and _Fs is the change of the vol-

ume fraction of fluid associated with the mass source _ms in

the continuity equation.

G. Additional conservation equation (alloying element
distributions)

@;
@t
þr: V;ð Þ ¼ _;s: (5)

FIG. 2. Shear stress and vapor heat source models for full and partial penetration welding.

FIG. 3. Vapor plume and recondensation heat source in full penetration welding.
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Here, _;s is the scalar source term added by an alloying ele-

ment in the molten drops, while the diffusive effects of the

alloying element are not considered. By Eq. (5), a scalar

quantity indicates the weight percentage of alloying element

in a cell that cannot only be conserved but is also affected by

the molten pool flow.

H. Arc welding models

The heat source of the electric arc can be modeled as a

surface heat flux with a Gaussian function of below equation

qA x; yð Þ ¼ gA

VI

2pr2
A

exp � x2 þ y2

2r2
A

!
: (6)

Here, gA is the arc efficiency, rA is the arc root radius, and V
and I are the electric voltage and current of the arc, respec-

tively. The arc efficiency was assumed to be 0.56 for the arc

plasma. The heat input efficiency of the droplet was 0.24 in

this simulation; therefore, the total efficiency of GMA weld-

ing is 0.8.17 The heat input from droplets were determined

using procedure highlighted by Cho et al.18 The pressure

boundary condition of the arc plasma can be modeled by the

Gaussian-like function of Eq. (7)19

PA x; yð Þ ¼
l0I2

4pr2
A

exp � x2 þ y2

2r2
A

!
: (7)

Here, l0 denotes the magnetic permeability of free space.

Besides the gravitational force, the electromagnetic force

that was generated by the electric current density and self-

induced magnetic field was considered in Eq. (2) as body

force. The analytical solutions for the vertical and radial com-

ponents of the current density and the angular component of

the magnetic field were expressed as follows:20,21

Jz ¼
I

2p

ð1
0

kJ0 krð Þexp � k2r2
A

4d

� �
sinh k c� zð Þ½ �

sinh kcð Þ
dk; (8)

Jr ¼
I

2p

ð1
0

kJ1 krð Þexp �k2r2
A

4d

� �
cosh k c� zð Þ½ �

sinh kcð Þ
dk ; (9)

Bh ¼
lmI

2p

ð1
0

J1 krð Þexp �k2r2
A

4d

� �
sinh k c� zð Þ½ �

sinh kcð Þ
dk: (10)

Here, J0 is the first kind of Bessel function of zero order, c is

the thickness of the work piece, z is the vertical distance

from the origin, J1 is the first kind of Bessel function of the

first order, d is the distribution parameter, taken as 0.5, and

lm is the magnetic permeability of the material.

The plasma drag force, shown in Eq. (11), is exerted on

the surface due to impingement of the arc plasma jet flow

and it causes an outward flow from the center. To model the

plasma drag force, the following analytical solution of the

wall shear stress produced by the normal impingement of the

jet on the flat surface was used.22

s
qpu2

0

Re
1=2
0

H

D

� �2

¼ g2

r

H

� �
: (11)

Here, s is the shear stress, qp is the plasma density, uo is the

initial plasma velocity, Re0 is the Reynolds number, H is

the electrode contact nozzle distance from work piece, D is

the electrode contact nozzle diameter, r is the radius from

the center, and g2 is the universal function. In the calculation,

it is assumed that H and D are the same as the arc length and

electrode diameter, respectively. Finally, the buoyancy force,

which is a body force, can be modeled by the Boussinesq

approximation and is expressed as follows:

Fb ¼ qgbðT � T0Þ : (12)

Here, g is gravity, b is the thermal expansion rate, and T0

is the reference temperature. This buoyancy force is also

induced in laser welding, but it is not discussed here in detail.

The GMAW leading and trailing hybrid processes were

treated in the same way with only the difference of position.

I. Vaporization model

The application of the laser increases the temperature of

the liquid metal up to boiling point, which leads to the vaporiza-

tion of the metal. The evaporation flux can be calculated using

the modified Langmuir equation shown in the below equation23

Jv ¼
1� bRð ÞPsat Tð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2pMRT
p ; (13)

where bR is a recondensation coefficient, P(sat) is vapor

induced pressure, M is atomic mass, R is universal gas con-

stant, and T is surface temperature. Recondensation is con-

sidered in two steps. In the first step, 18% recondensation is

considered in the Langmuir equation based on the reported

value for a perfect vacuum.24 The vaporization effectively

removes mass and energy from the point of irradiance. If

only 18% recondensation is considered, the mass loss due to

vaporization is very high as compared to the reported mass

loss using a fiber laser.25 Hirano et al.26 reported, by means

of experimental investigation, a total of 90% recondensation.

In partial penetration welding, 72% recondensation was con-

sidered for the vapor traveling toward the keyhole exit in

such a way that the laser exerts a recondensation flux. This

varies linearly from the bottom of the keyhole toward the

keyhole exit. In full penetration welding, the recondensation

flux is considered to vary from the middle of the work piece

toward the keyhole exits at both the top and bottom surfaces.

In the case of full penetration welding, it is also assumed

that the vapor plumes present at both the top and bottom sur-

faces apply energy due to radiation from vapor plumes. The

temperature of the vapor plumes is considered to be 6000 K,27

because the work piece material is stainless steel.

IV. MATERIAL PROPERTIES AND BOUNDARY
CONDITIONS

Austenitic stainless steel (AISI 316L) plate with a thick-

ness of 10 mm was used in this study. The physical properties
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of the material and coefficients used in the simulation are

shown in Table V. Figure 4 shows the coordinate system and

computational domain used in the study. The analytic domain

was set as 109.2 mm in length, 26 mm in width, and 20 mm in

height including the void regions at both the top and bottom

sides for free surface tracking.

The energy on both the top and bottom free surfaces is

balanced between the laser heat flux, the heat dissipation by

convection and radiation, and the heat loss due to surface

evaporation. The energy balance is expressed as follows:

k
@T

@~n
¼ qL þ qA � qconv: � qrad � 0:82 � qevp þ qrecond

¼ qL þ qA � h T � T0ð Þ � err T4 � T4
0

� �
� qevp � qrecondð Þ;

qrecond ¼ 0:72 � qevp�; (14)

where qevp� is the evaporation loss in the previous time step,

which is applied as recondensation flux, ~n is the vector nor-

mal to the local free surface, h is the convective heat transfer

coefficient and To is the ambient temperature. This ambient

temperature can be room temperature when considered away

from keyhole or metallic vapor plume temperature when

the region is near the keyhole. er is the surface radiation

emissivity, and r is the Stefan–Boltzmann constant. The

energy balance on the bottom free surface is expressed in a

manner similar to Eq. (13), with the only difference being

that the laser and arc source are absent at the bottom surface.

For the pressure boundary condition, the following equa-

tion was used on the free surface:

P ¼ PR þ PA þ
c

Rc
; (15)

where PR is the recoil pressure on the keyhole wall, PA is the

arc pressure, c denotes the surface tension coefficient, and Rc

denotes the radius of the surface curvature.

V. RESULTS AND DISCUSSION

A. GMA leading hybrid welding

The weld cross-sectional shapes obtained by experi-

ments and simulations are shown in Fig. 5. The results are

in fair agreement, and especially, the widening of the weld

cross section close to the root was successfully captured in

the simulation. Compared to the experimental results, the

simulated weld cross section shows lack of weld metal at the

weld surface. In addition, wedge-shaped upper portion and

root enforcement are lacking in the simulated weld. The pos-

sible reason for the difference was that shielding gas was not

considered in the simulations. The use of shielding gas may

help to maintain more molten metal on the top surface,

which can prevent the formation of undercut.

Figure 6 shows the temperature contours and flow pattern

of GMA leading configuration. Figure 6(a) shows the fully

developed temperature contours at 1.9 s. It shows two distinct

flow recirculations, one on the upper surface and a second on

the lower or root surface of the melt pool. A similar type of

melt pool was shown for full penetration laser welding by

Zhang et al.,9 and this indicates that the laser was the main

source governing the flow pattern in full penetration hybrid

welding with GMA leading configuration. It can be seen

from the simulation that the molten pool on the top surface

was shorter than the molten pool on the root surface. The

same pattern persisted as welding proceeds, Fig. 6(b). The

freezing of the molten pool first started at the top surface, and

the root surface was the last to solidify, as shown in Fig. 6(c).

In partial penetration laser welding, the molten pool was only

observed at top surface of weld pool because this was the

TABLE V. Material properties used in simulation, AISI-316.

Physical properties Values

Density of liquid metal q (kg m�3) 1450 �C 6881

Density of solid metal q (kg m�3) 25 �C 7950

Thermal conductivity of liquid kL (Wm�1 K�1) 28.5

Thermal conductivity of solid kS (Wm�1 K�1) 19.4

Viscosity l (kg m�1 s�1) (pure iron) 0.0059

Surface tension c (N m�1) (1973 K for SS-316) 1.150

Surface tension gradient dc/dT (N m�1 K�1) �4.3� 10�4

Contact angle (deg) 90

Specific heat of solid CS (J kg�1 K�1) 470

Specific heat of liquid CL (J kg�1 K�1) 830

Latent heat of fusion hSL (J kg�1) 2.70� 105

Latent heat of vaporization hV (J kg�1) 7.45� 106

Coefficient of thermal expansion b 1.65� 10�5

Liquidus temperature TL (K) 1723

Solidus temperature TS (K) 1658

Boiling temperature TV (K) 3090

Convection heat transfer coefficient h (kg s�3 K�1) 1� 10�8

Emissivity e 0.4

FIG. 4. Simulation domain with (a) GMAW leading and (b) GMAW trailing configurations.
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only opening for molten metal at the bottom of the keyhole to

gush out. However, in the full penetration welding, the mol-

ten metal inside the keyhole had the option to gush out both

from the top surface and the root surface. The flow of molten

pool toward the bottom side was more probable because the

molten pool was attracted toward the bottom by the forces

of gravity, while this gravity force opposes the flow of molten

pool toward the top surface. Another reason for higher

amount of melt pool at root surface is that most amount of

fiber laser was absorbed by the bottom part of the keyhole as

shown by Sohail et al.,12 which will generate higher recoil

pressure at the bottom half of the keyhole. In GMA only full

penetration welding, the molten pool length at the bottom 
was much smaller, but in laser full penetration welding, it 
was shown experimentally by Zhang et al.9 that the molten 
pool at the root surface was longer as compared to the molten 
pool at the top surface.

In the longitudinal section, Fig. 7(a), and transversal 
cross section, Fig. 7(b), fluctuations of chromium concentra-

tion can be seen in the weld. The results show enhanced 
chromium content close to surface of the weld, i.e., the mix-

ing of Cr in weight per cent is inhomogeneous and has a 
higher concentration in the upper part of the melt pool. This 
type of mixing characteristic was also found in the study of 
Cho et al.6 in partial penetration hybrid welding with GMA 
leading configuration.

Figures 8(a)–8(d) show the mixing profiles of the experi-

mental weld, obtained through an energy dispersive spectros-

copy (EDS)-line scan using Cr as a trace element. Mixing 
was designated to be 0%, if the concentration of Cr was in 
the level of the base metal (17.6 wt. % Cr) and 100% if the 
concentration of Cr was in the level of filler wire (22.9 wt. %
Cr). Other values were obtained by linear interpolation based 
on below equation

Mixing ¼ wt:% Cr� 17:6ð Þ
22:9� 17:6ð Þ � 100: (16)

The general trend shows higher mixing in the upper part of

the weld, as illustrated in the experimental results Figs. 8(a)

and 8(b). A trend of lesser mixing was found in the lower

part, as shown in Figs. 8(c) and 8(d). This is also correspond-

ingly good with the earlier results of Karhu et al.5 It is to be

noted that these concentrations were captured at particular

transversal cross section and may show different values when

scanned at different locations. In order to allow a comparison

with the line scans obtained by EDS of experimental weld

cross sections, four line scans were extracted from simulated

weld cross sections. The lines were drawn at z-locations of

1.37, 1.11, 0.87, and 0.63 cm. Figures 8(e)–8(h) show the cor-

responding simulated mixing profiles on the same locations

of Figs. 8(a)–8(d), respectively.

The mixing profiles, Figs. 8(e) and 8(f), show that the

scans at higher locations evidence more mixing as compared

to scans at the lower part of the weld, Figs. 8(g) and 8(h).

The overall trend of higher mixing in the upper part of the

weld cross section was the same in both the experimental

and simulated scans but the values were not exactly the same

as compared to mixing profiles obtained experimentally.

This can be explained by the fact that the mixing profiles can

vary from location to location as shown in the simulated

mixing profiles, Fig. 7(a), but generally, the trend of having

higher Cr concentration would remain the same. Mixing pro-

files obtained by simulation showed a fair agreement with

the experimental values, although the values were a little dif-

ferent from those obtained by the experimental means.

In order to study the melt pool in detail, simulated par-

ticles were introduced having properties similar to that of

tungsten (W). Five sets of equally spaced particles were

placed in five columns and five rows as shown in Fig. 9.

The simulated trace of particles helps in understanding the

FIG. 5. GMAW leading, comparison of simulated (a) and experimental (b)

weld cross sections. In (a) units are in centimeters.

FIG. 6. Simulated longitudinal cuts of laser hybrid welding with GMAW

leading. Welding direction from left to right. Flow patterns and temperature

contours of the simulated weld in the same location at different times. (a)

1.9 s after switch-on the laser beam, (b) 3 s (at the time of switch-off the

laser beam), and (c) 4.3 s (1.3 s after switch-off the laser beam). The colors

describe temperature in Kelvins as shown in ruler at the top.
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mixing behavior of the melt pool. Figure 10 shows the trace

of uppermost particle layer, numbered from 21 to 25. Particle

21, which first comes into contact with the laser beam, is

mostly circulating in the upper portion and quickly gets

trapped by the upcoming freezing front. This is due to the

fact that at the start of welding the length of the molten pool

is short in both upper and lower parts. Particles 22, 23, and

24 were able to reach the bottom of the melt pool. Once the

FIG. 7. Chromium content profiles of laser hybrid welding with GMAW leading (a) longitudinal section of fusion zone and (b) chromium content profile of

cross section in location X¼ 4.26 cm at 4.3 s. Horizontal and vertical axes are dimensions in centimeters. The colors mark chromium content in wt. %.

FIG. 8. Experimental (a)–(d) and simulation (e)–(h) of mixing profiles. Vertical axis shows mixing values as per cent according to Eq. (16). In (e)–(h) the place

of location (z-value) is referring to Fig. 5(a).
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particles 22, 23, and 24 reach the bottom of melt pool they

are unable to return back to the upper part of the molten pool.

Therefore, they keep on traveling in the bottom surface mol-

ten pool. Figure 11 shows the track of the lowest layer par-

ticles 1–5. This shows that none of the particles is able to

reach the upper part of the molten pool. The two sets of parti-

cle traces indicate that the major flow of particles introduced

in the upper layer is toward the bottom surface. The particles

near the bottom surface keep on circulating in the lower half

of the molten pool. This induces a longer molten pool at the

bottom surface and less concentration of Cr in the bottom

half of the weld.

B. GMA trailing hybrid welding

GMA trailing simulations were also carried out and a

comparison of experimental and simulated weld cross sec-

tions is presented in Fig. 12. The shape of cross sections are

quite different. The experimental weld shows wide, wedge-

like surface, while the root is wider in the simulated cross

section. The sagging of melt appeared as an undercut in the

simulated bead. However, this undercut was not found in the

experimental results. The difference might be the result of

neglecting the shielding gas in the simulations. The shielding

gas could induce shear stress and react with the molten

metal. This probably kept the molten metal in place on the

top surface.

Figure 13 shows that the temperature contours and flow

pattern of the GMA trailing configuration were quite differ-

ent from the case of GMA leading simulations. In GMA

leading case, Fig. 6(a), the solidification front proceeds as a 
peninsula to the melt, sectioning the melt in the upper and 
lower parts. On the contrary, this behavior is not seen in the 
GMA trailing case, Fig. 13(a). The above mentioned solidifi-

cation peninsula may obstruct the circulation of the melt flow 
between the weld surface and root, which in turn may reduce 
the mixing of weld metal.

The temperature contours of GMA trailing configuration 
in Fig. 13 show that the GMA droplet is directly impinging 
on the molten pool and the keyhole formed by the laser beam. 
On the other hand, in GMA leading configuration, shown in 
Fig. 6(a), GMA droplet is impinging on the solid surface of 
the work piece and causing a preheating of the work piece. 
This means that in the case of GMA leading configuration, 
some part of the GMA welding heat was consumed in 
preheating the work piece while in GMA trailing, most of the 
GMA heat source energy is supplied to the already molten 
weld pool. The results were consistent until the end of 
welding.

The complex phenomenon explained above seems to have 
also altered the mixing of Cr. This can be seen in Fig. 14, 
where the mixing was comparatively uniform in the GMA-

trailing hybrid welding as compared to the GMA-leading 
hybrid welding. The incoming metal directly mixed with the 
molten pool that was created by laser beam and the complex 
flow structure allowed the Cr to mix in both the upper and 
lower melt pool.

Figures 15(a)–15(d) show the mixing profile in per cent 
converged from the results of the EDS-line scans in the 
GMA-trailing hybrid welding. The corresponding locations 
on the weld cross section are shown in Fig. 15(e). The mixing

FIG. 9. Locations of 25 tungsten particles introduced.

FIG. 10. Traces of particles starting from the uppermost layer. x-axis is travel distance in cm. y-axis is thickness of plate in cm. The lower surface of the plate

is at 0.5 cm and upper surface at 1.5 cm.
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is higher in the upper scans, Figs. 15(a) and 15(b), but the 
variation was much higher than the corresponding line scans 
for the GMA-leading hybrid welding, shown in Figs. 8(a) and 
8(b). In the GMA trailing configuration, considerable points 
show mixing below 15% which were not found in the GMA 
leading configuration. The mixing profile at the bottom shows 
a very slight decrease in mixing but some points show a very 
high amount of mixing, up to 30% in Fig. 15(c) and 21% in 
Fig. 15(d). This indicates that a more enchanced mixing, in 
general, was achieved as compared to mixing in the GMA-

leading cases in Figs. 8(c) and 8(d).

Figures 15(a)–15(d) show the mixing profiles of the 
experimental weld obtained through an EDS-line scan using 
Cr as a trace element in locations shown in the weld cross 
section in Fig. 15(e). Mixing was designated according to 
Eq. (16) in the same way as explained earlier in the discus-

sion of GMAW leading case.

The line scans of calculated mixing profiles obtained by 
simulations are shown in Figs. 15(f)–15(i). They correspond 
to the locations of experimental lines in Figs. 15(a)–15(d), 
respectively. The line scan of Fig. 15(f) shows zero mixing 
because the cells were empty on those locations and the data 
was not available.

The other locations Figs. 15(g)–15(i) show a uniform 
mixing profile. The difference of the mixing profile levels 
between close to surface and close to root is quite small. 
This behavior of uniform mixing was absent in the case of 
simulated line scans of GMA leading configuration shown in 
Figs. 8(f)–8(g).

In order to study the flow behavior, tungsten particles 
were also introduced in the case of GMA trailing configura-

tion as they were introduced in the GMA leading configura-

tion, Fig. 9. It can be seen that three of five particles were

FIG. 11. Traces of particle starting from the lowest layer. x-axis is travel distance in cm. y-axis is thickness of plate in cm. The lower surface of the plate is at

0.5 cm and upper surface at 1.5 cm.

FIG. 12. GMAW trailing, comparison of simulated and experimental weld

cross sections.

FIG. 13. Simulated longitudinal cuts of laser hybrid welding with GMA

trailing. Welding direction from left to right. Flow patterns and temperature

contours of the simulated weld in the same location at different times. (a)

1.9 s after switch-on the laser beam), (b) 3 s (at the time of switch-off the

laser beam) and (c) 4.3 s (1.3 s after switch-off the laser beam). The colors

describe temperature in Kelvins as shown in ruler at the top.
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able to recirculate throughout the thickness of the work

piece, Fig. 16. The particles 21, 23, and 24, were able to

reach the bottom part of the melt pool and return to the upper

part of the melt pool, where they were initially placed. This

type of flow recirculation was absent in the case of GMA

leading configuration shown in Fig. 10. Particle 1 shown in

Fig. 17 was able to reach the upper part of the melt pool,

although it was initially introduced in bottom part of the

melt pool. In the GMA leading configuration, not a single

particle was able to reach the upper melt pool when the

FIG. 14. Chromium content profiles of laser hybrid welding with GMAW trailing (a) longitudinal section of fusion zone and (b) chromium content profile of

cross section in location X¼ 4.8 cm at 4.3 s. Horizontal and vertical axes are dimensions in centimeters.

FIG. 15. Experimental (a)–(d) and simulation (f)–(i) of mixing profiles of laser hybrid welding with GMAW trailing, Vertical axis is mixing as per cent

according to Eq. (16). In (f)–(i) the place of location (z-value) is referring to Fig. 12(a).
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particles were introduced on the same locations, Fig. 11. 
This indicates that in the GMA trailing configuration, the 
flow recirculation is more pronounced, and therefore, mixing 
is more efficient. This emphasises the recirculation of melt at 
the root part, which will definitely increase the mixing the 
bottom part of the weld. The absence of such recirculation in 
the GMA leading configuration was the main reason for hav-

ing low mixing of melt at the bottom of the weld.

C. Comparison of velocity field in GMAW leading
and trailing

Figure 18 presents a comparison of velocity field in the 
GMA leading and GMA trailing configurations. It was found 
that higher velocities were observed near the interface surface 
of the keyhole and melt pool. In both GMA leading and trail-

ing cases, the velocity magnitudes were higher when the key-

hole was closed. It is suggested that during the GMA trailing 
configuration there was a higher tendency of incoming drop-

let to force the keyhole to close, while the incoming laser 
applies the force in the opposite direction; therefore, more 
mixing might be due to these opposite forces. Higher veloci-

ties were also observed near the external surface of molten 
pool at root side, which might be due to the fact that the bot-

tom surface is nearer to the closed keyhole; therefore, it 
would be easier for the high velocity molten pool to reach the 
bottom surface in contrast with the top surface.

D. Comparison of temperature field in GMAW leading
and trailing

A comparison of the temperature field of GMA trailing

and leading is presented in Fig. 19. In both cases, a longer

molten pool was observed at the root surface, Figs. 19(a),

19(b), 19(e), and 19(f) present the temperatures from room

temperature to solidus temperature to indicate the total mol-

ten pool. Temperatures above solidus to boiling temperature

is presented in Figs. 19(c), 19(d), 19(g), and 19(h), which

indicated that higher temperatures were observed near the

molten pool in touch with the keyhole walls. In both the ini-

tial stages of welding and after somewhat developed stage,

the molten pool at the root surface is indicating higher tem-

perature. This trend has some similarity with the trend of

velocity magnitude presented in Fig. 18.

VI. CONCLUSION

Laser-GMA hybrid welding in full penetration configu-

ration of 10 mm thickness austenitic stainless steel was stud-

ied by simulation and compared to experimental results. The

effect of leading and trailing torch configuration on mixing

and fluid behavior of weld metal was studied.

FIG. 16. Traces of particles starting from the uppermost layer. x-axis is travel distance in cm. y-axis is thickness of plate in cm. The lower surface of the plate

is at 0.5 cm and upper surface at 1.5 cm (see Fig. 9).

FIG. 17. Traces of particle starting from the lowest layer. x-axis is travel dis-

tance in cm. y-axis is thickness of plate in cm. The lower surface of the plate

is at 0.5 cm and upper surface at 1.5 cm (see Fig. 9).

FIG. 18. Velocity fields of (a) GMA leading at 0.7 s, (b) GMA leading at 1.4 
s, (c) GMA trailing at 0.7 s and (d) GMA trailing at 1.4 s.
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According to the simulation results, two recirculating 
flows were found, one on the top surface and another on 
the root surface. The molten pool is longer in the bottom 
surface as compared to the upper surface. The temperature 
contours and flow pattern of the GMA trailing configura-

tion were quite different from the case of the GMA leading 
simulations. In the GMA leading case, the solidification 
front proceeds as a peninsula in the melt. It sections the 
upper and lower parts of the melt pool. On the contrary, this 
behavior was not seen in the GMA trailing case. The above 
mentioned solidification peninsula may obstruct the 
circulation of the melt flow between the weld surface and 
root, which in turn may reduce the mixing of weld metal.

Five sets of tungsten particles were introduced in simula-

tion to study the flow behavior, which revealed that in the 
GMA leading configuration, once the particles reach the bot-

tom recirculation they were unable to reach the upper recir-

culation. In the GMA trailing configuration, the particles, 
which were initially introduced in the surface part of the 
weld, were able to reach the bottom recirculation and then 
return back toward the upper recirculation. This phenomenon 
helps in the mixing of the melt in GMA trailing.

In the GMA trailing configuration, the flow recirculation 
is more pronounced, and therefore, mixing is more efficient 
than in the GMA leading case. This emphasises the 
recirculation of melt at the root part, which will definitely 
increase the mixing in the root part of the weld. The absence 
of such recirculation in the GMA leading configuration was 
the main reason for having low mixing at the bottom part of 
the weld.
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Abstract: In thick section laser welding, filler metal addition is usually required to improve joint
fit-up tolerances or to control the chemical composition of the weld metal. With deep and narrow
welds produced using an over-alloyed filler metal, it may be challenging to ensure that the filler
metal and its elements are homogeneously mixed and evenly distributed throughout the fusion
zone. Inhomogeneous filler metal mixing can cause unfavourable changes to weld metal chemistry
and microstructure. Filler metal mixing behaviour in laser-arc hybrid and laser cold-wire welding
is studied in this work. Welding tests were conducted on 10 mm thick butt-welded joints of AISI
316L austenitic stainless steel. An overmatching type 2205 duplex stainless steel filler wire was
used to obtain a composition contrast between the base metal and filler metal. Energy dispersive
spectroscopy (EDS) with chromium as the trace element was used for element mapping and stepwise
characterization of the weld cross-section samples. Optical metallography was used to observe
possible inhomogeneous filler metal mixing behaviour like local acute changes in macro- and
microstructural features. The results showed a clear difference in filler metal mixing between the
weld surface part (upper half) of the weld and the weld root part (lower half) in 10 mm thick welded
cross-sections for closed root gap of I-groove welds or when the gap was only 0.4 mm. In narrow
I-groove preparations, inhomogeneous mixing phenomena were more pronounced in laser cold-wire
welds than in laser-arc hybrid welds. In both welding processes, a combination of trailing wire
feeding and the use of a wider groove enabled filler metal to be introduced deeper into the bottom of
the groove and improved mixing in the root portion of the welds.

Keywords: filler metal mixing; laser-arc hybrid welding; laser cold-wire welding; thick sections;
austenitic stainless steel

1. Introduction

The utilization of modern high-power laser systems in laser-arc hybrid welding and laser
welding with filler wire processes can provide new tools and techniques for efficiency improvement in
heavy-section welding. For example, efficiency enhancement via reduced manufacturing time can be
achieved if thicker sections can be welded using deep single-pass welding. Single-pass welding tends
to result in less weld distortion and thus less time-consuming post-weld finishing is required [1–5].
When considering welding of thick section joints an autogenous laser beam welding is not always
practically feasible and that is why filler metal addition to the welding process is needed. Filler metal
can be introduced to the laser process for example, via an arc (laser-arc hybrid) as a molten form or
using a cold-wire [6–9] or pre-heated wire feeding [10,11]. Also pre-set filler metal foil inserts [12,13]
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inside the joint has been used. The need for the use of filler addition can be associated with the
joint fit-up tolerance requirements of the welded parts or for example, metallurgical and mechanical
properties required for the produced weldments. Although offering clear benefits, the use of filler
material in thick section laser or laser-arc hybrid welding applications faces a number of challenges.
Results from previous investigations have indicated that in thick section joints with closed or narrow
square butt configurations, the filler metal proportion in the weld metal is mainly limited to the surface
part of the weld cross-section and filler metal mixing in the root area of the weld metal is minor or
negligible [14–17]. Depending on the application and the combination of base metal and filler metal
used, inhomogeneous filler metal mixing can have an adverse effect on weld metal microstructural
homogeneity and weld metal phases. In turn, the non-optimal microstructure can cause, for example,
loss of corrosion resistance, reduction in ductility properties or enhanced susceptibility to weld
solidification cracking [13,18–21].

The aim of this study is to investigate filler metal mixing behaviour in 10 mm thick joints
of austenitic stainless steel in single-pass laser-arc hybrid and laser cold-wire welding processes.
The objective was to examine the effect of groove geometry and filler wire feeding orientation on filler
metal mixing in terms of the intensity and homogeneity of mixing throughout the weld cross-section
from the weld surface to the root. The experimental work aimed to gain practical knowledge and
provide answers to the following research questions: Can filler metal mixing at the root portion of the
weld be enhanced by widening the root gap of an I-groove weld or by using a suitable V-groove? Can
any difference be found between the results of using leading or trailing wire feeding, that is, when
the filler wire is introduced to the melt pool in front of or behind the laser beam with respect to the
welding direction? Is there any noticeable difference in filler metal mixing behaviour between laser-arc
hybrid and laser cold-wire welding?

2. Materials and Methods

The base material used in the experiments was an austenitic stainless steel grade, AISI 316L, with
plate thickness of 10 mm. The test specimens for the welding tests were rectangular pieces 150 mm
in width and 300 mm in length. Preparation of the fusion faces of the joints was done by machining.
Both I- and V-grooves were prepared for the experiments. The test specimens were tack-welded at
both ends and in the centre to achieve the required butt joint configurations. In welds with I-grooves,
both closed (root gap = 0 mm) and open square (root gap = 0.4 mm and 0.8 mm) configurations were
used, Figure 1a,b. In tests with a V-groove, the configuration was 10-degree groove angle, closed
gap and without root face, Figure 1c. The nominal cross-sectional groove area for the 0.4 mm and
0.8 mm open square configurations and the V-groove configuration is 4 mm2, 8 mm2 and 8.6 mm2,
respectively. The filler material used was a type 2205 duplex stainless steel filler wire (Ø 1.0 mm)
that has an over-matched chemical composition compared to the base material. The exact chemical
composition of the base and filler material is given in Table 1.
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open square (root gap = 0.4 mm and 0.8 mm); and (c) V-groove with 10-degree groove angle, closed
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Table 1. Chemical composition of the base (AISI 316L) and filler (2205 duplex) material.

Element Weight-% C Si Mn P S Cr Ni Mo N Cu Ti + Ta

AISI 316L 0.024 0.37 1.70 0.020 0.0002 17.6 12.3 2.43 0.07 0.01 <0.01
2205 0.010 0.36 1.60 0.017 0.0001 22.9 8.7 3.20 0.147 0.08 -

The welding equipment used in the laser-arc hybrid and laser cold-wire welding experiments was
an IPG 10 kW YLS-10000 (IPG Inc., New York, NY, USA) fibre laser and a Kemppi Pro 5200 (Kemppi Oy,
Lahti, Finland) gas metal arc welding (GMAW) machine. In the laser cold-wire tests, the filler wire was
guided through the same GMAW torch as used in the laser-arc hybrid experiments. A grounding cable
shoe was disconnected from the fastening table to enable the use of cold-wire welding. Beam delivery
from the laser source to the welding station and welding head was with a process fibre of 200 µm
core diameter. The welding head was a laser welding head-unit from Kugler GmbH with copper
metal optics and an adjustable GMAW torch unit. The optical system of the Kugler laser welding head
consisted of 120 mm collimation and 300 mm focusing lenses. The optical set-up can provide a focal
spot diameter of 500 µm. The laser system enables a beam parameter product of 7.1 mm ×mrad and a
Rayleigh length of 13.86 mm. A custom-built gantry-based X/Y/Z- linear movement station was used
to execute the required welding movements. Figure 2 shows the welding head set-up attached to the
linear movement station.
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Figure 2. Welding head set-up used in the laser-arc hybrid and laser cold-wire experiments. (A) process
fibre with connector; (B) laser welding head-unit; (C) adjustable gas metal arc welding (GMAW)
torch unit.

Experiments consisted of sets of single-pass test welds made on 10 mm thick butt-joints in flat
position using laser-gas metal arc (GMA) hybrid welding and laser cold-wire welding. The shielding
gas used is commercially available mixture for welding of stainless steels. It contained a mixture of
Ar + 2% CO2 + 30% He and was supplied via an arc torch with the flow rate of 24 L/min. Pulsed
current GMAW was deployed in the laser-arc hybrid experiments. Table 2 presents the welding
parameters used.
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Table 2. Welding parameters in the laser-arc hybrid and laser cold-wire welding experiments.

Description Laser-Arc Hybrid Process Laser Cold-Wire Process

Laser power, PL 10 kW 10 kW

Welding speed, Vw
For groove types B2 and B3 = 1.3 m/min;

for groove type B4 = 1.6 m/min
For groove types B1, B2 and B3 = 1.1

m/min; for groove type B4 = 1.3 m/min

Filler wire feeding rate, Vf

For groove type B2 = 5 m/min; for groove
type B3 = 11.5 m/min; for groove type

B4 = 15 m/min

For groove types B1 and B2 = 6 m/min; for
groove type B3 = 9.5 m/min; for groove

type B4 = 15 m/min

Average current and voltage 5 m/min => 96A/24V; 11,5 m /min =>
215A/31V; 15 m/min => 228A/31V -

Torch/wire feeding angle, α 65 degree 58 degree

Wire stick out, Lw 15 mm 17 mm

Horizontal distance between
laser spot and arc or wire tip,

DLA or DLW

3.5 mm 0 mm

Focal point position, F

For groove types B2 and B4 => F = −4
mm (equals laser spot diameter Ø 0.8

mm); for groove type B3 => F = + 20 mm
(equals laser spot diameter Ø 1.2 mm)

For groove types B1, B2 and B4 => F = −4
(equals laser spot diameter Ø 0.8 mm); for
groove type B3 => F = + 20 mm (equals

laser spot diameter Ø 1.2 mm)

The objective of the experiments was to gain information about filler metal mixing behaviour
in laser-arc hybrid and laser cold-wire welding of thick sections by comparing the effects of wire
feeding orientation and groove cross-section. The welding tests included the following parameter
combinations (A and B):

(A) Wire feeding orientation with respect to the laser beam and welding direction

• A1 = leading wire feeding
• A2 = trailing wire feeding

(B) Groove type / width of root gap

• B1 = I-groove, closed gap = 0 mm
• B2 = I-groove, open gap = 0.4 mm
• B3 = I-groove, open gap = 0.8 mm
• B4 = V-groove with 10 degree groove angle, closed gap = 0 mm

Welding speed and filler wire feeding rate were determined based on the four different groove
cross-sections used. Filler wire feeding rates have to match the volume of the used groove type.
Welding speed values were set to balance full joint penetration and good root side formation.

Table 3 summarizes the welding parameter combinations used in the laser-arc hybrid and laser
cold-wire welding tests. Figure 3 presents schematic descriptions of the configuration set-up of the
laser beam and filler wire arrangement and alignment in the laser-arc hybrid and laser cold-wire
welding experiments. The horizontal distance between the laser beam spot and arc (DLA) or wire tip
(DLW) was 3.5 mm for the laser-arc hybrid process and zero for the laser cold-wire welding, respectively.
The above-mentioned distances were chosen according to previous experiences gained from the
corresponding experiments: In laser-arc hybrid welding, use of a short DLA (2–4mm) was observed to
ensure robust process behaviour and produce lesser welding spatters. In order to secure fluent wire
melting in laser welding with cold-wire process, however, wire is advisable to feed direct into the laser
beam spot that is produced on the work piece surface. Test welds with 0.8 mm wide root gap (groove
type B3) showed that the laser spot diameter had to get wider in order to ensure proper melting of the
fusion faces of the groove. Consequently, a defocused laser beam (F = +20 / beam spot diameter ~ Ø
1.2 mm) was used in the welding experiments with parameter combinations A1 + B3 and A2 + B3
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(Table 3). Figure 3b,d show the defocusing configurations with focal point position set to 20 mm above
the test piece surface for the laser-arc hybrid and laser cold-wire welding experiments, respectively.

Table 3. Welding parameter combinations in laser-arc hybrid and laser cold wire welding tests and
weld identification designation. Abbreviations (A1, A2 and B1–B4) are explained in page 3.

Studied Parameter
Combinations

Laser-Arc Hybrid Weld
Identification

Laser Cold-Wire Weld
Identification

A1 + B1 - LCW1
A2 + B1 - LCW2
A1 + B2 LAH1 LCW3
A2 + B2 LAH2 LCW3
A1 + B3 LAH3 LCW5
A2 + B3 LAH4 LCW6
A1 + B4 LAH5 LCW7
A2 + B4 LAH6 LCW8
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(upper row; a,b) and laser cold-wire welding (lower row; c,d). A1 = leading wire feeding. A2 = trailing
wire feeding.

The welds produced were cut transversally into specimens for metallographic examination.
The cutting locations were in the middle area of the 300 mm long welds in order to ensure that the
analysed weld cross-section is from a location where the welding process has already stabilized. During
the metallographic preparation, the specimens were ground, polished and electrolytically etched (10%
aqueous oxalic acid, 30V/2A/40s) to reveal the macroscopic weld cross-section appearance and weld
microstructures. A light microscope was used for metallographic observation of the cross-sectional
weld specimens. In addition, EDS analysis of selected weld cross-sections was done using a Hitachi
SU3500 scanning electron microscope and a Thermo Scientific Ultradry DSS EDS-detector. Chromium
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(Cr) was selected as a trace element and its distribution and quantity within the test weld cross-sections
were identified using a transverse stepwise characterization and mapping technique. Weld metal
Cr-values acquired from the EDS stepwise characterization were compared to known Cr-values of
the base metal (17.6 weight-%) and filler metal (22.9 weight-%) to determine the filler metal mixing
of each selected test weld (see Equation (1)). For example, if the detected chromium content of a
measured point in the weld metal were 17.6 or 22.9 weight-%, the filler metal mixing would be 0
or 100%, respectively. The above relationship is shown in Figure 4, which illustrates how specific
chromium weight-% content in the weld metal corresponds to filler metal mixing percent value.

Filler metal mixing % =
(weld metal Cr content) − (base metal Cr content)
( f iller metal Cr content) − (base metal Cr content)

× 100 (1)
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Figure 4. Relationship between chromium content in the weld metal and corresponding filler metal
mixing-%. On the horizontal axis, 17.6 represents chromium weight-% content equal to the base metal
and 22.9 is the chromium weight-% content of the filler metal.

In the EDS stepwise characterization, an acceleration voltage of 20 kV and sampling time of 90 s
were used. As the aim was to study weld metal mixing and homogeneity at a macroscopic scale,
the measurement “spot” size and step interval within the measurement line were chosen accordingly.
Thus, measurement spot size of 40 µm × 60 µm and step interval of 100 µm (distance between
individual spots) were used to ensure that an individual measurement spot gave data over several
dendrites/dendrite spacing at every step. EDS measurements included four horizontal line segments
from each studied weld cross-section sample running transversally across the weld fusion zone. In the
vertical direction, the first measurement line segment (ML1) was placed 1 mm below the weld surface
while the last measurement line segment (ML4) was near the root portion located 1 mm above the
back surface of the test specimen. The other lines (ML2 and ML3) were evenly distributed vertically
between lines ML1 and ML4 at intervals approx. 2.7 mm away from each other. Figure 5 presents
an example showing the locations of the EDS-measurement lines in the studied weld cross-sections.
Line segments had 15–65 measurement points depending on the width of the weld at the measurement
location in question. In EDS mapping, the characterizations were done with an acceleration voltage of
20 kV and using a resolution of 256 × 192 pixels. Mapping data was collected until an average 5000
counts per pixel was acquired.
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ML4 in the studied weld cross-sections.

In weldability analysis, dilution is conventionally determined mathematically from the
cross-sectional areas of the original joint geometry, melted base metal and weld metal. Dilution
ratio is the ratio of the amount of melted base metal to the total amount of fused weld metal [22].

To get a quantitative basis for comparison of the weld cross-sections and to analyse how different
groove configurations and wire feeding direction affect the base/filler metal-ratio, the following
assessment procedure was used: The weld macrograph cross-sections were converted into CAD-images
and the groove geometry superimposed over the original weld cross section. The vertical symmetry
axis of the groove was aligned with the centreline of the studied weld cross-section. The cross-sectional
areas of the melted base metal, filler metal and weld metal were then defined using area inquiry tools
of CAD-software (Autodesk, San Rafael, CA, USA ). An example of the above principle is shown
schematically in Figure 6. The figure shows dilution calculation and boundary lines of the defined
regions of cross-sectional areas converted from the macrograph of test weld LAH1. Dilution calculation
gives a dilution ratio of 79%, which means that the weld metal of test sample LAH1 is estimated to
contain 79% base metal and 21% filler metal. Normal practice usually assumes that the proportions
of base and filler metal are completely mixed and evenly distributed throughout weld cross-section.
In welding of rather thin plate thicknesses in which joint penetration of a single pass weld is around
5 mm or less, this assumption would normally be reasonable but for thick section welding, it may not
lead to an appropriate outcome, as will be seen in this work.
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3. Results and Discussion

Figures 7 and 8 present weld cross-sections from laser-arc hybrid welding experiments and laser
cold-wire experiments, respectively. Table 4 summarizes cross-sectional areas and calculated base/filler
metal portions for the laser arc-hybrid and laser cold-wire test welds.
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Table 4. Summary of cross-sectional areas of laser arc-hybrid (LAH) and laser cold-wire (LCW) test
welds. Welding energy input values per weld length [kJ/mm]: LAH1&2 = 0.57; LAH3&4 = 0.77;
LAH5&6 = 0.64; LCW1-6 = 0.55; LCW7&8 = 0.46.

Weld
Identification

Melted Base
Metal Area [mm2]

Melted Filler
Metal [mm2]

Weld Metal
Area [mm2]

Base Metal
Dilution [%]

Filler Metal
Portion [%]

LAH1 19.5 5.1 24.6 79 21
LAH2 25.8 5.4 31.2 83 17
LAH3 16.7 8.2 24.9 67 33
LAH4 19.9 8.6 28.5 70 30
LAH5 17.1 9.3 26.4 65 35
LAH6 19.5 9.9 29.4 66 34

LCW1 14.2 3.1 17.3 82 18
LCW2 15.1 4.1 19.2 79 21
LCW3 13.5 5.2 18.7 72 28
LCW4 12.3 5.1 17.4 71 29
LCW5 16.2 8.2 24.4 66 34
LCW6 17.1 8.6 25.7 67 33
LCW7 8.6 11.3 19.9 43 57
LCW8 9.0 10.2 19.2 47 53

When comparing the cross-sectional areas of the weld metal and melted base metal of the test
samples made in an I-groove configuration with a 0.4 mm wide root gap and the samples with a
V-groove configuration in Table 4, it can be seen that the values are higher for laser arc-hybrid welds
than for the corresponding laser cold-wire welds. The higher values result from the higher welding
energy and enhanced melting capability of the laser-arc hybrid process. Depending on the wire feeding
rate, which was 5, 11.5 and 15 m/min, the gas metal arc process contributes additional welding energy
of several kilowatts (2.3/6.7/7.1 kW) compared to laser cold-wire welding process, where the laser
beam is the only source of welding energy. It should be noted, however, that there is little difference
in the base metal and filler metal proportions in the test welds made in I-groove configuration with
0.8 mm root gap (see LAH3&4 versus LCW5&6 in Table 4). This finding is related to the use of
a defocused laser beam for welding the wider root gap of 0.8 mm. Defocusing with a focal point
position value of +20 mm produces a Ø~1.2 mm wide laser spot diameter, which is 50% wider than
the laser spot diameter used in the other welding trials, where the focal point position value was set
to −4 mm (spot Ø 0.8 mm). In the case of the laser cold-wire welding, the use of a wider laser spot
diameter results in melting of the base metal over a wider area and consequently there is a broader
weld cross-section profile.

3.1. Mixing Behavior in Laser-Arc Hybrid Test Welds

As noted earlier, conventional dilution calculations based on the weld cross-sectional area are
not always suitable for thicker weld cross-sections, which motivated more detailed examination
of the mixing of the filler metal in the test welds. Mixing in the vertical direction from the weld
surface to the root and the uniformity of the mixing, that is, how homogenously the filler metal is
distributed across the whole weld cross-section, were of particular interest. EDS mapping and stepwise
line characterization were used to reveal possible differences in chromium distribution between the
over-alloyed filler metal and base metal.

Figure 9 shows EDS mapping results for the laser-arc hybrid test welds. The images show
chromium distribution in weight-% for each test weld cross-section. The chromium distribution is
visualized using colour contouring. Greenish colours present the chromium weight-% content level
of the base metal and dark red shows chromium weight-% content close to that of the filler metal.
Yellow and orange colours are chromium weight-% content levels between these extremes. The mixing
results from EDS stepwise characterization are presented as transversal filler metal mixing profiles
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(measurement lines 1 to 4) calculated according to Equation (1). Figure 10 presents tabular data for
average values of filler metal mixing determined at the measurement lines ML1–ML4 of the laser-arc
hybrid test welds.Appl. Sci. 2019, 9 FOR PEER REVIEW  11 
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Figure 9. Energy dispersive spectroscopy (EDS) mapping images (a–f) showing the distribution of
chromium in laser arc-hybrid test welds.

The images in Figure 9 show a clear difference in filler metal mixing between the weld surface
part (upper half) and the weld root part (lower half) of the weld cross-sections of the I-groove weld
with 0.4 mm root gap (Figure 9a,b). The same behaviour can be seen for both leading and trailing filler
wire feeding. More reddish colour contouring indicates that more intensive mixing has occurred on
the weld surface with leading wire feeding; on the other hand, trailing wire feeding seems to have
provided slightly better mixing from the weld midsection towards the weld root. Figure 10 shows that
the average filler metal mixing-% values of test welds LAH1 and LAH2 are around 38% and 31–34%
for the upper half of weld cross-section and ~26% and ~25–28% for the lower half, respectively.
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laser-arc hybrid test welds.

When the root gap is widened from 0.4 mm to 0.8 mm, mixing becomes noticeably better
throughout the weld cross-section. The results of both leading and trailing wire feeding with 0.8 mm
root gap (Figure 9c,d) show enhanced mixing behaviour across the whole weld cross-section in terms
of higher chromium contents and enhanced distribution. The use of trailing wire feeding (Figure 9d)
shows slightly better mixing at the weld root portion than leading wire feeding (Figure 9c). Mixing
at the weld surface portion of the weld displays the opposite behaviour with slightly better mixing
for leading wire feeding. The mixing results from EDS stepwise characterization show the same
trend. Average filler metal mixing values in the weld root portion (ML4) of test weld LAH4 (trailing
wire feeding) and LAH3 (leading wire feeding) are 46% and 39.5%, respectively (Figure 10). At the
weld surface part (ML1), corresponding average values are 37.5% and 46.8%, respectively. If the
mixing profiles in Figures 11d and 12d are examined, it can be noticed that the mixing profile at the
measurement line 4 (ML4) is smoother in LAH4 than in LAH3. The majority of mixing %-values
of ML4 of weld LAH4 are between ~45% and 50%, whereas in weld LAH3 mixing %-values show
greater fluctuation and are between ~35% and 45%. The mixing at the weld surface part (upper half)
seems, however, to be more homogenous in weld LAH3, which was made with leading wire feeding,
than weld LAH4, made with trailing wire feeding. When the mixing profiles of ML2 near the weld
surface in Figures 11b and 12b are compared, it can be seen that the mixing profile is smoother and
shows less variation in weld LAH3 than weld LAH4. Trailing wire feeding with the laser-arc hybrid
process melts more base metal than leading wire feeding (see Table 4) and the observation of less
homogenously distributed filler metal in the weld surface part of the weld with trailing wire feeding
can be partly attributed to the higher local base metal dilution at the weld surface part of the weld.
In Figure 9d, a wedge-shaped fusion area can be seen near the weld surface. The inside area and tip of
the wedge contain spots of green and yellowish colours indicating chromium content levels of the
base metal.



Appl. Sci. 2019, 9, 1685 12 of 20

Appl. Sci. 2019, 9 FOR PEER REVIEW  12 

 

At the weld surface part (ML1), corresponding average values are 37.5% and 46.8%, respectively. If 
the mixing profiles in Figure 11(d) and Figure 12(d) are examined, it can be noticed that the mixing 
profile at the measurement line 4 (ML4) is smoother in LAH4 than in LAH3. The majority of mixing 
%-values of ML4 of weld LAH4 are between ~45% and 50%, whereas in weld LAH3 mixing %-values 
show greater fluctuation and are between ~35% and 45%. The mixing at the weld surface part (upper 
half) seems, however, to be more homogenous in weld LAH3, which was made with leading wire 
feeding, than weld LAH4, made with trailing wire feeding. When the mixing profiles of ML2 near 
the weld surface in Figures 11(b) and Figure 12(b) are compared, it can be seen that the mixing profile 
is smoother and shows less variation in weld LAH3 than weld LAH4. Trailing wire feeding with the 
laser-arc hybrid process melts more base metal than leading wire feeding (see Table 4) and the 
observation of less homogenously distributed filler metal in the weld surface part of the weld with 
trailing wire feeding can be partly attributed to the higher local base metal dilution at the weld surface 
part of the weld. In Figure 9(d), a wedge-shaped fusion area can be seen near the weld surface. The 
inside area and tip of the wedge contain spots of green and yellowish colours indicating chromium 
content levels of the base metal. 

 

Figure 10. Average values of filler metal mixing-% from the data of measurement lines ML1–ML4 in 
laser-arc hybrid test welds. 

 

Figure 11. Filler metal mixing results from EDS stepwise characterization. (a–d) Filler metal mixing-
% profiles of measurement lines 1–4 (ML1–ML4) from test weld LAH3 (e). In figures (a–d) one step 
between adjacent measurement points in the horizontal axis equals 100 micrometres. 

Figure 11. Filler metal mixing results from EDS stepwise characterization. (a–d) Filler metal mixing-%
profiles of measurement lines 1–4 (ML1–ML4) from test weld LAH3 (e). In figures (a–d) one step
between adjacent measurement points in the horizontal axis equals 100 micrometres.Appl. Sci. 2019, 9 FOR PEER REVIEW  13 

 

 

Figure 12. Filler metal mixing results from EDS stepwise characterization. (a–d) Filler metal mixing-
% profiles of measurement lines 1–4 (ML1–ML4) from test weld LAH4 (e). In figures (a–d) one step 
between adjacent measurement points in the horizontal axis equals 100 micrometres. 

When laser-arc hybrid welds were produced in single-pass V-groove configuration, average 
filler metal mixing values of measurement lines ML1 to ML4 had the highest mixing values of the 
laser-arc hybrid test welds. From Figure 10, it can be seen that in weld LAH5, which was made using 
leading wire feeding, the average filler metal mixing values are ~46% at the bottom part of the groove 
area (ML3 and ML4) and ~54% at the surface part (ML1 and ML2). The test weld LAH6, which was 
made using trailing wire feeding, shows ~56% average mixing level values at one third thickness of 
the joint (ML2) and when measuring deeper in the joint at ML3 and ML4, average values were ~53% 
and 50%, respectively. When examining Figure 9(e) and particularly Figure 9(f), it can be noticed that 
chromium as regards weight-% is not homogenously distributed in the mid-section area of both weld 
LAH5 and LAH6. Red and orange colours indicating high chromium weight-% levels can be clearly 
seen near the fusion lines at the mid-thickness range of both welds. The filler metal mixing profiles 
of weld LAH5 and LAH6 in Figures 13 and 14 support the above observation. Large spikes can be 
seen in the mixing profiles of Figure 13(b–c) and Figure 14(b–c) with high local values of 60–75% in 
the mid-thickness area of weld cross-sections LAH5 and LAH6. In addition, it can be seen that test 
weld LAH6 has similar mixing behaviour near the weld surface as earlier described in test weld 
LAH4. Both weld LAH6 and LAH4 were produced using trailing wire feeding.  

 
Figure 13. Filler metal mixing results from EDS stepwise characterization. (a–d) Filler metal mixing-
% profiles of measurement lines 1–4 (ML1–ML4) from test weld LAH5 (e). In figures (a–d) one step 
between adjacent measurement points in the horizontal axis equals 100 micrometres. 

 

Figure 12. Filler metal mixing results from EDS stepwise characterization. (a–d) Filler metal mixing-%
profiles of measurement lines 1–4 (ML1–ML4) from test weld LAH4 (e). In figures (a–d) one step
between adjacent measurement points in the horizontal axis equals 100 micrometres.

When laser-arc hybrid welds were produced in single-pass V-groove configuration, average filler
metal mixing values of measurement lines ML1 to ML4 had the highest mixing values of the laser-arc
hybrid test welds. From Figure 10, it can be seen that in weld LAH5, which was made using leading
wire feeding, the average filler metal mixing values are ~46% at the bottom part of the groove area
(ML3 and ML4) and ~54% at the surface part (ML1 and ML2). The test weld LAH6, which was made
using trailing wire feeding, shows ~56% average mixing level values at one third thickness of the joint
(ML2) and when measuring deeper in the joint at ML3 and ML4, average values were ~53% and 50%,
respectively. When examining Figure 9e and particularly Figure 9f, it can be noticed that chromium as
regards weight-% is not homogenously distributed in the mid-section area of both weld LAH5 and
LAH6. Red and orange colours indicating high chromium weight-% levels can be clearly seen near the
fusion lines at the mid-thickness range of both welds. The filler metal mixing profiles of weld LAH5
and LAH6 in Figures 13 and 14 support the above observation. Large spikes can be seen in the mixing
profiles of Figure 13b,c and Figure 14b,c with high local values of 60–75% in the mid-thickness area
of weld cross-sections LAH5 and LAH6. In addition, it can be seen that test weld LAH6 has similar
mixing behaviour near the weld surface as earlier described in test weld LAH4. Both weld LAH6 and
LAH4 were produced using trailing wire feeding.
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As a whole, test welds LAH3 and LAH4 exhibited the best overall results of the laser-arc hybrid test
welds, corresponding to homogenous filler metal distribution throughout the whole weld cross-section.
If intensive and homogenous mixing in the root portion is preferred, test weld LAH4 with trailing wire
feeding showed more even mixing behaviour than test weld LAH3.

Sohail et al. [17] used modelling and simulations in mixing and fluid flow studies for full
penetration laser-gas metal arc hybrid welding of 10 mm thick closed butt-joints with leading and
trailing torch configuration. In their studies, the longitudinal sections of the simulated weld pool
showed different behaviour of flow patterns and temperature contours between the trailing and leading
torch. In the leading torch configuration, the modelling results indicated a solidifying peninsula
growing horizontally at the mid-thickness range of weld pool, which partly sectioned the melt pool
to upper and lower half. The mentioned solidification peninsula may obstruct the circulation of the
melt flow between the weld surface and root, which in turn may reduce the mixing of weld metal.
This melt pool behaviour with solidification peninsula was not seen in the trailing torch simulations.
Consequently, with the trailing torch configuration the mixing at the root portion of weld was observed
to be more intensive than with the leading torch. The mentioned observations in the reference [17]
may also explain why the trailing wire feeding results of laser-arc hybrid experiments presented in this
work showed enhanced mixing behaviour near the weld root portion compared to the corresponding
results achieved with the leading wire feeding.

3.2. Mixing Behavior in Laser Cold-Wire Test Welds

Figure 15 shows EDS mapping results for the laser cold-wire test welds. The images in Figure 15
show chromium distribution in weight-% for each test weld cross-section. Figure 16 presents tabular
data for average values of filler metal mixing determined at the measurement lines ML1–ML4 of
the laser cold-wire test welds. Examination of Figure 15a–e shows a clear difference in filler metal
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mixing between the weld surface part (upper half) and the weld root part (lower half) of the weld
cross-sections when the root gap of the I-groove was closed or 0.4 mm. In Figure 16, average filler
metal mixing values in test welds LCW3 and LCW4 are around ~32–36% in the lower half of the weld
cross-sections (ML3–ML4), whereas the level in the upper half of the weld is much higher, ~48–54%.
The same mixing behaviour can be seen for both leading and trailing filler wire feeding. Comparison
of the EDS-mapping images of welds LCW3 and LCW4 in Figure 15c,d indicates that slightly more
intensive mixing occurred in the lower half of the joint in weld LCW3, which was produced with
leading wire feeding.Appl. Sci. 2019, 9 FOR PEER REVIEW  15 
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When the root gap was widened to 0.8 mm, leading wire feeding still has a clear difference in
mixing between the upper and lower half of the weld cross-section, Figure 15e. However, the results of
trailing wire feeding with 0.8 mm root gap show enhanced mixing behaviour across the whole weld
cross-section in terms of higher chromium weight-% and more homogenous distribution, Figure 15f.
Figure 16 shows average filler metal mixing values between 39% and 42% for test weld LCW6 at
measurement lines ML3 and ML4. In addition, Figure 17d, which presents the mixing profile for the
weld root portion, shows homogenous mixing at the bottom of the groove.
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Figure 17. Filler metal mixing results from EDS stepwise characterization. (a–d) Filler metal mixing-%
profiles of measurement lines 1–4 (ML1–ML4) from test weld LCW6 (e). In figures (a–d) one step
between adjacent measurement points in the horizontal axis equals 100 micrometres.

In the closed square butt weld with zero root gap, the filler metal mixing behaviour was remarkably
inhomogeneous. In Figure 15a,b, distinctive colour contrast can be seen between high chromium and
low chromium weight-% areas. Figure 18 shows mixing profiles derived from the EDS-line scans
and micrographs taken at the same locations (Figure 18a). Local inhomogeneous mixing is clearly
visible in the EDS chromium mapping image of the zero root gap test weld LCW1. Mixing profiles at
the measurement lines 2 and 3 (Figure 18d,e) point out acute local changes in weld metal chemical
composition. Micrographs (Figure 18b,c) reveal that composition variations in the weld metal have
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induced a change in weld solidification mode from primary austenite to primary ferrite solidification.
Microstructural solidification features of both modes can be seen side-by-side and solidified islands of
primary ferrite are present in locations where the weld metal contains a high amount of filler metal.
Large local spikes in the mixing profiles indicate that the difference between the high and low mixing
value levels could be almost 45%-units.Appl. Sci. 2019, 9 FOR PEER REVIEW  17 
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Figure 18. Example of mixing behaviour in a laser cold-wire weld produced in I-groove configuration
with closed gap. Micrographs (b,c) and filler metal mixing profiles (d,e) at corresponding locations (a)
showing inhomogeneous mixing occurred in laser cold-wire test weld LCW1.

The results given in Figure 16 show that the V-groove weld configuration gave the highest average
filler metal mixing values of the laser cold-wire welding trials. Average filler metal mixing values in
percent were in the range 58–62% and 60–67% at measurement lines 1 to 4 of the test welds LCW7
and LCW8, respectively. Comparison of leading and trailing wire feeding based on the chromium
weight-% mapping images of Figure 15g–h and the filler metal mixing profiles in Figures 19 and 20
indicates that the mixing homogeneity is best in weld LCW8, which was made with trailing wire
feeding. Overall, test welds LCW6 and LCW8 gave the best results, corresponding to homogenous
filler metal distribution across the whole weld cross-section. Both LCW6 and LCW8 were produced
using trailing wire feeding.
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Figure 19. Filler metal mixing results from EDS stepwise characterization. (a–d) Filler metal mixing-%
profiles of measurement lines 1–4 (ML1–ML4) from test weld LCW7 (e). In figures (a–d) one step
between adjacent measurement points in the horizontal axis equals 100 micrometres.
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3.3. Mixing Behavior Comparison between Laser-Arc Hybrid and Laser Cold-Wire Processes

In square butt welds with narrow root gap (0.4 mm) the difference in mixing between the upper
and lower halves of the joint thickness was more discernible in the weld samples produced with laser
cold-wire welding than with laser-arc hybrid welding. When the root gap was 0.8 mm, the weld made
with laser cold-wire welding and leading wire feeding still showed inhomogeneous mixing between
the upper and lower halves of the joint. With trailing wire feeding, on the other hand, more even
mixing behaviour was found. Corresponding samples for laser-arc hybrid welding and 0.8 mm root
gap showed more even mixing behaviour with leading wire feeding compared to the laser cold-wire
process. Trailing wire feeding with 0.8 mm root gap produced the best mixing of the laser-arc hybrid
test welds and, especially at the weld root, the average mixing-% was somewhat higher than in
corresponding laser cold-wire test welds. With the V-groove welds, the laser cold-wire process with
trailing wire feeding exhibited superior mixing behaviour in terms of more homogenous filler metal
distribution from the weld surface to the weld root. The V-groove welds with laser-arc hybrid welding,
in turn, showed high average mixing-% values in all four measurement lines (ML1–ML4) from the
weld surface to root but the overall homogeneity of the fusion zone mixing was only moderate.

In the case of the laser-arc hybrid process, the electromagnetic force, that is, the Lorentz force, is
known to act in the weld pool due to the electric current and the magnetic field induced. The Lorentz
force is one of the driving forces for fluid flow in the weld pool during arc welding. The Lorentz
force pushes liquid metal downward from the surface of the centre axis of the melt pool and liquid
metal is circulated along both sides of the weld pool boundaries and rises back to weld surface [23].
In the laser-arc hybrid welds, the Lorentz force could have been augmenting weld metal mixing with
convective fluid flow, which would cause a stirring effect in the melt pool.

3.4. Practical Aspects

The mixing studies indicate that both welding processes benefit from the use of larger groove
cross-sections. The use of a wider root gap in the I-groove welds, for example, helped to introduce
filler metal into the bottom of the groove. In practice, with open square preparation where a wide root
gap is used in thick-section welding, the diameter of the laser beam spot needs to be wide enough and
the power density of the beam must simultaneously be sufficient to ensure both proper melting of
the joint fusion faces and to enable keyhole formation. It should be noted that the mixing results for
the thick-section welds described in this work represent one transversal cross-section sample per test
weld joint produced. Welding in general and laser-arc/cold wire-based keyhole welding in particular,
are dynamic processes. Consequently, some natural variation in mixing and the resulting weld metal
composition along the solidified weld joint can be expected even if all the welding experiments are
carried out in the proper parameter window and in a robust manner. However, the results presented
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offer some indication of how mixing can be considered in welding parameter planning for thick section
welding with laser-arc or laser cold wire-based processes.

4. Conclusions

Laser-arc hybrid and laser cold-wire welding tests were conducted on 10 mm thick butt-welded
joints of AISI 316L austenitic stainless steel base metal using an overmatching type 2205 duplex
stainless steel filler metal. The objective of the work was to study filler metal mixing behaviour in
laser-arc hybrid welding and laser cold-wire welding. The following variables and their effect on
mixing behaviour were of interest: leading and trailing filler wire feeding and butt-joint preparation,
namely I-groove and V-groove type welds.

The following conclusions can be drawn from the results of the laser-arc hybrid welding tests:

i Open square preparation (I-groove) with a 0.4 mm root gap in a 10 mm thick butt joint showed
a clear difference in filler metal mixing between the upper half and lower half of the weld
cross-section. Average filler metal mixing values in percent were within the range ~31–38% in the
upper half of the weld cross-section but only ~25–28% in the lower half of the weld.

ii Increasing the cross-sectional groove area by using a root gap of 0.8 mm in a square butt weld
(I-groove) enhanced filler metal mixing across the whole weld cross-section. This change was
particularly evident in the root portion of the test welds, where average mixing values in percent
were between ~40–46%.

iii With laser-arc hybrid welding, V-groove type welds with trailing and leading wire feeding had
the highest filler metal mixing values (averages from 41% to 56%) but the homogeneity of the
mixing was not as good as I-groove welds with 0.8 mm wide root gap.

iv In all test welds, trailing filler wire feeding produced stronger filler metal mixing in the root
portion than leading filler wire feeding.

v Near the weld surface, the average filler metal mixing-% values were smaller when using trailing
wire feeding (i.e. trailing torch) than leading wire feeding (i.e. leading torch). This result was
probably caused by larger local base metal dilution near the weld surface when a trailing torch
configuration was used.

Following conclusions can be drawn from the results of the laser cold-wire welding tests:

i In closed square (zero root gap) welds, filler metal mixing behaviour was observed to be remarkably
inhomogeneous with both leading and trailing wire feeding compared to the welds with wider
gaps. Large local spikes in mixing profiles were found and the difference between the high and
low mixing values could be almost 45%-units. Acute local changes in the chemical composition of
the weld metal induced changes in the weld solidification mode, which had separate islands of
both primary austenite and primary ferrite solidification microstructures.

ii A clear difference was noticed in filler metal mixing between the upper half and lower half of
the weld cross-sections in the case of the I-groove weld with 0.4 mm root gap for both leading
and trailing filler wire feeding. When the root gap was widened to 0.8 mm, leading wire feeding
still showed a noticeable difference in mixing between the upper and lower half of the weld
cross-section. Corresponding results with trailing wire feeding, however, showed enhanced
mixing behaviour across the whole weld cross-section with greater homogeneity and higher
mixing values. Average filler metal mixing values in percent were in the range ~39–47% for the
entire weld cross-section.

iii Utilization of V-groove preparation with trailing wire feeding gave the best filler metal mixing in
terms of both homogeneity and high mixing values. Average filler metal mixing values in percent
were in the range ~60–67% for the entire weld cross-section.

Overall, the results of the mixing studies indicate that both welding processes benefit from the use
of a larger groove cross-section. The use of trailing wire feeding showed more robust mixing behaviour
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with V-groove preparation for the laser cold-wire process and with I-groove preparation with a 0.8 mm
root gap for the laser-arc hybrid process.
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