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Abstract
Several laser materials processing technologies using metal wire addition 

have been researched during the last decades. Especially in the field of joining, 
as well as in the field of Additive Manufacturing (AM), multiple major benefits 
have been reached, e.g. higher welding speeds and lower heat input. With laser 
and arc hybrid welding techniques, additional prospects become accessible. These 
can combine and improve both deep penetration of autogenous laser welding 
and gap bridging capabilities of traditional arc welding. In the field of AM, wire 
feed has been a much-appreciated way of supplying additional material. Reasons 
include clean and easy handling, high utilisation and availability. A high intensity 
heat source, e.g. a laser beam or an electrical arc, continuously melts a metal wire; 
the melt being deposited onto a substrate in one or multiple layers to generate 
a new surface or three dimensional structure. An alternative joining process is 
Narrow Gap Multi-Layer Welding (NGMLW). This technique utilises the former 
mentioned AM processes to fill a gap to join sheets together, instead of depositing 
on an open surface. NGMLW is a capable competitor to the above-mentioned 
joining processes due to its prospects of being able to join essentially any thickness 
of sheets, as long as the beam and wire can accurately reach the gap floor and a 
sufficient number of layers are used.

In this thesis, multiple types of NGMLW, Papers A – D, and hybrid material 
deposition, Papers E and F, using laser and hybrid heat sources with metal wire 
addition have been studied. Techniques such as High-Speed Imaging (HSI), 3D 
and Computed Tomography (CT) scanning have been used to gain greater insight 
into the workings of these modern manufacturing processes. The multi-layered 
way of material deposition within a gap to form a welded joint and onto a surface 
for AM have many similarities, e.g. wire melting behaviour and melt flow.

Paper A introduces the workings of NGMLW, highlighting possible welding 
imperfections and welded joint morphology. HSI of the process is analysed both 
qualitatively and quantitatively: qualitative analysis identifying possible causes 
for said imperfections; quantitative analysis highlighting the potential for using 
similar and lower frame rate camera footage for closed loop control to suppress the 
formation of such imperfections.

In Paper B, an alternative near-vertical building strategy for NGMLW is 
presented and compared to its more common horizontal counterpart. This upright 
strategy is found to be fully capable of producing sound welded joints, sporting 
less than 0.3% cavities. The near-vertical welded joints also have potential for 
unique material properties due to their much different thermal history.



iv

Papers C and D return to the topic of horizontal NGMLW, but with 
resistance heating of the metal wire for easier processing, also referred to as Laser 
Hot-Wire Welding (LHWW). Process behaviour and the resulting morphology 
of welded joints are the main topics of Paper C. Theoretical reasoning for the 
formation of occasional centre-line cracks, relating to the shape of the melt pool 
during solidification, are presented. Arcing is observed in some of the experiments, 
although prior theory indicates that the applied wire voltage was too low for 
arcing to occur. This arcing phenomenon is further covered in Paper D, where 
HSI observations are used to correlate process parameters to arcing probability 
and a theoretical explanation of why arcing can occur is suggested.

Papers E and F take the step out of the gap, studying the impact of laser 
beam augmentation in different orientations on Wire-Arc Additive Manufacturing 
(WAAM). Paper E focuses on a method of quantifying melt pool movement. 
Fluctuations of the melt pool surface decreased by more than 35% with the 
introduction of a laser beam to the process. Paper F analyses the generated 
structures, evaluating the usable portion of the “as deposited” shapes and material 
composition. Surface irregularities decreased by more than 50% on application of 
a trailing laser beam. Additional aspects relating to the resulting morphology are 
also presented, including observations and reasoning for surface irregularities and 
sloping.

The knowledge gained and methods used in the presented work intertwine 
to form a strong insight into both laser and laser-hybrid materials processing with 
wire addition. They also introduce approaches for processing and quantifying HSI 
footage for process evaluation and improvement. 
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Introduction
1. Organisation of the thesis

This doctoral thesis consists of an introduction and six scientific journal 
manuscripts, Papers (A-F).

The introduction serves to clarify the framework of the thesis, presenting a 
common context for the six papers. It begins by describing the organisation of the 
thesis (section 1). It goes on to provide the motivation of the research (section 2) 
that has led up to this thesis, including funders and research questions. The 
methodological approach (section 3) of the papers is then presented, including 
a brief description of the various methods and tools that have been used. This is 
followed by a technological and scientific background to the papers and thesis 
(section 4). A summary of the papers (section 5) and general conclusions of the 
thesis (section 6) are then presented and the research questions answered. The 
introduction concludes with a short future outlook (section 7), giving some 
suggestions for future research and development.

Lastly, the six Papers (A – F) that together form the main scientific 
contribution of this thesis are presented in the Annex. The Papers cover different 
phenomena of multi-layer laser materials processing techniques, both when used 
for joining by filling a gap between sheets and when used on an open surface for 
additive manufacturing of steel structures; covered phenomena include melting 
behaviour and melt flow of both base material and filler wire. All six Papers use 
High-Speed Imaging (HSI) and other techniques to study these phenomena and 
related aspects. The principal topics of the six scientific Papers are described briefly 
below, with linking topics presented in Table 1.

The cover page features illustrations of Narrow Gap Multi-Layer Welding 
(NGMLW) using laser (left) and Directed Energy Deposition (DED) using arc 
and laser (right). Both illustrations are accompanied by photos captured using 
High-Speed Imaging of each corresponding process. 



2 NäsströmIntroduction

The technological background, given in section 4, presents important aspects 
relating to the six journal papers. It begins with a brief description about laser light, 
including theory behind how it is generated and properties such as wavelength 
and beam quality, section 4.1. Afterwards comes a description about laser welding, 
which is the main purview of Papers A – D where sheets of metal are joined by 
filling a gap in multiple passes. The original, autogenous forms of laser welding 
are described, section 4.2, followed by aspects relating to the addition of filler 
wire, section 4.3, and multi-layer welding, section 4.4. Then the section continues 
outside the gap, describing how multi-layer deposition of metals onto a surface 
can be used for the Additive Manufacturing (AM) of three-dimensional (3D) 
structures. The typical forms of laser based AM of metal structures are described, 
section 4.5, followed by different means of supplying material to the processes, 
section 4.6. Arc and hybrid processes for AM are also described, section 4.7. 
Following that comes an explanation of High-Speed Imaging (HSI), section 4.8, 
and aspects relating to this highly useful method for studying details in high 
brightness environments, made possible by the unique properties of laser light. 
The technological background rounds off with a brief description of important 
process mechanisms to consider when performing laser multi-layer welding and 
material deposition with welding wire addition, section 4.9.

Table 1: Thematic profile of the six papers contained in this thesis.
■ signifies a main theme of a paper, whereas ◘ indicates a partial theme

Paper

A B C D E F

Multi-layer processing ■ ■ ■ ■ ■ ■
Narrow Gap Multi-Layer Laser Welding (NGMLW) ■ ■ ■ ■
Directed Energy Deposition (DED) ■ ■
Resistance-heated wire (“hot-wire”) ■ ■
Laser - Arc hybrid process ■ ■
High-Speed Imaging (HSI) ■ ■ ■ ■ ■ ■
Arc behaviour, incl. movement and ignition ◘ ■ ■ ■
Wire behaviour, incl. melting and movement ■ ■ ■ ■ ■ ■
Melt behaviour, incl. flow and solidification ■ ■ ■ ■ ■ ■
Surface morphology, e.g. humping and undercuts ■ ■ ■ ◘ ■
Internal morphology, e.g. layer interfaces and cavities ■ ■ ■ ■ ■



Näsström Introduction 3

Paper A addresses the formation of certain imperfections in welded joints 
produced using Narrow Gap Multi-Layer Welding (NGMLW). It observes the 
process through High-Speed Imaging (HSI) and describes potential causing factors 
and phenomena. It also describes the potential to utilise video footage as a mean 
for controlling a closed loop control system to mitigate imperfection formation.

Paper B introduces a novel, near-vertical approach to the usually horizontal 
NGMLW process. The paper covers both behaviours during the process and 
aspects of the welded joint.

Paper C studies phenomena in hot-wire assisted NGMLW, including how 
wire melting differs between intermediate and surface layers, that arcing could 
occur during certain circumstances, and the surface morphology of welded joints. 

Paper D focuses closer on the arcing behaviour sometimes observed during 
NGMLW with resistance heated hot-wire in Paper C. The paper highlights 
common behaviours and circumstances for arc formation, and the effects excessive 
arcing would have on welded samples.

Paper E applies an approach much similar to the NGMLW process, with 
the addition of Cold Metal Transfer (CMT) arc synergy welding, to generate a 
multi-layered, 3-dimensional structure on top of a substrate. The process of 
deposition and melt flow behaviour, including the impact of combining laser and 
CMT, are studied using HSI and a semi-automated method for quantifying HSI 
footage (which is also described in the Paper) is suggested.

Paper F studies the structures generated from Paper E in greater detail, 
evaluating both morphological aspect and variations in the chemical composition. 
Some additional aspects of the impact of a laser beam has on the CMT process 
are also discussed.

Additional publications by the author:
Hot-wire laser welding of deep and wide gaps
Jonas Näsström, Jan Frostevarg, and Tore Silver
Published in Physics Procedia, 2015, 78: 247-254.
Presented at the 15th Nordic Laser Materials Processing Conference, 2015 
(NOLAMP 15) August 25th – 28th 2015, Lappeenranta, Finland.

Evaluation of a laser-hot-wire hybrid process for producing deep net-
shape welds
Jonas Näsström and Jan Frostevarg
Conference proceedings: Lasers in Manufacturing Conference, 2017 
(LiM 2017) June 26th - 29th 2017, Munich, Germany.
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Publications as co-author:
Narrow gap laser welding by multilayer hot wire addition
Alexander F. H. Kaplan, Kyoung Hak Kim, Hee-Seon Bang, Han-Sur Bang, 
Jonas Näsström and Jan Frostevarg
Published in Journal of Laser Applications 28.2 (2016): 022410. 

Hot Wire Laser Welding of Multilayer for Narrow Gap - Analysis of 
Wire Melting
Kyoung Hak Kim, Hee-Seon Bang, Alexander Kaplan F. H., Jonas Näsström and 
Jan Frostevarg
Published in Journal of Welding and Joining, 34(5) (2016), p26-32. 

Periodic Boiling Connected to Hot Wire Oscillation during Narrow 
Gap Laser Welding
Kyoung Hak Kim, Hee-Seon Bang, Han-Sur Bang, Jong Hee Kim,  
Alexander F. H. Kaplan and Jonas Näsström
Conference proceedings:. IWJC Conference, 2017.
(IWJC) April 11th - 14th 2017, Gyeongju, Korea

Microstructures from wire-fed laser welding of high strength steel 
grades
Alexander F. H. Kaplan, Matthias Höfemann, Eva Vaamonde, 
Anandkumar Ramasamy, Bert Kalfsbeek, Jonas Näsström, 
Stephanie M. Robertson, Jan Frostevarg and Jörg Volpp
Journal of Laser Applications (in press) (2020).

Studying the microstructure during welding with laser and wire for 
high toughness of high strength steel
Alexander F. H. Kaplan, Peter Ohse, Gustaf Gustafsson, Pär Jonsén, 
Matthias Höfemann, Eva Vaamonde, Anandkumar Ramasamy, Bert Kalfsbeek, 
Jonas Näsström, Stephanie M. Robertson, Jan Frostevarg and Jörg Volpp 
Proceedings of the 72nd IIW International Conference, 2019
(IIW) July 7th - 12th 2019, Bratislava, Slovakia.
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2. Motivation of the research

The main incentive for this research has been to support manufacturing 
industry by improving the knowledge and finding new and innovative ways of:

(I) producing tougher welded joints for constructions in cold climates, 
e.g. pipeline and off-shore applications (funded through the EU RFCS project 
OptoSteel); (II) joining thick steels sheets, e.g. for ship-building and mining 
purposes (funded through the EU FP7-RFCS project HYBRO); (III) utilising 
laser hybrid metal deposition, to aid Small and Medium-sized Enterprises (SMEs) 
in the region to better serve key industry sectors, enter recently growing markets 
and be more energy efficient (funded through the EU ERDF Interreg Nord 
project CMT). 

Laser welding with filler wire is a highly competent and competitive 
technique for joining steel sheets; its much lower heat input and higher welding 
speeds, compared to techniques such as Gas Metal Arc Welding (GMAW), can 
make it very attractive for multiple industries. However, most filler materials 
currently available on the market have been developed mainly, if not exclusively, 
for the more traditional arc welding processes. Therefore, there exists an interest in 
developing both filler materials that are more suitable for harnessing the capabilities 
of laser welding, and laser welding techniques that can harmonise better with 
existing filler materials while also utilising the potentials of laser welding. The 
aims of the OptoSteel project was to meet these interests, with Papers A and 
B being parts of the latter one; developing laser welding approaches that better 
suit currently available filler materials while also presenting benefits over more 
traditional means of welding. The project involved project partners from steel and 
pipeline manufacturers interested in applying the findings to their products in 
cold climates, as well as welding wire manufacturers interested in developing new 
products suitable for such applications.

For the joining of thick steel sheets, techniques such as laser Narrow Gap 
Multi-Layer Welding offer strong potential; the process essentially being able to 
join as thick sheets as the accuracy of the laser beam and feeding of filler wire can 
allow. In principle, the narrow gap process offers very fast overall welding speed, 
even for thick joints. At the same time, a trade-off can be chosen where available 
laser power, and the corresponding initial investment costs, can be kept low by 
accepting slower welding speed, or vice versa. Because of this, and the additional 
major benefit of decreasing the necessary amounts of material that had to be 
machined away before welding due to edge preparation, it became an important 
topic of the HYBRO project and the main focus of Papers C and D; the papers 
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centring around an adapted form of the process which implemented resistance 
heating of the wire to decrease the necessary laser power to perform the process 
successfully with, to the end user, easily accessible equipment. Both truck and 
excavator manufacturers were involved in the project, hoping to apply any fruitful 
findings and studied techniques in their business activities. Steel manufacturers 
interested in broadening their knowledge in the use of their steels and spreading 
said knowledge to their customers were also involved.

In the CMT project, the possibilities of utilising the novel short-circuit arc 
technology with the same name was investigated. Additive manufacturing has 
recently seen a rise in popularity, both in academia and industry. Arc based material 
deposition techniques have been known to have higher deposition rates, while 
laser based processes often feature better deposition accuracy and surfaces finish. 
Papers E and F therefore studied the impacts of combining the CMT arc with 
a laser beam as an additional heat source; possibilities of acquiring rapid additive 
manufacturing processes with minimum needs for post-processing being of high 
interest both for the scientific and industrial communities. The project involved 
several SMEs that were curious about the prospects of using CMT and CMT + laser 
hybrid technologies and see if they could be a price effective competitor to other 
growing AM processes.

To help steer the research, and to further help develop the knowledge of 
researched manufacturing processes and tools of investigation, the following 
research questions (RQ) have been established:

RQ1.  How can the relative movement and positioning of the laser beam 
and welding wire affect laser and arc-laser hybrid multi-layer material 
deposition processes?

RQ2. How can the addition of a second heat source, e.g. resistance heated 
wire or an additional laser beam, affect wire based multi-layer material 
deposition processes?

RQ3. How can High-Speed Imaging of laser and hybrid multi-layer material 
deposition processes be quantified, e.g. to study process phenomena and 
behaviours or enable closed-loop process control?

The answers to these questions, concluded from this thesis and the papers in 
the annex, will be presented in section 6. General conclusions.
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3. Methodological approach

Wire-based, multi-layer material deposition processes, and the study of them, 
are at the centre in this thesis. The six scientific papers it consists of have used 
an assortment of techniques and tools to gain insight into phenomena in these 
multi-layer processes; these tools and techniques are mentioned below.

All six Papers have initially applied an experimental, explorative approach 
to study in-process phenomena of interest. Behaviours, such as wire melting 
and movement, were first studied using techniques such as High-Speed Imaging 
(HSI) to gain a qualitative understanding of the processes. HSI footage could then 
be used to describe potential causes of observed phenomena, in juncture with 
theoretical knowledge. The footage could also be further scrutinised to quantify 
observed phenomena, making it possible to gain a deeper understanding of trends 
and behaviours.

Papers A, D and E also describe ways to better quantify the acquired 
information. Paper A used streak imaging to compare how accurate the observed 
wire travel path would be when applying different video capture frame rates. 
In Paper D, the frequency and time of arcing was manually counted and displayed 
in a time to voltage graph. In Paper E, the surface profile of the melt pool in the 
HSI footage was traced and the traced profiles compared to find the overall trend 
of melt pool fluctuations, as well as the impact of introducing a laser beam to the 
process. These fluctuations were then also compared using a relative frequency 
histogram to better describe the difference in a quantitative way.

Non-destructive analysis methods, including 3D scanning and Computed 
Tomography (CT), were used in Papers A – C and F to study and describe the 
surface and morphology of produced welded joints and structures. Paper A – C 
mainly used 3D scans as a mean of describing how much the surface would deviate 
between joint and base metal with the applied techniques. Paper F, however, used 
this information of the produced structures to both assess the surface regularity 
and how much of the generated structures could remain after removing all 
surface irregularities. Both of these factors are often important in industry when 
applying these techniques for generating three-dimensional structures. Paper A 
and B used CT scanning of sections of the welded joints to measure the volume 
of porosities and other cavities and observe them in great detail. In Paper F, 
2D X-ray photographs of the generated structures were produced and scrutinised 
to determine the presence of similar imperfections. 

Destructive analysis methods, where the samples were cut into cross sections 
to better observe internal features such as the weld-to-base-metal interface 
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and imperfection morphology, were used in Papers A – D and F. The usually 
perpendicular, and sometimes also longitudinal, cross sections were mainly 
analysed qualitatively through ocular inspection of macro- and micrographs. In 
addition, Paper D used micro-hardness testing to measure variations in hardness in 
the HAZ, base and weld metal of the welded samples. Paper F instead used EDX 
analysis to measure the dilution between base metal and deposited layers in the 
generated structures. 
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4. Technological background

This section sets out with a concise introduction to laser light and its 
properties, lasers being one of the main tools used in the work that this thesis 
comprise. It goes on to describe processes relating to the six papers, i.e. laser 
welding and material deposition. Following that is a short explanation of 
high-speed imaging, which has been one of the main tools for study and analysis 
of process phenomena. Last is a brief description of important process mechanisms 
that should be considered when performing laser and wire based multi-layer 
welding and material deposition.

4.1. Laser light and its properties

The term ‘laser’ is originally an acronym for ‘Light Amplification by 
Stimulated Emission of Radiation’. Stimulated emission was first thought of by 
Albert Einstein in the early 20th century [1], and then later proven to work for 
light amplification by Theodor Maiman in 1960 [2], photos of him and his laser 
can be seen in figure 1. 

Stimulated emission refers to a phenomena where the atoms in a, for lasers, 
lasing medium is first brought to an excited stage and then, when the atoms return 
to their ground-state, the atoms give out a photon that cause additional atoms in the 
medium to give out identical photons while returning to their ground-states [2], 
illustrated in figure 2(a). By positioning the lasing medium between two 
mirrors, one of which is semi transparent, as illustrated in the illustration in 
figure 2(b), the emitted photons are made to bounce back and forth through 
the medium. The resulting cascade of laser light that is released through the 

Figure 1 (a) Photo of Theodore Maimain together with one of his impressive first laser tubes 
(b) Maiman’s first working, although less magnificent looking, laser [2].
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semi-transparent mirror is highly coherent in both time (monochromatic) [3] 
and space, performing as if originating from a single point source and having low 
divergence.

Monochromatic means that the light consists of a narrow bandwidth of 
wavelengths, as opposed to ‘normal’ light which usually consist of a larger spectrum 
of wavelengths, e.g. sunlight or that of a common flashlight. Several different types 
of lasing mediums can be used to produce laser light with unique wavelengths; 
wavelengths ranging from the ultraviolet to the infrared end of the electromagnetic 

Figure 2 (a) Illustration explaining the concept of stimulated emission of radiation and (b) 
the resonator of the first laser [4].

Figure 3 The electromagnetic spectrum, showing the typical wavelengths of some an assortment 
high power laser types, including the 1070 nm Yb:Fibre laser used in this thesis [5].
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spectrum, the spectrum and wavelength of some high power lasers are shown in 
figure 3. In the work presented in this thesis, an Yb: fibre laser with a wavelength 
of 1070 nm has been used as the main source for process laser light. 

Divergence refers to how a beam of light will widen with increasing distance 
beyond its origin or, as is usually the case with laser beams, focal point [6].  
A simple diagram of laser beam caustics is displayed in figure 4. As the waist 
diameter and the resulting cross-sectional area of the beam increases, the energy 
density will decrease. By having low divergence, a beam of light will widen less 
with increased distance and thus also have less decrease in energy density. Having 
high temporal and spatial coherence also means that the laser beam can be focused 
to a very small spot. This makes it possible to deliver a lot of energy to a small 
area, enabling melting and even vaporisation of materials like metals [4]. However, 
multiple factors will influence how much of the laser light is absorbed by the 
work piece; factors include: the material and temperature of the work piece [2,7], 
wavelength of the laser beam [2,8], surface finish of the work piece [9] and, to some 
extent, even the angle of inclination between the beam and the surface [10]. How 
well a particular laser beam can be focused is described by its beam quality, often 
expressed as beam quality factor (M2) or by its beam parameter product (BPP), 
both are described together with the beam diagram in figure 4.

Figure 4 Diagram of optical beam caustics and equations typically used to describe the beam 
quality of a laser.
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4.2. Laser welding

To weld two or more pieces of metal together means to melt the interfacing 
surfaces in such a way that the melts blend and the pieces are fused together. From 
an industrial perspective, the joining of thick sheets of steel is highly important. 
Laser beam welding is, together with laser cutting and marking, one of the key 
forms of laser materials processing used in industry today. Lasers are exceptionally 
well suited for welding, owing to their high accuracy and energy density; allowing 
calmer processing and deeper penetration while maintaining a lower heat input to 
the surrounding material. Autogenous laser welding, meaning welding performed 
using solely a laser beam as the heat source and no additional filler material, is 
commonly categorised as either conduction welding or deep penetration welding, 
also known as keyhole welding. Conduction welding, illustrated in figure 5(a), is 
when the laser beam is used to irradiate the surface of the work piece and the thermal 
energy is conducted down through the material. This mode of welding is usually 
highly stable, has little or no spattering and is good for producing pore free joints [11]. 
When the energy density inside the laser spot on the surface of the work piece 
exceeds 106 W/cm2, the laser beam begins to burrow into the material and form 
a so called ‘keyhole’ [2,11]. With laser keyhole welding, illustrated in figure 5(b), 
deeper penetration depths compared to traditional arc welding techniques can 
often be achieved. However, it is not uncommon to experience issues such as 
spattering [11–13]. Due to the relatively high energy density of both modes, laser 
welding typically has a much narrower heat-affected zone compared to typical 
arc processes. The heat-affected zone refers to the area close to the welded joint, 
where the metal becomes heated to near-melting temperatures, causing changes 
to the crystalline structure with potentially detrimental effects on the mechanical 
properties near the joint [11,14]. 

Solid weld 
metal

Laser
beam

Melt
pool Keyhole

Metal vapour 
in the keyhole

Solid weld 
metal

(a) (b)

vweld vweld

Figure 5 Illustration of the two modes of laser welding: (a) conduction welding and (b) laser 
keyhole welding [5].
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4.3. Filler wire addition in laser welding

One of the challenges with autogenous laser welding is gap bridging. 
Recommendations can vary; Lampa et. al. [15] suggest not using a gap wider than 
the lesser of 0.2 mm and 10% of the thinnest sheet thickness used when producing 
butt-joints. Even if the gap is bridged by the melt, there is still a risk that the 
resulting welded joint is too thin for its intended purpose. It has been found that 
the gap bridging capabilities, as well as issues relating to a lack of material, can be 
improved upon by the addition of filler wire [16,17]. Research has shown that 
introducing the wire from the leading/front side of the process zone, illustrated 
in figure 6(a), can help improve process stability, melting efficiency and produce 
a better surface finish [16,18]. Feeding the wire in from the trailing/back-side, 
illustrated in figure 6(b), can instead provide a more stable keyhole and better 
penetration, when used for laser keyhole welding [19]. 

The major part of the work presented in this thesis therefore feed the wire 
in from the leading side of the process zone. Researchers have also studied the 
effect of having the wire being fed in front of the laser spot, figure 7(a)i, towards 
its centre, figure 7(a)ii, and towards the back end of the beam, figure 7(a)iii. It was 
shown that if the wire is fed in from the front and towards the back-end of the 
laser spot, the wire will melt too soon and large droplets of melt will form at its 
tip, illustrated in figure 7(b)i; this will eventually lead to globules of metal to be 
deposited onto the joint [18,20]. If the wire if fed towards the centre of the laser 
spot or more towards it front, the melt can continuously flow in a ‘melt bridge’ 
from the wire to the melt pool [18,20], illustrated in figure 7(b)ii.

Researchers have also studied the potential benefits of pre-heating the wire, 
e.g. through resistance heating by running an electrical current through the 
wire [21–23]; potential benefits include improved energy efficiency, reduced need 
for high laser power and improved gap bridging capabilities.

Figure 6 Illustration of different filler wire feeding direction for laser welding: (a) from the 
leading side and (b) from the trailing side [5].
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4.4. Multi-layer laser welding

There are multiple applications that require extremely high durability and 
impact toughness, e.g. ship hulls, pipe-lines and mining structures and tools. Due 
to the limited penetration of arc welding, thick materials usually require wide 
and costly edge preparations that require a lot of passes and filler material [24], as 
illustrated in figure 8(a)i. Using laser keyhole welding, it becomes possible to weld 
thicker sheets of steel, although the required laser power per mm thickness is not 
linear [25–27].  When using laser keyhole welding, the maximum sheet thickness that 
can be welded is still limited by the penetration capabilities of the laser beam [25]. 
It can sometimes be possible to weld from both sides of the joint to nearly double 
the joint thickness, as illustrated in figure 8(b)ii; this, however, relies on that both 
sides of the joint has to be accessible during manufacturing. By instead slightly 
widening the gap, the laser beam and wire can be fed to the bottom of the gap 
without affecting the above gap sides. By depositing multiple overlapping layers, 

Figure 7 Laser and filler wire illustrations, showing: (a) wire being fed towards different ends 
of the laser beam, (i) in front, (ii) towards its centre and (iii) towards the back end of the 
beam; (b) different wire tip to melt pool transition modes [20].
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the gap can be filled from the bottom up [28,29], as illustrated in figure 8(a)iii & 
(b)iii. The difference from traditional arc welding is that fewer passes are required. 
This approach is called Narrow Gap Multi-Layer Welding, and is the main basis of 
topic in Papers A – D.

4.5. Laser Additive Manufacturing of metals

Additive manufacturing (AM) is an umbrella term for manufacturing processes 
that, instead of removing material to achieve a desired shape of a product, adds 
additional material in multiple layers to form the desired geometry. Laser based 
AM of metal components tend to fall into either Directed Energy Deposition 
(DED), described below, or Powder Bed Fusion (PBF) technologies. PBF processes 
[30] typically work by spreading a very thin layer of metal powder and, using a 
localized heat source such as a laser, fuse together the powder particles inside a 
cross section of the desired geometry. By doing so over and over, while gradually 
lowering the fused structure, a complete part can be manufactured, the process is 
illustrated in figure 9. 

DED processes, on the other hand, do not require a layer of preplaced powder 
to be spread out before each layer of the intended structure can be manufactured. 

(a)

(b)

i ii iii

i ii iii
Weld
track

Gap
edge

Gap
edge

Figure 8 Illustrations of different weld types: (a) three cases of sample joint preparation and 
(b) the typical appearance of the three corresponding post-weld cross sections.

Figure 9 Concept illustration of laser powder bed fusion.
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DED processes also utilise a localised heat source but, instead of preplacing 
powder, supply material directly onto the surface of the substrate, e.g. as illustrated 
in figure 10(a). Advantages of DED include higher production rates and the 
possibility of modifying already manufactured components. Many of the above 
mentioned welding processes that utilise filler material can, in addition to joining, be 
modified to be used for surface treatment of tools and structures; by depositing layers 
of material onto a product’s surface, it is possible to perform repairs [31] and even 
to improve mechanical properties, e.g. wear-resistance [32,33] and performance at 
high temperatures [32,34], often referred to as ‘cladding’. By depositing multiple 
tracks on top of each other, it becomes possible to additively generate three-
dimensional structures [35–42]. In addition to laser based processes, DED can also 
be performed using other heat sources, e.g. an electric arc. The potentials of using 
material deposition for additive manufacturing, both using arc [35–39] and using a 
laser beam [40–45] as the heat source, have become increasingly attractive in both 
industry and academia. Factors of high interest include higher deposition rates 
[37,46], better dimensional accuracy [40,41] and improved building strategies [47]. 

Figure 10 Explanation and examples of material deposition: (a) process illustration of Wire 
Arc Additive Manufacturing (WAAM) [49], showing (i) single layer and (ii) multiple layer 
structure, (b) Photo of an example structure generated using WAAM [50], (c) an example 
of a turbine blades manufactured using Laser and Wire Additive Manufacturing, source: 
Fraunhofer IWS Dresden, Germany, and (d) thin-walled structure generated using micro 
laser metal wire deposition [51].
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Arc processes, e.g. Wire Arc Additive Manufacturing (WAAM) and Shaped Metal 
Deposition (SMD), are often considered to have lower initial investment cost 
and are reported to have high deposition rates [36–38]; the WAAM process is 
illustrated in figure 10(a) and a sample structure produced using WAAM is shown 
in figure 10(b). Laser based processes, on the other hand, are often shown to have 
improved deposition accuracy [40–42] and, thus, require less post-processing [48]; 
sample structures generated using wire and laser based material deposition 
processes are shown in figure 10(c) & (d). Means of post-processing range from 
machining and polishing, to achieve better dimensional accuracy, to drilling and 
cutting, to remove unwanted structures or add features such as mounting holes.

4.6. Wire addition in AM

Material can be supplied in a number of ways in DED, the more common 
means used in laser and arc processes include wire feeding [31,44,52–60], e.g. as 
illustrated in figure 11(a)i & (b)i and further described below, and blown powder 
[59,61], illustrated in figure 11(a)ii & (b)ii. Both wire and blown powder can be 
delivered either laterally [31,44,54,56,57,59], illustrated in figure 11(a), or coaxially 
[58,61,62], illustrated in figure 11(b). The main benefits of coaxial feeding nozzles 
is that they enable direction-independent deposition [58] and, for blown powder, 
is considered to provide better usage efficiency [63]; their main drawback is 
higher equipment purchase costs compared to lateral feeding alternatives, making 

Figure 11 Different means of material addition in laser based Directed Energy Deposition: 
(a) lateral feeding of (i) wire and (ii) powder; (b) coaxial feeding of (i) wire with a split laser 
beam and (ii) powder with a ring slit style nozzle.
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them less accessible to parties with less funds, e.g. many Small and Medium-sized 
Enterprises (SMEs). Wire based processes come with the added benefit of having 
much higher deposition efficiency [59], providing almost 100% material usage 
[64] and thus fewer stray micro-particles. They have also been observed to produce 
a better surface finish [59], compared to blown powder processes, when using 
proper process parameters. A range of different wire diameters and wire feeding 
systems can be used, depending on the intended application; possible uses range 
from high deposition rate WAAM [65] to fine precision deposition using lasers 
[51], a thin-walled structure generated using this method is shown in figure 10(d). 
Since wires are manufactured using well established drawing methods and come 
in a wide range of different diameters and alloys, manufacturing costs can be 
much lower than those of the specially produced powders [66], e.g. gas-atomised, 
usually required for blown powder processes. Similar to welding, when utilising 
lateral wire feeding for AM, it is important to consider factors such as wire feeding 
direction, angle and location. When using rear fed wire, the solidified track has 
been observed to sometimes disturb the wire [56], resulting in a serrated surface 
[44]. Meanwhile, using a front fed wire with low feeding angles have been found 
able to produce sound tracks without porosities [44] and a good surface finish 
[44,56].

4.7. Hybrid AM using CMT and laser

By combining laser welding with additional heat sources, it becomes possible 
to harness benefits of both heat sources. Attributes such as penetration depth can 
be increase, e.g. by adding an arc for laser-arc hybrid welding [67–69], illustrated 
in figure 12(a), or the need for laser power and initial costs can be decrease, e.g. 
through pre-heating of the wire for hot-wire laser welding [22,70,71]. There 
exists similar potential for AM, that arc and laser may be combined in just the right 
way so as to achieve the benefits of each heat source; potential attributes from 

Figure 12 Hybrid and arc process illustrations: (a) Laser-Arc Hybrid Welding [4] and 
(b) cladding using Cold Metal Transfer (CMT) with different time steps showing (i) burn 
phase, (ii) short-circuit phase, (iii) beginning of the boost phase with arc ignition and (iv) 
boost phase with fully powered arc [49].
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deposition and welding processes include higher deposition rate [65,72], better 
dimensional accuracy [51,73], unique thermal histories for better mechanical 
properties [60,72] and less residual stresses [74–77]. A particular arc mode that 
has, amongst others, been studied in combination with a laser beam for laser-arc 
hybrid welding is ‘Cold Metal Transfer’ (CMT), developed and retailed by Fronius 
International GmbH. The CMT process work by alternating between forward 
feeding and retracting the wire while regulating arc current and voltage to ignite, 
boost and extinguish the arc [49], illustrated in figure 12. The process presents a 
number of potential benefits, e.g. less unnecessary heat input and higher process 
robustness. The possibility of using arc and laser hybrid AM is the main purview 
of Papers E and F.

4.8. High-speed imaging 

There are a number of challenges when studying highly bright processes 
with rapid process phenomena, e.g. laser and arc based welding. The amount of 
process light they produce makes them difficult to directly observe, at least without 
risking direct damage to one’s eyes and skin. Thankfully, it is possible to block out 
most light using filters, e.g. welding masks or protection goggles. This helps most 
professionals to work with and utilise these processes for industrial purposes, but 
to actually observe and study process phenomena that are faster than their eyes 
can see, something more is needed. High-speed cameras can capture several tens 
and even hundreds of thousands images per second, making it possible to study 
processes at fractions of their original speed [78]. However, proper lighting is 
paramount for capturing clear footage. It might be possible to think then that high 
brightness processes would be ideal since they already provide a lot of light. This is 
unfortunately often not the case, as the process light often covers features of interest 
and generally tends to overexpose the entire image instead of making it clearer 
[79], as can be seen in the example in figure 13(a). Thanks to the monochromatic 
nature of laser light, however, it becomes possible to circumvent this problem. 
First, the camera has to be fitted with a special optical filter which blocks out 
the process light while allowing other wavelengths of light to pass through, e.g. a 
band-pass filter. Then, the process is illuminated using a defocused laser beam that 
has a distinctly different wavelength from the process and that can pass through 
the filter. This way, it is possible to provide enough lighting for the camera while 
preventing unwanted process light from obscuring studied features [79], as shown 
in the example in figure 13(b).
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4.9. Process mechanisms

The techniques studied in the thesis are based on the following physical 
mechanisms: laser beam propagation, absorption, thermodynamics, chemistry, 
melt flow dynamics (including surface tension effects), plus heat input and 
electromagnetic effects (when an arc is present) from additional energy sources. 
The process zone geometry is also an important aspect.

Laser beam propagation follows basic optical rules, including divergence 
previously mentioned in section 4.1. 

Absorption of different wavelengths of laser light in different materials is 
described in figure 14. The absorption depends on factors as described in 
section 4.1. (e.g. material temperature [80], surface texture [81] and relative beam 
to surface angle [10]). 

Thermodynamics and chemistry influence factors such as thermal expansion 
[83], i.e. how a material expands and contracts in proportion to changes in 
temperature. The resulting microstructure and mechanical properties after 
welding and deposition are also influenced. These are also some of the governing 
mechanisms for warping and weld crack formation [83], as well as the formation of 
oxides. If the melt is not properly shielded from the surrounding air, or remaining 
oxygen is present in deposited material or base metal, unintended oxides can begin 
to form. These may result in inclusions in the welded joint or generated structure, 
negatively influencing the performance of the manufactured product [84]. It is 
important to shield the deposited metal also after the laser beam has stopped 
irradiating the surface of the produced track, as oxides can form at temperatures 
well below the melting temperature of steel [34].

Figure 13 Example of difference between High-Speed Imaging footage of lighting: (a) too 
much light that obscures certain features (b) filtering out sufficient amounts of light to enable 
scrutiny of studied features.
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Melt flow dynamics come into play during the actual welding/deposition of 
material, be it inside a gap or onto an open surface. When the material begins to 
melt, a number of mechanisms cause the molten material to flow; these include 
Marangoni flow [85], a experimentally visualised version of which is depicted 
in figure 15, driven by the thermally dependent differences in surface tension, 
and other convective flows [86], influenced by the flow of temperature through 
the melt pool and between base and molten material. Here, chemistry once 

Figure 14 Absorption [1.00 is 100%] of different wavelengths in different metals at room 
temperature, adapted from Samarjy (2017) [82].

Figure 15 Visualised Marangoni flow from a experimentally simulated 10 mm diameter 
weld pool of NaNO3 [83].
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again comes into play as mechanisms such as Marangoni flow also are material 
dependent. Figure 15 also shows higher velocities of the flow at the laser irradiated 
surface compared to balancing backflow in the lower sections of the melt pool. 
Marangoni flow can yield a homogenisation of chemical elements, as has been 
shown using EDX measurements [87]. The mechanisms of melt flow are highly 
complex [25,88] and can, depending on the manufacturing process used, be even 
more so; laser keyhole welding, in addition to the before mentioned, also being 
influenced by factors such as metal vapour recoil pressure inside the keyhole [89], 
and arc processes having to account for factors such as the electromagnetic, or 
Lorenz, force [88]. Phenomena influenced by melt flow dynamics include weld 
cap morphology [90] and the formation of pores [12,91].

The effects of additional heat input and, when phenomena such as arcing 
are present, electromagnetic forces can affect a large range of process behaviours, 
including melting and melt flow.
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5. Summary of the papers

Paper A: Imperfections in narrow gap multi-layer welding - Potential causes and 
countermeasures

Abstract: Narrow Gap Multi-Layer Welding (NGMLW) using a laser as the main heat 
source and metal wire for material addition has been a growing topic of interest in 
the last decade. This is in part due to its potential for joining much thicker sheets 
of steel than what is usually considered possible when using autogenous laser 
welding. The process has shown great potential but improvements can still be made, 
e.g. through increased process control to decrease welding imperfections. Using 
closed-loop control, where the process is continuously monitored and regulated 
automatically, can help to account for variations during manufacturing. However, 
achieving functional closed loop control can be challenging due to limitations in 
data gathering and processing speeds. Important initial steps include identifying 
what data can be useful and how frequently this data has to be recorded. Too much 
data takes too long to process while too little causes risks of missing important 
details. In this study, 20 mm thick X80 pipeline steel sheets are joined together 
using this multi-layer approach; the samples are examined using 3D scanning 
and Computed Tomography (CT) analysis and the process is observed using 
High-Speed Imaging (HSI). The quality of the welded joint and welding 
imperfections are discussed and potential points of formation are identified. 
Suggestions on how to mitigate imperfections to improve the quality of the 
welded joint are presented, including the potential to use camera imaging for 
closed-loop process control and additional industrial uses of the HSI footage.

Conclusions: Laser Narrow Gap Multi-Layer Welding (NGMLW) of 20 mm thick 
X80 pipeline steel has been performed and observed using High-Speed Imaging 
(HSI). The welded joint was analysed using techniques including CT scanning. 
The following conclusions have been made:

• Cavities in the NGMLW produced joints tended to congregate along the 
sides of the welded joint.

• If not properly controlled, the wire could wander side-ways during processing; 
causes for changes in wire position include non-straight wire and uneven gap 
floor/previous layer.
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• If the wire drifted too close to one of the gap sides, usually about 0.2 mm or 
closer, there was an increased risk of the wire melt wetting more to the gap 
wall instead of the gap floor.
This was a major cause of cavity formation in the NGMLW joints, the melt 
flowing over/around a void due to surface tension.

• This type of cavity formation could potentially be suppressed by using closed-
loop process control. Image capture frequencies in the range of ~1 kHz should 
be sufficient for such purposes, with standard deviation of wire position 
< 0.02 mm when compared to 10 kHz footage.



Näsström Introduction 25

Paper B: A near-vertical approach to laser narrow gap multi-layer welding

Abstract: A novel, near-vertical approach to the usually horizontal laser Narrow 
Gap Multi-Layer Welding (NGMLW) process is introduced. The process is here 
applied to join X100 pipeline steel and studied through High-Speed Imaging 
(HSI). The produced weld samples are compared to their horizontal counterparts 
using 3D scanning, longitudinal & perpendicular cross sections and Computed 
Tomography (CT) analysis. The near-vertical approach is found to be robust and 
produce welded joints with a uniform appearance. The top surface exhibited 
certain reoccurring morphological features and variation in internal track 
melting boundaries are observed. Any observed cavities appear similar to those 
produced using the horizontal process, with the difference of their orientation. A 
combination of the horizontal and the near-vertical process could be beneficial; 
the near-vertical approach could offer better mechanical properties under certain 
load conditions, and the horizontal method better surface finish. Potential benefits 
of, and improvements to, the near-vertical process are discussed.

Conclusions: A near-vertical version of laser Narrow Gap Multi-Layer Welding 
(NGMLW) has been presented and compared to its more commonly researched 
horizontal counterpart. The following conclusions have been established:

• It is possible to perform laser NGMLW in a near-vertical manner in 15 mm 
thick X100 pipeline steel.

• Using this approach, it becomes possible to perform NGMLW in a quasi-
single track fashion, making it possible to achieve much shorter inter-layer 
time and fewer re-heating cycles for each track compared to the horizontal 
version.

• The near-vertical approach has been observed to have high process robustness 
with the wire being melted both through direct laser irradiation and in 
combination with conduction heating from the melt pool.

• Welded joints produced in this manner can have sub-millimetre surface 
variations and less than 0.3% cavities by volume, with the orientation of 
cavities being strongly influenced by the direction of material deposition.
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Paper C: Multipass laser hot-wire welding: Morphology and process robustness

Abstract: There are great prospects for utilizing multipass laser hot-wire welding to 
join thick steel sheets, especially for techniques commonly performed in single 
passes, e.g., laser arc hybrid welding, fall short, presenting great opportunities for 
vehicle industries and offshore applications. Many modern approaches for applying 
these techniques rely on customized wire feeding nozzles or special scanner optics 
to ensure proper laser–wire interactions and, in turn, robust process behaviour, 
making them less accessible to many industries. Here, we present a modified 
adaption of laser hot-wire welding, utilizing more readily available equipment, 
including an unmodified welding source and a nozzle, presented and evaluated 
through means of, e.g., high-speed imaging and macroscopy. This technique was 
found to have high process robustness, especially for sealing passes, if wire resistance 
heating is kept within suitable levels. It is able to both maintain proper laser–wire 
interaction and produce close to net-shape weld caps. Also, recommended process 
parameters are presented, together with a description of a potential method for 
suppressing solidification cracking.

Conclusions: The method of multipass LHWW is capable of coping with 
insufficient straightening of the filler wire and producing close to net-shape weld 
surfaces, having potential to weld very thick metal sheets, possibly only limited 
by how deep the wire and laser beam can be delivered accurately. In addition, the 
following can also be stated:

• In the intermediate layers, a high risk of solidification (hot) cracking in the 
solidifying surface was observed, likely related to high surface tension in the 
melt and excessive wetting above the melt pool and direction of solidification. 
One promising method of preventing centreline solidification cracks is to 
control the melt pool surface geometry by having the laser beam irradiating 
the weld edges just at the intended weld surface, although more testing may 
be required.

• When welding the sealing pass, the process is more robust and produces 
smooth weld caps, measured to diverge less than 0.5 mm, without signs of 
centreline cracking.
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• There are two major thresholds of power output regarding the resistance 
heating of the wire: 
(a) too low heat output: the filler wire is not completely melted. Cavities 

observed in such samples are likely caused by accumulations of 
incompletely melted wire. The resulting surface can become uneven, 
ultimately making it impossible to perform additional weld passes.

(b) too high power output: often associated with arcing from the wire, 
observed to cause fluctuations, increase melting, and produce rougher, 
wider welds. The topic of arcing and some its direct consequences in 
LHWW are covered more thoroughly in a related manuscript.
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Paper D: Arc formation in narrow gap hot wire laser welding

Abstract: Many heavy industrial applications, e.g. shipbuilding and offshore, rely on 
thick-section, high-quality welds. Unfortunately, traditional arc-based techniques 
are often found wanting due to a limited penetration depth and excessive 
heat affected zone. The former is typically solved by having a wide groove 
filled by multiple weld passes, which is both costly and time consuming. Other 
processes such as autonomous laser or electron beams can join thick materials, 
but have disadvantages such as increased hardness and solidification cracks inside 
the welds. A promising in-between technique to join thick sheets is narrow gap 
multilayer laser welding (NGMLW), using less filler material while also offering 
more control of weld properties. This technique is often used with laser scanning 
optics and cold wire, or a defocused laser and electrically heated wire. This paper 
investigates the limitations of the latter during NGMLW, mainly using high-speed 
imaging to directly observe and explain process behaviour. Increased deposition 
rates are wanted, but heating also consequently needs to be increased for proper 
bead fusion. Arc occurrences are found to be the cause of instabilities. They are 
observed occasionally even at low voltages, but more frequently at higher outputs, 
and then are also more disruptive to the process.

Conclusions: For the NGMLW technique using resistance heated wire, the 
productivity limiting instabilities for the process has been analysed. Arc formation 
is found to be the cause and its consequences have been observed and explained, 
in particular:

• Both arc formation frequency and size increase with increased power input. 
For practical purposes, here the process becomes too unstable at above ~9 V.

• Wire positioning affects arc formation, especially if the tip of the wire moves 
out of the melt pool.

• Arcs predominantly exist between the wire and joint side, rather than the melt 
pool, due to the larger close-proximity surface area between wire and joint 
side.

• Strong arcs generate process instabilities and result in irregular weld geometries 
due to excessive melting of the joint edges.

• Increased arcing also leads to increased base material dilution of the filler 
material in the fusion zone.
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Paper E: Measuring the effects of a laser beam on melt pool fluctuation in arc 
additive manufacturing

Abstract: 
Purpose – The steadily growing popularity of additive manufacturing (AM) 
increases the demand for understanding fundamental behaviours of these processes. 
High-speed imaging (HSI) can be a useful tool to observe these behaviours, but 
many studies only present qualitative analysis. The purpose of this paper is to 
propose an algorithm-assisted method as an intermediate to rapidly quantify data 
from HSI. Here, the method is used to study melt pool surface profile movement 
in a cold metal transfer-based (CMT-based) AM process, and how it changes when 
the process is augmented with a laser beam.
Design/methodology/approach – Single-track wide walls are generated in 
multiple layers using only CMT, CMT with leading and with trailing laser beam 
while observing the processes using HSI. The studied features are manually traced 
in multiple HSI frames. Algorithms are then used for sorting measurement points 
and generating feature curves for easier comparison.
Findings – Using this method, it is found that the fluctuation of the melt surface 
in the chosen CMT AM process can be reduced by more than 35 percent with 
the addition of a laser beam trailing behind the arc. This indicates that arc and laser 
can be a viable combination for AM.
Originality/value – The suggested quantification method was used successfully 
for the laser-arc hybrid process and can also be applied for studies of many other 
AM processes where HSI is implemented. This can help fortify and expand the 
understanding of many phenomena in AM that were previously too difficult to 
measure.

Conclusions: 
• The here presented semi-automatic method for quantifying HSI allows 

studying of phenomena that were previously more difficult to measure.

• The method is highly flexible and easy to implement for studying a large 
variety of phenomena, and enables studies also with less than optimal footage.

• The sample study, comparing arc and arc laser hybrid AM using CMT, 
indicated that the addition of a laser beam could calm the melt pool surface 
profile noticeably (mean fluctuation decreased by more than 35 per cent).
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• It was observed that having the laser beam in a trailing position behind the arc 
tended to be more beneficial for reducing the melt pool surface fluctuation, 
compared to using the laser beam in a leading position.

• Surface fluctuations were generally smaller on top of humps in the previous 
layer and would tend to increase in the valleys following the humps.
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Paper F: Laser enhancement of wire arc additive manufacturing

Abstract: Additive Manufacturing (AM) can be used for the fabrication of large 
metal parts, e.g., aerospace/space applications. Wire Arc Additive Manufacturing 
(WAAM) can be a suitable process for this due to its high deposition rates and 
relatively low equipment and operation costs. In WAAM, an electrical arc is used 
as a heat source and the material is supplied in the form of a metal wire. A known 
disadvantage of the process is the comparably low dimensional accuracy. This is 
usually compensated by generating larger structures than desired and machining 
away excess materials. So far, using combinations of arc in atmospheric conditions 
with high precision laser heat sources for AM has not yet been widely researched. 
Properties of the comparable cheap arc-based process, such as melt pool stability and 
dimensional accuracy, can be improved with the addition of a laser source. Within 
this paper, impacts of adding a laser beam to the WAAM process are presented. 
Differences between having the beam in a leading or a trailing position, relative 
to the wire and arc, are also revealed. Structures generated using the arc-laser-
hybrid processes are compared to ones made using only an arc as the heat source. 
Both geometrical and material aspects are studied to determine the influences of 
laser hybridization, applied techniques including x-ray, energy-dispersive x-ray 
spectroscopy, and high precision 3D scanning. A trailing laser beam is found to best 
improve topological capabilities of WAAM. Having a leading laser beam, on the 
other hand, is shown to affect cold metal transfer synergy behaviour, promoting 
higher deposition rates but decreasing topological accuracy.

Conclusions: Impacts of laser enhancement on CMT-based wire arc additive 
manufacturing (WAAM) have been studied, with both leading and trailing laser 
beam. The following impacts have been found:

• A laser beam can heavily influence CMT cycle behaviour, particularly by 
the extent to which the beam irradiates the wire. Since certain arc process 
parameters are regulated by short-circuiting between wire and melt pool, 
affecting the geometrical wire tip conditions can influence parameters such as 
wire feeding and average arc power.

• For leading laser, excessive melting of the wire can change the geometrical 
wire tip conditions and cause premature droplet deposition. This can result 
in greater than expected deposition volume and wider/higher tracks, but can 
also be disruptive to the CMT process by affecting pulse timing and can 
potentially cause solid wire collide into the previously deposited track
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• For trailing laser, controlled laser melting of the wire tip can extend the melt 
bridge during the short-circuit phase and reduce arc force induced disturbances. 
Lateral topological irregularities may be decreased >50% compared to the 
arc-only process. Decreased sloping has also been observed. Together a >50% 
larger cuboid volume can remain after post-machining.  
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6. General conclusions

Laser and wire based multi-layer processes have been a growing interest these 
last decades, especially so with the recent upswing of additive manufacturing 
processes. Multiple conclusions that indicate the complexity of these processes 
have been drawn, as described in the conclusions of the six Papers A-F, see also 
Chapter 5. From these, together with some additional lessons learned through the 
work of this thesis, the following answers to the Research Questions can be drawn: 

RQ1.  How can the relative movement and positioning of the laser beam 
and welding wire affect laser and arc-laser hybrid multi-layer material 
deposition processes?

Wire behaviour, e.g. movement and melting, can be very complex in multi-
layer laser processing with wire addition. This applies both in the case of joining 
and AM processes. 

If the wire is not kept under sufficient control (i.e. lateral and vertical wire 
position) to ensure that the wire is fully melted and that the melt adheres properly 
to the previous layer, the process can be disrupted; insufficiently melted wire can 
form semi-molten structures full of pores and cavities or completely push itself 
out of the process zone. 

This can be avoided, e.g. by: (i) utilizing specialized tools, e.g. custom 
wire guides or highly adjustable heat-sources and precisely tuned wire feeding 
equipment; (ii) designing the process such that any unwanted wire movement is 
limited by the work-piece; (iii) increasing laser power and spot size to produce 
a process zone large enough to account for any wire movement that may occur.

RQ2. How can the addition of a second heat source, e.g. resistance heated 
wire or an additional laser beam, affect wire based multi-layer material 
deposition processes?

There are multiple promising approaches to perform multi-layer laser 
processes, including combinations with additional heat-sources and deposition in 
other than perfectly horizontal directions. Such alternate approaches hold much 
potential for the development of joining and additive manufacturing technologies.

The addition of resistance heating of the wire in laser wire multi-layer 
deposition can help to make the wire easier to melt and to produce highly 
aesthetically pleasing weld caps. However, it is important that the wire voltage is 
kept low, usually below 9 V, to avoid unintended arc formation, which can cause 
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excessive melting and be disruptive to the process.
When combining a short-circuit arc process with a laser beam for additional 

heat input, it is important to consider how the timing and behaviour of the arc 
processes is affected. Improper positioning of the laser beam can, for example, 
cause the tip of the wire to ball up in a large melt droplet above the melt pool.  
This can keep the wire from connecting with the melt for much longer than 
intended, which can either: (i) force the welding equipment to feed wire much 
faster and eventually cause the wire to collide with the substrate, or (ii) cause large 
droplets to detach from the wire tip and fall in a less controlled manner than is 
usually desirable when attempting Directed Energy Deposition of metals.

RQ3. How can High-Speed Imaging of laser and hybrid multi-layer material 
deposition processes be quantified, e.g. to study process phenomena and 
behaviours or enable closed-loop process control?

High-Speed Imaging is a highly valuable tool for studying manufacturing 
processes such as multi-layer laser and laser-arc hybrid processes, both when: 
(i) observing phenomena when setting up of the process, where skilled professionals 
can observe the process after the process has been used and from that consider how 
adjustments can be made to improve the outcome, and potentially; (ii) regulating 
the process in-flight, as the acquired footage has the potential to be used with 
image processing to enable closed-loop control.

In case (i), studied features can be visually analysed and the footage can be 
discretely adjusted by the user to enable scrutiny in both high and low light level 
regions. Semi-automated routines can be used to trace and keep track of the 
movement and changes in shape of studied features, enabling a combination of 
user experience and computer analysis to discern trends in process behaviour.

In case (ii), certain regions of the captured footage could be continuously 
extracted and processed by a computer. These regions have to possess certain 
clearly distinguished features, e.g. completely black and white areas, from which 
to base computer logic rules. A pseudo version of such a rule could be: if observed 
white feature (e.g. reflection on welding wire) moves outside of defined target area 
(a certain range inside the centre of the joint gap), adjust welding tool position. 
A sub-rule, which would help determine which way the tool should be moved, 
would also be required. It is also important to take limitations of data processing 
speeds into account when attempting to perform closed-loop control, since HSI 
usually consists of a large amount of data. 



Näsström Introduction 35

7. Future outlook

Following are some suggestions for continued research, based on the knowledge 
and experience gained throughout the work on this thesis. 

• Develop ways of utilizing HSI for closed loop control, alternately developing 
closed loop control systems to enhance NGMLW.

• Study pre-heating of wire using other means, e.g. induction, to improve wire 
melting behaviour and decrease the necessary laser power.

• Perform full scale welding using the near-vertical method, i.e. longer welds or 
more complex geometries.

• Perform mechanical testing of produced welded joints. Additional trials have 
indicated that the near-vertical NGMLW process can produce welded joints 
that are at least as tough as those produced using traditional techniques.

• Develop specialized CMT synergy profiles/lines that interact better with 
additional heat sources, e.g. to improve deposition accuracy for less post-
processing or increased deposition rates for faster manufacturing.
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Abstract

Narrow Gap Multi-Layer Welding (NGMLW) using a laser as the main heat source 
and metal wire for material addition has been a growing topic of interest in the last 
decade. This is in part due to its potential for joining much thicker sheets of steel 
than what is usually considered possible when using autogenous laser welding. 
The process has shown great potential but improvements can still be made, e.g. 
through increased process control to decrease welding imperfections. Using 
closed-loop control, where the process is continuously monitored and regulated 
automatically, can help to account for variations during manufacturing. However, 
achieving functional closed loop control can be challenging due to limitations in 
data gathering and processing speeds. Important initial steps include identifying 
what data can be useful and how frequently this data has to be recorded. Too much 
data takes too long to process while too little causes risks of missing important 
details. In this study, 20 mm thick X80 pipeline steel sheets are joined together 
using this multi-layer approach; the samples are examined using 3D scanning 
and Computed Tomography (CT) analysis and the process is observed using 
High-Speed Imaging (HSI). The quality of the welded joint and welding 
imperfections are discussed and potential points of formation are identified. 
Suggestions on how to mitigate imperfections to improve the quality of the 
welded joint are presented, including the potential to use camera imaging for 
closed-loop process control and additional industrial uses of the HSI footage.

Keywords: Narrow Gap Multi-layer Welding (NGMLW); Laser Welding; Narrow 
Gap; High-Speed Imaging; Porosity; Cavities
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1 Introduction

1.1 Autogenous and wire laser welding
The joining of thick steel sheets is of high interest to multiple heavy-duty 

industries, e.g. mechanical, marine and automotive, where tasks and environment 
set high demands on structural integrity to prevent injury to users and nature alike. 
Gas Metal Arc Welding (GMAW) is a typical process to achieve this. However, 
the technique’s limited penetration capabilities [1] require the use of wide joint 
preparation; the process can thus consume a lot of expensive base and filler 
material. The high heat input of GMAW also risks weakening the base material 
with a wide Heat Affected Zone (HAZ) [2–4]. Autogenous laser welding [5–7] 
and Laser Arc Hybrid Welding (LAHW) [8–11] utilise a laser beam to achieve 
improved penetration capabilities and reduce the heat input to the base material. 
These processes do however also have their limits, e.g. relating to penetration 
[12–14] and gap bridging [15]. Producing perfectly aligned sheet edges can also 
prove difficult, particularly with exceptionally thick steels.

1.2 Narrow gap multi-layer welding
A process that demonstrates a potential for joining seemingly any thickness 

of steel sheets is the laser Narrow Gap Multi-Layer Welding (NGMLW) process  
[16–20]. The process has many similarities with Laser Metal Wire Deposition 
(LMWD) [21], an additive manufacturing technique that utilises a laser beam 
to melt a metal wire, usually fed in from the front of the process [22], and 
deposits a metal clad onto a substrate. LMWD can also be used to generate 
three-dimensional structures by depositing multiple layers on top of each other. 
Similarly, the NGMLW process can join thick steel sheets together by depositing 
multiple layers of metal inside of a straight or near straight edged, narrow gap. It 
also uses a laser beam to melt the filler wire and gap walls to achieve full fusion. 
However, to be of use for heavy industry applications it is paramount that the 
produced welded joints are of high quality and near imperfection-free. Typical 
imperfections in laser welding include porosities, lack of fusion, cracks and surface 
defects such as undercuts, all further covered in the standard ISO 13 919-1:1996 
Part 1: Steel [23]. 

Here, the NGMLW process and produced welded joints in pipeline steels 
sheets are studied to find any remaining welding imperfections, e.g. cavities/
porosities. Potential solutions to minimize the formation of these imperfections 
are discussed. The aim is to enable the production of high integrity joints, suitable 
for the high demands of related industries.
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2 Method and materials

Sheets of 20 mm thick X80 pipeline steel were milled and held together 
by a fixture to form an 18 mm deep and 4 mm wide, straight-edged gap with 
a 2 mm thick root floor. The root was sealed by autogenous laser welding at 
2 m/min, using 3 kW laser power from a 1070±5 nm wavelength Yb fibre laser 
source. During NGMLW, a Ø1.2 mm “LNM MoNi” welding wire was fed into 
the gap at 3.8 m/min; wire being fed through a Ø3.6 mm aluminium oxide 
tube positioned in front of the laser beam and angled 60° from the vertical plane. 
Chemical composition of both base metal and filler wire are presented in Table 1. 
Narrow gap welding was performed using 6 kW laser power with a spot size of 
Ø 4.5 mm and a travel speed of 1.2 m/min. 18 unidirectional, superimposed 
tracks with a layer height of 1 mm were produced to fill the entire depth of the 
gap. The shape of the gap and setup of the process is illustrated in Fig. 1. 

The process was observed through a Redlake N4-S2 High-Speed Imaging 
(HSI) camera, recording at 10.000 frames per second. The process was illuminated 
using a defocused ~808 nm wavelength, 40 W, constant wave diode laser. The 
camera lens was fitted with a corresponding band-pass filter, allowing only light in 
the ~808 nm wavelength range to pass through. Both the camera and illumination 
optics were mounted on the process head to achieve a constant relative position 
to the process zone.

The sample was examined using 3D scanning and Computed Tomography 
(CT) analysis. Before CT analysis, the sample was cut down to a smaller size to 
enable proper imaging, as well as accommodate other analysis methods whose 
purview fall outside the scope of this paper. Cross sections were also prepared 
and macrographs were made to enable further evaluation of the weld, HAZ and 
imperfections.

The HSI material was further analysed using a combination of semi-automated 
image processing techniques, including streak imaging [5] and image tracing. This 
was done to determine the possibility of using live imaging at lower frame rates 
for closed-loop control, as well as other potential industrial uses. Streak images 

Table 1 

Material compositions table, showing the wt.-% (balance: Fe) of the base metal X80 

and consumable LNM MoNi wire.

C Si Mn Cr Mo Ni Al Cu N Nb Ti

X80 0.056 0.16 1.737 0.076 0.195 0.264 0.035 0.236 0.005 0.033 0.017

Filler wire 0.1 0.75 1.65 0.6 0.3 0.55 - - - - -
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are composite images that can have multiple uses, e.g. to observe or summarise a 
selected region of a video. Streak images are composed of a single line of pixels 
extracted from each frame of the video and joined together into a single image.

3 Results and discussion

3.1 Welded sample
The 20 mm thick pipeline steel pieces were successfully joined together 

with the NGMLW techniques. The welded joint had a largely uniform surface 
appearance, with a mean height of ±0 mm and less than 0.2 mm standard deviation, 
portrayed by the 3D scanned surface shown in Fig. 2. The slight deviation of the 
base material shows the importance of ensuring that the work pieces are held in 
place during narrow gap welding to avoid distortions. Undercuts in the produced 
welded joints were less than 0.5 mm deep, as indicated in Fig. 2, which would 
correspond to the highest quality grade in the ISO 13 919-1:1996 Part 1: Steel [23] 
for welded joints in 20 mm thick steel sheets. However, due to local spots where 
the undercuts were close to 1 mm deep, the grade falls to only “moderate” quality.

Figure 1 Process illustration of Narrow Gap Multi-Layer Welding, showing: (a) side-view 
with high-speed imaging camera and illumination; (b) the process from behind with laser 
beam outline.

Figure 2 3D scan depicting the welded joint morphology with deviation in the Z-axis 
expressed in colour.
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The cross section macrograph, seen in Fig. 3, exhibited some cavities close to 
the joint side and in the interface between layers. The cavities formed close to the 
joint edge, shown in Fig. 3 (b), could form at the base metal edge, meaning that 
the melt did not fully touch the base metal at that point. Cavities formed along the 
surface of the previous layers, seen in Fig. 3 (c), had likely formed due to a lack of 
wetting close to an irregularity such as a bump or dimple. Most of the layers also 
displayed a uniform appearance with a few exceptions, e.g. the wider top layer and 
some local excessive melting irregularities. The widening of the top layer is likely 
caused by the defocused laser beam no longer being restricted by the edges of the 
gap walls and thus irradiating a wider area.

CT scanning showed less than 0.11 % cavities in the analysed welded joint. 
The renderings of the CT analysis are depicted in Fig. 4. Out of all observed 
cavities, 90 % were only 0.17 mm3 or smaller in size. Cavities were predominantly 
located along the edges of the gap, as shown by the histogram in Fig. 4 (c). Cavities 
measured to be more than 2 mm from the centre of the welded joint were likely 
formed where the laser had locally widened the gap in the previous layer, e.g. due 
to an uneven previous layer that would focus the laser beam to further melt the 
gap wall. Although cavities observed more than 4 mm from the centre could be 
formed due to a combination of melting irregularities and the wider top layer, 
seen in Fig. 3 (a), it is also possible that these were either measurement errors or 
imperfections in the original base metal. The guidelines for porosities in electron 
and laser beam welded joints judge the quality according to the projected area of 
cavities relative to the cross-sectional area of the welded joint along the y-axis. 
With 3.3 % projected cavity area to joint area, the welded joint quality again falls 
to the “moderate” level.

Figure 3 Cross section of the Narrow Gap Multi-Layer Welded joint, showing cavities close 
to the gap edges: (a) whole welded joint cross section; (b) magnification of a cavity that was 
formed at the edge of the welded joint; (c) magnification of a cavity that was formed against 
the surface of the previous layer.
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3.2 High-Speed Imaging
The HSI footage showed that the wire was readily melted when being fed 

into the laser beam, seen in Fig. 5 (a). However, the wire was occasionally observed 
to drift sideways with possible negative impact on the process. This drifting could 
both be caused by insufficient straightening of the wire, illustrated in Fig. 6 (a), and 
by an uneven previous layer forcing the wire to shift position, illustrated in Fig. 
6 (b). When the wire moved rapidly, the front of the melt pool would sometimes 
become visible, shown in Fig. 5 (b) i-iii. The melt pool front was then observed 
to curve back towards the tip of the wire instead of continuing across the gap 
width, seen in Fig. 5 (b) iii. This signifies a lack of wetting to the underlying gap 
floor where the wire would previously have been located. This is likely a result of 
the wire blocking the laser beam from directly irradiating the gap floor/surface of 
the previous layer, illustrated in Fig. 1 (a). The surface of the previous layer had to 
reach a high enough temperature for wetting to occur. Since the wire blocked the 
laser light from directly reaching the area beneath it, the only remaining ways of 
heating it was through conduction from the melt pool and indirect reflections of 
the laser beam. Considering the temperature dependent behaviour of absorptivity 
[24,25], the elevated temperatures and the laser beam having to melt both the 
wire and the underlying surface, it is probable that this type of process that utilizes 
a trailing laser and a leading wire can have an increased probability for lack of 
wetting to occur. Generally, this was not a major issue since enough heat to achieve 
wetting would usually be conducted from the melt pool as it travelled over the 
previous layer surface. However, when the wire moved too close to either side of 
the gap, usually about 0.2 mm or less, the melt from the wire could begin to flow 
more readily towards that side. Occasionally, the melt would completely adhere to 

Figure 4 CT scan of the produced welded joint, depicting cavities with sizes described in grey 
scale: (a) side-view; (b) top view; (c) histogram of cavity positions along the y-axis, measured 
from the centre of the welded joint.
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the gap wall instead of the gap floor, seen in Fig. 5 (b). Since the melt was then no 
longer in contact with the gap floor, and the wire prevented the laser beam from 
reaching the floor, there was an increased probability of cavity formation due to 
a lack of material. The melt was suspended over a void due to surface tension; the 
melt being stretched between the solid wire tip and gap wall. The cavities would 
then form through the melt sealing around the void as the wire travelled further 
along the gap and/or back towards its centre, seen in Fig. 5 Fig. (b) iii-iv and 
illustrated in Fig. 6 (a-b) iii-iv. 

3.3 Potential imperfection mitigation and further use of HSI
Considering that: 1. local undercuts of close to 1 mm were observed; 2. the 

guidelines for undercuts, in ISO 13 919-1:1996 Part 1: Steel [23], of welded joints 
in 20 mm thick steel sheets should be less than 0.5 mm to be of the highest quality 
rank; 3. the build height of each layer was approx. 1 mm; 4. the guidelines for the 
highest quality grade welded joints call for less than 3.2 mm excess weld metal; 
it stands to reason that an additional weld layer could have been applied to fill in 
undercuts and thus improve the surface quality of the welded joint.

Figure 5 High-Speed Imaging sequences of the NGMLW process, showing: (a) the stable 
process; (b) the wire drifting too close the gap wall and the resulting lack of wetting behind 
and underneath the wire.
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The 10 kHz HSI footage gave a good insight into the process. The combination 
of band-pass filter and illumination laser resulted in a good contrast image where 
different objects could easily be distinguish from one another, e.g. wire and 
previous layer in the background. The footage could be used as an early indication 
of the quality of the welded joint, although an experienced professional would 
be necessary for interpretation. Closed loop control could help in the prevention 
of imperfections, e.g. the previously mentioned cavities and lack of fusion. For 
such purposes, 10 kHz is generally much higher than many devices can process 
in real-time, not to mention that the HSI footage always has to be recorded first 
and then viewed separately. Frame rates in the range of ~1 kHz and less are more 
realistic for such purposes, considering both image capture and processing. To 
evaluate if lower capture rates, e.g. 1 kHz, could be useful for process control, 
streak images were composed from single horizontal lines from each frame in the 
10 kHz footage. The position of the wire during processing could be seen as a 
band in the image, seen in Fig. 7 (b). The edges of the wire path were then traced, 
Fig. 7 (c), and the centre curve calculated as the mean y-coordinate of the two 
traced curves at each point along the x-axis. Values at different intervals along the 
time (t)-axis, corresponding to different frame capture rates, were then extracted 
and new curves were generated and compared to those of the original 10 kHz 
footage. A graph depicting the standard deviation between the 10 kHz curves and 
the derived, lower sampling rate curves is shown in Fig. 8 (a). 1 kHz showed good 

Figure 6 Illustration of reasons for the wire to move away from the centre and towards the 
sides of the gap ant the following cavity formation: (a) wire being insufficiently straightened 
and bending to the side; (b) an irregularity, such as a bump or dimple, forcing the wire to 
move to the side.
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potential for closed-loop process control since the resulting curves had a standard 
deviation of less than 0.025 mm. With further decreasing sampling rates, the 
standard deviations rapidly increase. When using as little as 100 Hz, the resulting 
standard deviation was more than 0.1 mm, corresponding to 1/10 of the wire 
diameter. This would result in a much less controlled process, as can be interpreted 
from the curves in Fig. 8 (b). Considering that only a single line of pixels has to be 
recorded, this kind of process monitoring can be resource efficient and useful for 
process improvement, e.g. for controlling a motorised wire positioning apparatus. 

Figure 7 Streak image and trace curve analysis of the HSI footage, depicting: (a) a single 
HSI frame; (b) the composed streak image from horizontal lines; (c) the traced wire path 
edges and calculated centre curve, also showing general melt flow behaviour over time.

Figure 8 Comparison of different sample rates: (a) Graph illustrating the standard deviation 
related to sample rate; (b) streak image with overlaid curves calculated with different sample 
rates: (i) 100 Hz; (ii) 1 kHz; (iii) 10 kHz.
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By using such equipment, it could be possible to reduce the level of porosities in 
the welded joint. If the projected area of cavities could be reduced to 2 % of the 
joint instead of the current 3.3 %, the quality grade of the welded joint could be 
increased a full step. 

4 Conclusions

Laser Narrow Gap Multi-Layer Welding (NGMLW) of 20 mm thick X80 
pipeline steel has been performed and observed using High-Speed Imaging (HSI). 
The welded joint was analysed using techniques including CT scanning. The 
following conclusions have been made:

1. Cavities in the NGMLW produced joints tended to congregate along the 
sides of the welded joint.

2. If not properly controlled, the wire could wander side-ways during processing; 
causes for changes in wire position include non-straight wire and uneven gap 
floor/previous layer.

3. If the wire drifted too close to one of the gap sides, usually about 0.2 mm or 
closer, there was an increased risk of the wire melt wetting more to the gap 
wall instead of the gap floor. This was a major cause of cavity formation in the 
NGMLW joints, the melt flowing over/around a void due to surface tension

4. This type of cavity formation could potentially be suppressed by using closed-
loop process control. Image capture frequencies in the range of ~1 kHz should 
be sufficient for such purposes, with standard deviation of wire position 
<0.02 mm when compared to 10 kHz footage.
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Abstract

A novel, near-vertical approach to the usually horizontal laser Narrow Gap 
Multi-Layer Welding process is introduced. The process is applied to join X100 
pipeline steel and studied through High-Speed Imaging. The produced welded 
joints are compared to their horizontally welded counterparts using 3D scanning, 
longitudinal & perpendicular cross sections and Computed Tomography analysis. 
The near-vertical approach is found to be robust and produce welded joints with 
a uniform appearance. The top surface exhibits certain reoccurring morphological 
features, and variations in internal track melting boundaries are observed. Any 
observed cavities appear similar to those produced using the horizontal process, 
with the difference of their orientation. A combination of the horizontal and 
the near-vertical process could be beneficial; the near-vertical approach offers 
potential for shorter inter-layer time and the horizontal method for better surface 
finish than that of its counterpart . Potential benefits of, and improvements to, the 
near-vertical process are discussed.

Key words: Laser welding; Narrow Gap; Vertical Welding; Multi-Layer; Filler wire
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1. Introduction

Welding thick steels has been a topic of interest for multiple industrial sectors 
for many years. The penetration limitations and need for multiple passes when 
using traditional Gas Metal Arc Welding (GMAW) are well known [1–4]. Processes 
suggested to provide increased penetration capabilities include laser [5–10] and 
Laser-Arc Hybrid Welding (LAHW) [7,11–15]. A process that has been growing 
in popularity in research the last decade is Narrow Gap Multi-Layer Welding 
(NGMLW) [16–23], illustrated in Fig. 1(a). The NGMLW process, sometimes 
referred to as ultra-narrow gap laser welding [24–27], is performed by melting 
a metal wire with a high precision heat source (commonly a laser) and filling a 
narrow gap in multiple layers. This approach offers an opportunity to weld steels 
much thicker than other processes, with weld thickness being limited only by 
“how deep the wire and laser beam can be delivered accurately” [28].

It has been theorized that the multi-layer approach may provide additional 
benefits, e.g. thermal treatment of each layer. However, multiple welding cycles 
from end to end of the joint give the weld bead significant time to cool down 
between tracks and may present certain issues, e.g. inconsistent heat-treatment 
of each layer. Considering factors such as different starting temperature, slight 
variations in layer height and insufficient heating relative to layer thickness, each 
layer might not undergo identical thermal cycles. It can also be difficult to apply 
NGMLW in certain industrial manufacturing settings, e.g. when moving the 
process head back-and-forth between start and finish of long weld joints is not 
possible. 

In this work, a novel near-vertical approach to the NGMLW method, 
illustrated in Fig. 1(b), is presented and compared to its horizontal counterpart, 
illustrated in Fig. 1(a). The process deposits wire while moving in an upright, 
near-vertical manner inside the gap; After a upright layer has been produced, 
deposition is halted and the welding tool repositioned to the gap floor; deposition 
is then resumed to produce another upright layer. By repeatedly filling the gap 
bottom-to-top, a quasi-single track process is achieved. This near-vertical approach 
can shorten the time between layers by depositing filler metal in an upright 
manner instead of horizontally, allowing for shorter track length and travel distance 
between the start and end positions. 
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2. Experimental procedure

15 mm thick, 150 mm long sheets of X100 pipeline steel were milled and 
mounted to form 4x13 mm rectangular profiled, straight-edged gaps, illustrated 
in Fig. 2. Gap roots were sealed using autogenous laser welding and spacers were 
inserted at the start and end of the gap to prevent distortions during welding. For 
near-vertical welding, the starting spacer at -45° to act as an initial support to 
enable near-vertical deposition, as illustrated in Fig. 1(b). A Ø1.2 mm steel wire 
was used as filler material and a 15 kW 1070±5 nm Yb fibre laser the primary heat 
source. An aluminium oxide tube (outer Ø: 3.6 mm, inner Ø: 1.6 mm) was used as 
a wire guide to make it possible to deliver the wire accurately to the bottom of the 

Fig. 1. Process and setup illustrations, depicting: (a) horizontal NGMLW; (b) near-vertical 
NGMLW; (c) clarification of the horizontal welding strategy, depicting 3 subsequent layers; 
(d) clarification of the near-vertical welding strategy, depicting 3 subsequent tracks; (e) graph 
depicting average laser power over time when using horizontal NGMLW; (f) graph depicting 
average laser power over time when using near-vertical NGMLW.
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gap during horizontal NGMLW. Chemical composition of the base material and 
wire are presented in Table 1. The robot-mounted 250 mm focal length welding 
optics were positioned to produce a laser spot wide enough to cover the full 
width of the gap bottom, i.e. 4.5 mm. The wire was fed into the melt pool from 
the robot-mounted feeding nozzle, as illustrated in Fig. 1. Angles, spot sizes and 
other applied parameters are presented in Table 2. Both processes utilized a front 
mounted, backwards facing gas nozzle that supplied argon gas to shield the process 
zone and weld cap from oxygen. 

The horizontally welded joints consisted of thirteen 90 mm long tracks, 
while the near-vertically welded joints consisted of twenty ~22 mm long tracks 
that were deposited at a -40° trajectory (from the vertical plane), starting from 
the bottom of the gap and traveling to 4 mm above the top of the sheets. During 
deposition, the welding tool would travel along the surface of the previous layer 
or, for the first layer in near-vertical welding, the starting spacer. The sheets were 
pre-heated, according to the values presented in Table 2, using a gas torch to avoid 
crack formation. The near vertical process required lower temperatures to avoid 
cracking. In the horizontal NGMLW process, the wire was deposited in a single 
start-to-end layer at the bottom of the gap. Laser emission and wire feeding was 
then halted and the wire rapidly (~20 m/min) retracted ~10 mm before the melt 
had time to solidify. The wire had to be retracted far enough so that it would 
separate from the deposited melt pool, but without the molten wire tip being 
retracted into the wire-feeding nozzle. The wire was then lifted out of the gap, 

Fig. 2. Gap illustration with dimensions.

Table 1 

Material compositions table, showing the wt.-% (balance: Fe) of the base metal X100 

and filler wire.

C Si Mn Cr Mo Ni Al Cu N Nb Ti

X100 0,06 0,323 1,839 0,047 0,219 0,217 0,035 0,191 0,004 0,046 0,022

Filler wire 0,08 0,44 1,7 0,23 0,3 1.35 - - - - -
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returned to the starting end and lowered to one layer height above the previous 
starting position, after which another layer was deposited.

In the near-vertical NGMLW process, the wire was deposited by moving 
almost vertically upwards inside the gap. After depositing one track, the deposition 
was halted and the wire rapidly retracted to keep it from fusing with the solidifying 
melt; the tool was then advanced one layer thickness in the welding direction and 
returned to the gap floor and beginning of the next track. Then, another near-
vertical track was deposited (in an upwards direction) to produce an additional 
layer and so on. The procedure was repeated until the full length of the sheets had 
been joined together.

When performing horizontal NGMLW, the laser is commonly operated in 
a continues wave (cw) mode [20,25,26,29,30]. For the near-vertical approach, 
however, the laser beam was operated in a pulsed wave (pw) mode to help regulate 
the volume of the melt and avoid flooding of the gap. A saw-tooth style pulse 
pattern was used during the upwards directed, near-vertical deposition while 
maintaining an average laser power equal to that of the horizontal approach, i.e. 
5 kW. This pulse pattern, consisting of first increasing the laser power from 
2.5 kW to 7.5 kW over 10 ms and then decreasing it back to 2.5 kW over 
90 ms, was continuously repeated during the upwards directed depositing 

Table 2 

Process parameter table, presenting programmed and derived parameters for: the initial 

root sealing welds using autogenous laser; the horizontal NGMLW process; the near-

vertical NGMLW process.
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°C ° mm s m/
min

Root sealing
weld

cw 3 -7 0.8 2.1 - - - - - - 2.1

Horizontal
NGMLW

cw 5 -15 4.5 1.2 1.8 3.8 300 60 1 4.5 0.05

Near-vertical
NGMLW

pw 5 30 4.5 0.3 1.8 3.5 200 -45 5.5 3.5 0.06
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movements. During non-depositing movements, e.g. when moving the welding 
tool downwards/backwards between tracks, both laser emission and wire feeding 
were halted.

The processes were studied using a High-Speed Imaging (HSI) camera and 
an 808 nm wavelength, cw illumination diode laser, capturing up to 10,000 frames 
per second. The camera and illumination optics were mounted on the robot head 
at a near-perpendicular angle to the wire; the camera followed the process at a 
fixed relative position, keeping the melt pool and wire at the top of each frame. 
The resulting welded joints were inspected using 3D scanning, metallographic 
analysis and computed tomography (CT).

3. Results and discussion

The horizontal NGMLW joints had a uniform appearance but showed some 
undercuts at the edges of the weld seam, as well as some weld reinforcement in the 
centre of the welded joint, seen in the 3D scans presented in Fig. 3(a). The near-
vertical NGMLW joints also had a uniform appearance, but exhibited periodical 

Fig. 3. 3D scans showing the weld seam topology (upper surface), highlighting the gap and 
weld seam edges, of: (a) Horizontal NGLMW; and (b) Near-vertical NGMLW.
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dimpling in the middle of each deposited track, as shown in Fig. 3(b). The weld 
caps of both joints exhibited less than 1 mm variations along the Z-axis.

Cross-section macrographs revealed that the grain-growth was directed 
from the bottom and the sides towards the centre of each track, visible both in 
Fig. 4(a)i & (b)i. This grain structures is common in NGMLW [27,28]. Some 
cavities are seen in both perpendicular cross section, as well as slight misalignment 
of the layers. Variations in the process, e.g. changing wire alignment with lack of 
wetting and changed melt flow, is a potential cause for both of these aspects. In the 
longitudinal cross sections of the horizontal welded joints, Fig. 4(a)ii, the tracks 
appear more even compared to those of the near-vertical weld joints, Fig. 4(b)ii. 
This is probably an effect of the larger melt volume of the near-vertical process, 
which can allow for larger process variations. The direction of solidification is 
indicated by the perceived grain length in the cross sections. The ‘longer’ grains at 
the bottom or ‘back’ of each layer signify that the solidification of the track was 
directed away from the previous track towards the centre, as seen in Fig. 4(a)ii 
& 4(b)ii. The ‘shorter’ grains in the centre and front of each layer signify that 
solidification was instead directed towards the centre from the gap edges, also seen 
in Fig. 4(a)ii & (b)ii. The grains appear longer because of the way they are cut 
during sample preparation; grains that are long in the X-Y plane appearing longer 
in the corresponding cross section in Fig. 4(a)ii & (b)ii. The track boundaries 

Fig. 4. Macrographs showing (i) perpendicular and (ii) longitudinal weld sample cross sections 
of: (a) Horizontal NGLMW; and (b) Near-vertical NGMLW.
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can be seen where the perceived grain lengths suddenly change from short to 
long, where the subsequent track has melted in and mixed with the previous one, 
Fig. 4(b)ii. 

CT analysis indicated minor imperfections in both horizontal and near-vertical 
NGMLW samples; volumes ranging from 0.1 to 0.8 mm3 for the horizontally 
welded joints and 0.1-1.2 mm3 for the near-vertical ones, shown in Fig. 5. The 
overall volume of porosity was found to be less than 0.3% for both horizontally 
and near-vertically welded joints. From comparison of Fig. 5(a)ii & (b)ii, it is 
possible to see that the general directions of porosities can be strongly related to 
the build strategy; horizontal or <45° angle cavities occurring more frequently in 
horizontally welded joints while near-vertical deposition produced near-vertical 
voids. Hence, depending on applications and loading conditions, the optimal 
approach may be to use a combination of the two processes to achieve optimal 
structural integrity of the final structure. With the larger cavities occurring along 
the edges of the welded joints, seen in Fig. 5(a)i & (b)i, it is probable that these 
pores are caused by poor wetting along the corners or edges of deposition.

HSI indicated high process robustness of the near-vertical welding process; 
the wire was readily melted even when slightly misaligned, both through direct 
irradiation from the laser beam and through combination with conduction 
heating from the melt pool, indicated in Fig. 6(a)-(c). The melt pool was kept 

Fig. 5. Computed Tomography analysis showing porosities in top (i) and side view (ii) of: 
(a) Horizontal NGLMW; (b) Near-vertical NGMLW; and (c) Comparative porosity size 
histogram (counts n vs. volume V).
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under control during deposition and did not flow into the gap, visible in 
Fig. 6(a)-(d), due to strong surface tension. Wetting towards the previous layer 
and gap edged was guided by the laser beam. The angle of deposition helped to 
redistribute the vertical thickness of the melt, thus limiting any negative effects 
by gravity on the melt flow. The widening of the melt pool towards the top of 
each track, visible in Fig. 6(d)-(e), arose from the extended welding trajectory 
(above the top of the work piece). The excessive defocusing of the laser beam 
caused additional material to be directly irradiated and melted. Correspondingly, 
HSI observations also indicated that the main factors in dimple formation were 
a combination of surface tension and the change in density during solidification 
(often in combination with floating oxides). The welding trajectory was extended 
above the sheets to guarantee that the full thickness of the gap was filled. It could 
be beneficial to instead maintain a short period of stationary laser emission and 
wire feeding at the end of each track, thus avoiding any unnecessary widening 
of the laser spot. It is feasible that a final sealing pass using horizontal NGMLW 
could enable similarly high surface quality as has previously been observed, e.g. 
by Näsström et al. [28] and Yang et al. [27]. An alternative solution is to adjust 
the layer thickness in the near-vertical NGMLW process, instead re-melting the 
dimple and centre of the previous track. However, this would result in a higher 
fraction of laser power being used for re-melting of the previous track. Since the 
near-vertical process does not require as long wire stick-out, a customized wire 
guide may not be necessary when welding steels up to 20-25 mm thick steel 
sheets. With the welding strategies presented in Fig. 1(c)-(d) and speeds in Table 2, 
the interlayer time (from start of a layer to the start of the following layer) for 
the 90 mm long horizontally welded joint was 9 s. The corresponding time for 

 Fig. 6. High Speed Imaging photage of the near-vertical NGMLW process, with side view 
illustration explaining how the camera follows the upwards traveling laser spot, showing: (a) 
initial forming of the melt pool at the gap floor; (b) laser spot travels upwards while the melt 
stays in place and begins to solidify; (c) further upwards travel and melt pool solidification; 
(d) melt pool at the top of the gap; (e) the fully solidified track.
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the vertically welded joint with a track length of 22 mm was 6 s, i.e. 1/3 shorter. 
No additional time was used for manual cleaning or preparation between each 
track, as the shielding gas limited the amount of oxides formed on the weld cap 
and the rapid retraction of the wire at the end of each track prevented the wire 
from attaching to it. In the horizontal process, the full length of the joint has to 
be welded and the process tool returned to the beginning before welding can 
resume. Therefore, the inter-layer time will scale with the length of the joint. In 
the near-vertical process on the other hand, the inter-layer time instead scales 
with the thickness of the sheets to be joined irrespective of their length. A benefit 
of the shorter inter-layer time of the near-vertical NGMLW process is that each 
layer is not cooled and re-heated as much between layers as in the horizontal 
version. This can be beneficial when working with materials that are sensitive 
to multiple heating cycles, e.g. alloying elements that tend to segregate towards 
the grain boundaries. The total welding time was generally also lower with near-
vertical welding compared to horizontal welding, when using the here applied 
welding strategies. It would be possible to shorten the total time for the horizontal 
process by welding in alternating directions instead of unidirectionally. However, 
the mechanical properties along the length of such a welded joint are likely vary 
due to differing thermal histories. The middle of the joint would cool down and 
be re-heated evenly between each track. However, the rest of the joint would be 
subjected to alternating, longer and shorter cooling cycles. Another benefit of 
the near-vertical process is that it does not require long non-welding movements 
(usually at high speeds), e.g. the welding tool moving from the end of a track to 
the start position of the next track. This presents a potential for the industry by 
decreasing requirements on welding robots and machines, making the process 
easier to implement.

4. Conclusions

A near-vertical version of laser Narrow Gap Multi-Layer Welding (NGMLW) 
has been presented and compared to its more commonly researched horizontal 
counterpart. The following conclusions have been established:

• It is possible to perform laser NGMLW in a near-vertical manner in 15 mm 
thick X100 pipeline steel.

• Using this approach, it becomes possible to perform NGMLW in a quasi-
single track fashion, making it possible to achieve much shorter inter-layer time 
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and fewer re-heating cycles for each track compared to the horizontal version.
• The near-vertical approach has been observed to have high process 

robustness with the wire being melted both through direct laser irradiation and in 
combination with conduction heating from the melt pool.

• Welded joints produced in this manner can have sub-millimetre surface 
variations and less than 0.3% cavities by volume, with the orientation of cavities 
being strongly influenced by the direction of material deposition.
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There are great prospects for utilizing multipass laser hot-wire welding to join 
thick steel sheets, especially for techniques commonly performed in single passes, 
e.g., laser arc hybrid welding, fall short, presenting great opportunities for vehicle 
industries and offshore applications. Many modern approaches for applying these 
techniques rely on customized wire feeding nozzles or special scanner optics to 
ensure proper laser–wire interactions and, in turn, robust process behavior, making 
them less accessible to many industries. Here, we present a modified adaption of 
laser hot-wire welding, utilizing more readily available equipment, including an 
unmodified welding source and a nozzle, presented and evaluated through means 
of, e.g., high-speed imaging and macroscopy. This technique was found to have 
high process robustness, especially for sealing passes, if wire resistance heating is 
kept within suitable levels. It is able to both maintain proper laser–wire interaction 
and produce close to net-shape weld caps. Also, recommended process parameters 
are presented, together with a description of a potential method for suppressing 
solidification cracking. 
© 2017 Laser Institute of America.
[http://dx.doi.org/10.2351/1.4983758]
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I. Introduction

Possibilities for reliably joining thick steel sheets are of great importance for 
many heavy industries, e.g., vehicle and offshore applications and areas, such as 
railways or pipe lines, where leaks or ruptures in metallic structures can have dire 
consequences, both from an economical and an environmental standpoint. Joining 
of steel sheets is traditionally done by gas metal arc welding (GMAW). However, 
this technique does hold some inherent limitations when compared to modern 
alternatives, such as a wide HAZ and the need for wide joint preparation, which 
can be both time and resource consuming. 1 An alternative technique for metal 
joining is laser beam welding (LBW); this high energy density technique presents 
a number of advantages, including higher welding speed,2 narrow HAZ, and less 
distortions due to reduced heat input.3,4 However, LBW also has limitations, e.g., 
limited gap bridging capabilities5 and a nonlinear increase in power needed for 
producing deeper welds.6,7 An example of the latter is given as follows: if a laser 
power of 10 kW is needed for a roughly 10mm penetration depth, a doubling 
of laser power can mean less than two-third increase in the penetration depth.7 
Another technique that utilizes the advantages of laser processing is laser-arc hybrid 
welding (LAHW), a technique that combines laser technique and arc technology 
to improve both welding speed and penetration depth.8,9 Difficulties encountered 
by LAHW includes hot cracking10 and root dropout.11,12 The distribution or 
dilution of the filler material can also be a challenge.13 The additional number of 
parameters also means an exponential increase in process complexity.14 Adding 
materials to metal surfaces using lasers, also known as laser cladding, has been done 
successfully on several occasions.15,16 It is possible to supply additional materials 
in the form of filler wires,17 similar to how MIG/MAG versions of GMAW 
work. This can also be done to improve the capabilities of LBW, herein referred 
to as laser–wire welding (LWW). The gap bridging capabilities of laser welding 
can be significantly improved by augmenting the process with a filler wire to 
supply additional materials, 18,19 providing welds that have a uniform distribution 
of the filler material.19 Additionally, it is possible to increase the weld depth by 
performing multiple passes,20,21 illustrated in Fig. 1. A proper interaction between 
the laser and the wire is of outmost importance22 for both LWW and LAHW 
processes. In order to ensure a stable wire melting behavior in LWW, it is essential 
that the entire width of the wire is irradiated by the laser beam.23 This can be 
accomplished through, e.g., scanning24 or defocusing25 the beam, similar to the 
illustration in Fig. 2. The energy efficiency of the process can be further improved 
by preheating the wire26 through, e.g., resistance heating, herein referred to as 
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Laser hot-wire welding (LHWW). Many of the techniques mentioned so far are 
often performed using customized or specialized equipment. Special oscillating 
mirror optics is necessary for laser scanning.27 Customized nozzles or process 
heads are often utilized to optimize guiding of the wire.18,19,28,29 The following 
research presented herein aims to illustrate possibilities to use equipment readily 
available to many industrial companies, showing how the produced welds have 
close to net-shape surfaces, decreasing the need for post-processing and thereby 
reducing lead times. This could be a strong incentive for industries to implement 
the presented technique.

II. Methodology

A. Equipment and materials

A 6-axis Motoman industrial robot was utilized for positioning of laser 
optics and the GMAW nozzle. Sheets of 7 mm thick AR 400 and 8 mm thick 
S355J+N were used as base materials. Filler wires used were 1.2 mm Ø Lincoln 
SupraMIG Ultra or 1 mm Ø ESAB OK Autrod 12.64 (both EN ISO 14341-A). 
The chemical composition of both plates and filler wires is shown in Table I. The 
applied shielding gas was Mison18 (82% Ar, 18% CO2, and EN 439). 

A 15 kW IPG Yb:fiber laser (fiber core diameter, 400 μm; BPP, 
10.3 mm·mrad; wavelength, 1070 nm) was used as the primary heat source. The 
laser had a continuous wave mode, a focal length of 300 mm and was focused 
above the surface to obtain a 4–6.5 mm spot size. The large spot size ensured 
that the full width of the gap was irradiated. The utilized wire feeding system 
was a Fronius GMAW TPS4000 CMT Remote with a continuous wire feeding 
unit VR7000. A constant current or voltage could be fed through the wire with 

Fig. 1. Illustration of multipass filling of deep straight edge gaps, by melting the filler wire 
and gap walls at intended track heights.
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the welding source. The welding source was semimanually controlled, requiring 
a target current and voltage to be programmed before processing. Once one of 
these parameters was achieved, during processing, the other parameter would 
continuously adapt to keep the first parameter constant.

B. Experimental procedure

In the performed LHWW experiments, the sheets that were to be welded 
were positioned to form a 3 mm wide straight-sided gap, with added root support.  
3 mm Ø metal rods were inserted vertically in front of and behind the distance 
that were to be welded to keep the gap from narrowing during welding. Prior to 
welding, the sheet edges were plasma cut and the surfaces were then hand brushed 
to remove pre-existing oxides. Welds were produced in multiple passes with 
parameters adjusted according to the data given in Tables II and III. Passes (single 
weld tracks) that are height wise at the level with the base material are herein 

Table I. Material composition (in wt. %) of steel plates and the filler wire.
Application C Si 

(max)
Mn P 

(max)
S 

(max)
Cr Ni Mo B Al

AR 400 Sample 1 0.240 0.700 1.700 0.025 0.010 1.000 0.700 0.500 0.004 …

S355J+N Sample 2-7 0.22 0.55 1.6 0.035 0.035 0.3 … 0.08 … 0.02

EN ISO 
14341-A

Filler wire 0.08 0.85 1.7 … … … … … … …

Fig. 2. Illustration of the applied multipass LHWW process. Note the melting of gap edges 
due to the heavily defocused laser beam, and oscillating filler wire.
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referred to as “sealing passes” and lower passes as “intermediate passes”. Some 
samples (full plate setup with multiple weld passes) that had passes with variations 
in parameters are observed. To prevent back reflections that can be harmful to 
the laser unit and other equipment, the defocused laser beam was inclined  7° 
in line with the welding direction. The wire was extruded into the front of the 
melt pool as per recommendations from previous findings,14 0–1 mm from the 
laser spot center and 30°–34° in the welding direction (see Table II). This process 
is illustrated in Fig. 2. Previous experimentation has shown that the wire can 
oscillate, due to insufficient straightening during unspooling. The wire feed rate, 
average wire voltage, and current settings can be seen in Table II. In subsequent 
passes, the height of the process head was adjusted to match the new layer height.

C. Analysis

A range of the produced welds were selected for empirical analysis. The process 
was evaluated by high-speed imaging (HSI), further explained in Refs. 30 and 31, 
in order to find factors that are related to process robustness and behavior. The 
camera was mounted in front of the weld process setup, approximately  17° from 

Table II. Common experimental parameters.

Sample
Laser 
power Spot size

Plate 
thickness

Travel 
speed

Protection 
Gas flow

Wire feeding 
angle

Distance 
Laser-Wire

Wire 
diameter

(#) (kW) (Ø mm) (mm) (m/min) (l/min) (°) (mm) (mm)

1 5.0 6.5 2x7 0.5 25 30 0.6 1.2

2 - 7 6.0 4.0 8 1.0 40 34 0 1.0

Table III. Distinguishing experimental parameters.

Sample
Pass position 

Intermediate (I), Wire feed rate Average wire voltage Average wire current

(#) or Sealing (S) (m/min) (V) (A)

1 I 7.0 5.3 126

2 I 7.0 6.3 84

2S S 7.0 7.5 92

3 I 9.1 19.1 113

4 I 6.0 20.8 85

4S S 6.0 25.5 83

5 I 9.0 7.8 114

6 I 7.0 21.7 92

7 I 7.0 6.4 98
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the horizontal plane and underneath the GMAW nozzle, as illustrated in Fig. 2. 
This was done to allow an optimal overview of the melt front and view of the wire-
melt pool interaction. The resulting welds were then evaluated by macroscopy, 
allowing ocular assessment of weld surfaces and cross sections. Laser scanning was 
used to measure and quantify the weld surface topographies, presenting a more 
objective ground for sample assessment. 

III. Results and discussion

HSI recordings of the applied technique showed a number of possible 
process behaviors, explained in Fig. 3 and further depicted in Figs. 4 and 5. The  
larger-than -gap sized laser spot resulted in continuous melting of the gap walls, 
especially noticeable at the top most surface level of the base material, shown 
in Fig. 3. In some of the samples, it was observed that the filler wire did not 
melt completely, as in sample 1 shown in Fig. 4(a). The semimolten wire would 
instead be pushed onto the gap floor, forming structures of semisolid metal during 
welding. This was likely caused by insufficient heat input to the wire, probably 
a byproduct of too low power settings and/or improper laser–wire interaction. 
Sample 2, shown in Fig. 4(b), demonstrated a more regulated process, resulting 
from increased laser output with more continuous melting of the wire and 
material deposition into the melt pool. This mode augmented process stability and 
increased uniformity in gap filling. Complete melting of the wire was obtained, 

Fig. 3. HSI of the LHWW process with designations of important aspects and features, e.g., 
laser melting of edges and wire entrance position into melt pool.
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Fig. 4. HSI frames showing intermediate passes with various levels of output power from 
the laser and wire such that (a) softening the wire without adequate melting in low power 
outputs, (b) sustaining continuous melt of the wire with admissible power output having 
noticeable wire oscillations, and (c) varying wire-melt distances in elevated power outputs in 
the presence of arcs.laser melting of edges and wire entrance position into melt pool.

Fig. 5. HSI frames showing the final pass (sealing pass) closing of the narrow gap: (a) not 
exhibiting arcing and melt flowing over laser melted wall edges and (b) exhibiting arcing and 
having a further enlarged melt pool, flowing wider than the laser melted wall edges.
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even though the wire was seen to oscillate and would repeatedly misaligned from 
the beam, indicating a certain level of robustness to the process. If arcing occurred, 
power output would often increase noticeably, generally resulting in less regular 
wire melting behavior, e.g., sudden excessive melting, as experienced in Sample 3, 
shown in Fig. 4(c). Sealing passes at the uppermost level of the base material usually 
behaved slightly different than the intermediate passes, exhibiting a much more 
robust behavior, such as that in Sample 2S (Fig. 5(a)). Arcing in the sealing passes, 
found in Sample 4, would decrease stability, leading to a more erratic process with 
a higher degree of melting and uneven melt pool perimeter (Fig. 5(b)). Note 
that sealing passes could not be produced in samples with incompletely melted 
wire due to irregular surfaces from the previous weld layer, as adequate wire–laser 
interaction could not be maintained. From macrographs, it was confirmed that that 
sealing passes were both smoother and narrower when arcing was avoided (Fig. 6). 
The uppermost tracks were found to be up to 25% wider than intermediate 
passes, likely corresponding to the previously mentioned melting of the inner gap 
edges due to the larger-than-gap laser spot and defocusing of the laser beam. The 
weld from Sample 2S, observed in Fig. 6(a), appears to be at the same level as the 
base material, indicating a near net shape surface. Wider passes, with significantly 
more uneven surfaces, and prominent striations were observed in samples 
where arcing occurred, showing the surface of Sample 4S (Fig. 6(b)) and that of 
Sample 6 (Fig. 6(d)). Figure 7 shows laser surface scans of the welds shown in Fig. 6, 
showing that the surface height along the weld length deviates as little as 0.5 mm 
or less with proper settings. The sharp peaks in the surface scans are caused by noise 
in the scanning process, likely due to areas with high reflectivity such as oxides. 
Through the ocular analysis of sample cross sections, it was possible to determine 
internal weld-imperfections such as porosities or cracks. Welds produced without 

Fig. 6. Macrographs displaying acquired weld surfaces after intermediate and sealing passes, 
both in samples exhibiting and not exhibiting arcing in the process.
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arc formation were found to have regularly shaped intermediate weld passes, shown 
in Figs. 8(a) and 8(e) (Samples 2S and 2, respectively) and Fig. 8(c) (Sample 7). 
These intermediate passes tended to experience center-line cracking, which were 
partially remelted by subsequent passes, highlighted in Fig. 8(c). Sealing passes 
tended to be wider but did not show any tendencies toward cracking (Fig. 8(a)). 
Centerline cracking tended to be less uniform in trials that experienced arc 
formation, with cracks varying from nonexistent (Sample 4, Fig. 8(f)) to several 
times larger than those in nonarc samples, shown in Fig. 8(d) portraying Sample 8. 
Sealing passes that had experienced arcing were, as previously mentioned, less 
smooth and uniform compared to samples without arcing (Sample 4S, Fig. 8(b)). 
Cavities were found in samples where the wire was not fully melted. An example, 
found in sample 1, is shown in Fig. 9(a). It is probable that these were caused by 
the semimelted wire which prevented the fully molten metal from reaching the 
surface of the previous pass. Based on the rounded bottom of the crack in Sample 2 
(Fig. 9(b)), it is probable that the centerline cracks are formed during solidification 
rather than during cooling. Cracks varying in size within the samples exhibiting 
arcing (Fig. 9(c) showing the magnification of the enlarged crack in sample 8) 
can be due to a number of reasons such as varying thickness in previous passes 
and varying remelting depths in subsequent passes. It is hypothesized that, for this 
process, the observed solidification cracking is related to prominent wetting of the 
melt pool to the gap walls, shown in Fig. 4(b) and further illustrated in Fig. 10(a). 
Wetting is usually referred to as thermodynamic compatibility of the liquid and 

Fig. 7. Laser surface scans of surfaces shown in Fig. 6. The color gradient indicates the 
deviation from the base plate surface.
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surface, related to molecular interdistances, with well-matched surfaces exhibiting 
higher wetting due to more and stronger adhesive interactions between molecules. 
Differences in temperature and surface roughness increase relative molecular 
interdistances and lead to less wetting.32,33 When wetting between the melt and 
side walls is high, the adhesive surface tensional forces will give the melt surface 
a more convex appearance, giving rise to a curved surface of theliquid, adhering 
to the side walls. This is experienced when the uppermost level of irradiation is 
on a higher level than the average melt pool (Fig. 10). Using Fourier’s law found 

in textbooks,
where q is the heat flux (W/m2), k is the thermal conductivity (W/mK), 

Fig. 8. Comparison of cross sections, showing samples exhibiting and not exhibiting arc 
formation.
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T is the temperature (K), and y is the melt thickness from the base material wall, 
and it can be reasoned that the thinner melt peaks at the weld edges cool faster 
than the main melt body, making them solidify prematurely. This would form 
an uneven (nonlinear) solidification front, giving rise to tensional forces with 
dissimilar directions. During solidification, the metal decreases in volume, leading 
to a deficit of malleable metal and eventually to a parting of the remaining metal, 
forming a solidification crack. If the dispersive adhesive forces and cohesive forces 
are well matched, wetting of the contact angles of the liquid and solid interface 
will be close to 90°, resulting in more leveled weld surfaces, which also helps to 
explain why none of the top surface passes exhibited centerline cracks. If laser 
radiation is regulated so as to avoid melting of the side walls above the intended 
height of the current weld layer (Fig. 10(b)), wetting above the interface should be 
lower due to both higher temperature gradients and intact surface roughness of 
the sheet, leading to a more leveled melt layer and prohibiting solidification cracks. 
If a leveled melt pool surface could be maintained in intermediate passes, it could 

Fig. 9. Imperfections found in the samples: (a) cavities for incomplete wire melting, (b) 
partially remelted cracks with rounded edges, and (c) longer cracks formed in samples that 
had experienced arcing.

Fig. 10. Illustration of how melt pool wetting affects the solidification geometry and hot 
cracking behavior, and estimation of the direction and magnitude of solidification force 
denoted as arrows.
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be possible to suppress centerline cracking throughout the weld. It is probable that 
this could be achieved through proper positioning of laser optics and by adjusting 
the wire deposition rate, given that the beam diameter becomes wider than the 
gap at the resulting track height, regulated by the wire feeding rate. 

Based on the results and findings, recommendations for applying LHWW 
using this setup are given as follows: For intermediate passes, with a gap width of 
3 mm, it is recommended to use at least 6 kW of laser power, with laser optics 
being positioned to obtain a spot size equal to the gap width, at an intended 
layer height (Fig. 10(b)). Wire should be fed into the laser spot on the bottom of 
the gap/ on surface of the previous layer; angle should be 35° or more vertically 
(0 z-axis) in parallel with the welding direction, directed into the front of the 
melt pool, facilitating complete melting of the filler wire up to 1 mm Ø at travel 
speeds up to 1 m/min and wire feed rates up to 9 m/min. Wire current settings 
should amount to 750–800 W or higher, while simultaneously avoiding any form 
of arcing. To obtain an optimal smoothness of the weld cap, it is recommended that 
wire feeding rates are adjusted to obtain a material deposition rate that facilitates 
the complete filling of the gap without excess material. 

IV. Conclusions

The method of multipass LHWW is capable of coping with insufficient 
straightening of the filler wire and producing close to net-shape weld surfaces, 
having potential to weld very thick metal sheets, possibly only limited by how 
deep the wire and laser beam can be delivered accurately. In addition, the following 
can also be stated: 

1. In the intermediate layers, a high risk of solidification (hot) cracking in the 
solidifying surface was observed, likely related to high surface tension in the 
melt and excessive wetting above the melt pool and direction of solidification. 
One promising method of preventing centerline solidification cracks is to 
control the melt pool surface geometry by having the laser beam irradiating 
the weld edges just at the intended weld surface, although more testing may 
be required.34 

2. When welding the sealing pass, the process is more robust and produces 
smooth weld caps, measured to diverge less than 0.5 mm, without signs of 
centerline cracking.
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3. There are two major thresholds of power output regarding the resistance 
heating of the wire: 

(a) too low heat output: the filler wire is not completely melted. Cavities 
observed in such samples are likely caused by accumulations of 
incompletely melted wire. The resulting surface can become uneven, 
ultimately making it impossible to perform additional weld passes.

(b) too high power output: often associated with arcing from the wire, 
observed to cause fluctuations, increase melting, and produce rougher, 
wider welds. The topic of arcing and some its direct consequences in 
LHWW are covered more thoroughly in a related manuscript. 
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ABSTRACT
Many heavy industrial applications, e.g. shipbuilding and offshore, rely on thick-
section, high-quality welds. Unfortunately, traditional arc-based techniques 
are often found wanting due to a limited penetration depth and excessive 
heat affected zone. The former is typically solved by having a wide groove 
filled by multiple weld passes, which is both costly and time consuming. Other 
processes such as autonomous laser or electron beams can join thick materials, 
but have disadvantages such as increased hardness and solidification cracks inside 
the welds. A promising inbetween technique to join thick sheets is narrow gap 
multi-layer laser welding (NGMLW), using less filler material while also offering 
more control of weld properties. This technique is often used with laser scanning 
optics and cold wire, or a defocused laser and electrically heated wire. This paper 
investigates the limitations of the latter during NGMLW, mainly using high-speed 
imaging to directly observe and explain process behavior. Increased deposition 
rates are wanted, but heating also consequently needs to be increased for proper 
bead fusion. Arc occurrences are found to be the cause of instabilities. They are 
observed occasionally even at low voltages, but more frequently at higher outputs, 
and then are also more disruptive to the process.
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Introduction

Joining of thick-section steels is often required in heavy industrial applications, 
e.g., ship construction and offshore pipelines. Welds are typically made using arc-
based welding techniques, such as gas metal arc welding (GMAW) or submerged 
arc welding (SAW). To reach the root, deep and wide edge preparation is required. 
This then needs filling by multiple weld passes (Ref. 1). An alternative technique 
is laser beam welding (LBW), which involves less heat input to the workpiece 
and has improved, but still limited, penetration depths (Ref. 2). This process is, 
however, rather prone to root humping (Ref. 3). Another alternative is laser-arc 
hybrid welding (LAHW) (Ref. 4) or laser welding with a hot (Ref. 5) or cold 
(Ref. 6) wire feed. These processes combine the advantages of the laser and the 
arc to produce fast, deep welds with improved ability to bridge root openings 
and the possibility to have a metallurgically tailored welding wire. Since they 
generally do not require as wide edge preparation as GMAW, they also require 
less filler material (Ref. 7). They can, however, suffer from inhomogeneous mixing 
throughout the depth of the weld. 

To have improved control of the metallurgy of the welded joint when joining 
thick sheets, the narrow gap multilayer welding (NGMLW) technique is a suitable 
alternative (Ref. 7) (Fig. 1B), using a laser and wire feeding into the root opening 
to weld, possibly up to 50 mm (Ref. 8). The entire width of the wire needs to 
be melted (Ref. 9), either using expensive scan optics to oscillate the laser beam 
(Ref. 10), or by defocusing the beam while using electrically heated wire supplied 
from customized nozzles (Ref. 11), which requires increased root opening widths, 
requiring more weld passes.

In this study, a setup of NGMLW was used that utilized a defocused laser 

Fig. 1 — Process illustration of camera position, wire oscillation, and welding direction.
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beam to cover the entire width of the weld, in conjunction with an electrically 
(resistance/joule) heated wire. The hot wire was fed into the melt pool without 
using specialized nozzles to control wire position — Fig. 1A. In the absence of 
such nozzles, the root opening can be narrow, improving the efficiency of the 
process (Ref. 12). With sufficient wire heating from a combination of electrical 
power, conduction heating from the melt pool, and laser irradiation, the preheated 
wire only needs to enter the front of the melt pool to be melted. This allows wire 
movement during processing and thus makes the process more robust. 

As increasingly higher feed rates are wanted to increase productivity, the 
electrical power supplied also needs to be increased to ensure proper melting of 
the wire in the melt pool. However, too high electrical power levels during LBW 
or NGMLW are known to cause instabilities, excessive spattering, and melting 
(Refs. 7, 11), while too high laser power levels causes excessive melting of the base 
material. Arcs can occur at high voltages in any gas (depending on electrode and 
cathode distances (Ref. 13)), and become more probable when gas is mixed with 
metal vapors (Ref. 14). 

Here, for the otherwise promising technique, the productivity limiting process 
factor of arc formation is therefore analyzed using high-speed imaging, and it is 
thereby analytically explained.

Methodology

A 15 kW, 1070-nm wave length IPG fiber-laser source was used as 
the primary heat source for welding, with the laser light delivered through 
a 400 μm fiber and 300 mm focal length optics (14.6 mm·mrad BPP beam), 
defocused 36 mm to provide a ØL = 4 mm spot size at the bottom of each track.  
8 mm thick S355J+N sheets were positioned 3 mm apart with a backing sheet at 
the bottom. Edge oxides from laser cutting were removed from the 8 mm thick 
samples by brushing. Wire feeding and heating were supplied using a Fronius 
GMAW TPS4000 CMT remote, with a VR7000 continuous wire feeder and a 
Robacta drive unit, operated in constant current/voltage mode. Shielding gas and 
wire were supplied through a GMAW standard nozzle, which was positioned to feed 
wire into the beam spot center from the front of the melt pool (Fig. 1), as prescribed 
by previous research (Ref. 15). The laser beam was inclined to prevent harmful 
back reflections into processing optics and fiber. Material compositions are given 
in Table 1, and the shielding gas applied was Mison18 (82% Ar, 18% CO2; EN 439). 
Positioning of laser optics and feeding nozzle was achieved using a 6-axis 
Motoman industrial robot, which after each welded track increased process height 
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accordingly until the root opening was fully welded. 
To investigate the process and get an insight in arc formation and its 

consequences on processing, high-speed imaging (HSI) (Refs. 16, 17) was used 
at 800 frames per second (fps), allowing observation of wire movement, melt 
flow, and arcing. An illustration of optics, welding nozzle, and HSI equipment 
orientation can be seen in Fig. 2. 

Macrographs and hardness measurements of cross sections for different arc 
conditions were studied to gain further insight into process parameter effects. 

For all weld cases, some parameter settings remained constant (Table 2). The 
successful welds presented here had wire parameters varied according to Table 3, 
while no successful welds were produced with voltage inputs lower than 6.4 V.

Results and Discussion

High-speed imaging sequences are shown for the four NGMLW welds 
specified in Table 3, along with a phenomenological theory of arc initiation during 
processing. Finally, macrographs are presented alongside hardness measurements.

Table 1 — Material Composition (wt-%) of Base Material and Welding Wire

Application C Si (max) Mn P (max) S (max) Cr Ni Mo B Al

S355J+N Base 
material

0.22 0.55 1.6 0.035 0.035 0.3 - 0.08 - 0.02

EN ISO 
14341-A

Welding 
wire

0.08 0.85 1.7 - - - - - - -

Fig. 2 — Illustration of process setup, viewed from the side.
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Process Observation

Figure 3 shows an annotated HSI frame showing an arc close to the sheet 
edge above the melt pool. The wire is fed into the root opening and enters the 
front of the melt pool, while the view to the melt pool’s tail is partly obstructed by 
the wire. Evaporated fumes rising from the hot melt pool can also be seen. 

The HSI sequences for the four cases enumerated in Table 3 can be seen in 
Fig. 4. Since no specialized nozzle for wire positioning was used, the wire position 
is seen to vary sideways in the process zone. When the tip of the wire enters the 
process zone, it melts and forms a ‘molten metal bridge’ with the melt pool. If this 
metal bridge breaks, arcing can occur, e.g., Fig. 4C i-ii, predominantly between 
the joint edge and wire, rather than between the wire and melt pool. Arcing has 
also been observed in laser hot wire welding for voltage levels above 9 V (Ref. 5). 

Arcs readily form in high-voltage situations in the case of having 19.1 V — Fig. 4A. 
These arcs are larger (cross section over 6 mm2) and longer in duration (up to 100 
ms). 

Arcs can melt the wire tip, delaying reconnection between the wire tip and 
the melt pool. The pressure of these arcs is often high enough to move the wire 
tip. The arc disappears when the wire tip regains contact with the melt pool. The 
occurrence of arcing observed by HSI for the four experimental cases is shown in 
Fig. 5. For higher voltages, arcs were observed up to 75% of the time. As the voltage 

Table 3 — Varied Weld Parameters for the Four Voltage Levels

Case Variable Unit 1 2 3 4

Average wire voltage Ū (V) 6.4 9.0 10.2 19.1

Average wire current Ī (A) 98 114 114 113

Average Power P̅ (W) 6627.2 7026 7162.8 8158.3

Wire feed rate vw (m/min) 7 9 9 9.1

Table 2 — Fixed Variables Applied during Welding

Variable Unit Value

Laser power PL (kW) 6

Spot size ØL (mm) 4

Travel speed vt (m/min) 1

Laser angle αL (°) 7

Wire feeding angle αW (°) -34

Stand-off distance s (mm) 36

Distance laser-wire dLA (mm) 0
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Fig. 3 — Frame from a high-speed image of the front of the MLNGW process, ~ 15 deg 
inclined, including designations.

Fig. 4 — High-speed image sequences for the four different voltage cases.
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decreases, the arc frequency and power also decrease — Fig. 5. The size of the arc 
decreases considerably when halving the wire voltage, see cases with 9.0 and 6.4 V 
in Fig. 4D and C, respectively. In the case with 10.2 V, arcs were occurring during 
half of the observed time, indicating a semistable processing state. Occasional arcs 
occur even at low voltages, but are small and short-lived, as in the case having 6.4 V. 
At higher arc powers the arc length is increased, and at a certain threshold (~ 9–10 V) 
the formed arc can add enough heat to the wire to melt it. At elevated output 
power levels, the conjunction of increased arc length and rate of melting increases 
both the conditions for arc formation and its duration. When voltage is low, wire 
melting may not melt fast enough to match the feed rate. This would occasionally 
result in the wire tip sliding out of the melt pool, after hitting the solid material 
beneath the melt.

Arc Formation

During experiments carried out in the present investigation, it was observed 
that arcing predominantly takes place after loss of contact between the wire and the 
melt pool. This is often caused by melt bridge disruption due to wire movement, 
shown in Fig. 6 and further explained in Fig. 7.

With higher currents, arcs have an increased tendency to form as the melt 
bridge is stretched thinner by the wire movement or melting by the laser. 
Assuming a resistivity ρ of the melt and relatively constant length l of the molten 
bridge, as the melt bridge gets narrower, the cross-sectional area A decreases and 
the resistance

R = ρ l/A                                             (1)

increases. This causes a sudden rise in local resistance heating through the bridge 

Fig. 5 — Histogram of observed arc occurrence during 2 s, for the four cases.
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(due to Joules law, P = I2 R), ultimately reaching the boiling point (TFe_boiling = 2870°C), 
and evaporating the metal bridge so that free ions are created — Fig. 7Aii. 
The free ions facilitate the flow of electrons in the argon atmosphere between 
the wire and the solid or liquid material (Ref. 14), leading to the formation of 

Fig. 6 — HSI frames showing melt bridge disruption due to wire movement: A — Sideways; 
B — forward to the front of the melt pool; C — backwards into the laser beam.

Fig. 7 — Illustration of wire-melt bridge breaking and arc ignition: A — i–iii general 
formation; B–D — three ways of the melt bridge breaking.
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an arc if the supplied energy is high enough and electrode-cathode separation dec 
is sufficiently low. The metal fumes released from the collapse of the liquid metal 
bridge and the melt pool are also heated by the laser beam, increasing the level 
of ionization (Ref. 19) in the vicinity of the process zone. Arc formation is also 
favored by the rather low ionization temperatures required for metals — Fig. 7Aiii. 
There are three basic mechanisms by which the wire can lose contact with the 
melt, all involving increased resistivity due to thinning of molten wire: 1) the wire 
yaws sideways and angles upward out of the melt pool, 2) the wire feeds too slowly 
into the melt pool and the laser helps to evaporate the bridge, and 3) the wire 
feeds too fast into the melt pool and is melted by the beam above the melt — Figs. 
6A–C and 7B–D, respectively. 

High-speed imaging observations (see Fig. 4) made it clear the wire usually arced 
to the joint edges rather than to the melt. This is due to geometrical considerations 
of the surface area and distance. The arc will follow the path of least resistance, and 
the large surface area of the side of the wire decreases the resistance more than the 
separation distance increases it. Due to practical limitations and arc melting the 
root opening edges, the wire will rarely be exactly center positioned so that the 
arc is formed to both sides of the cavity at the same time. The arc will thus rather 
sequentially switch between contact surfaces as distance changes during arcing. 
Due to metal vapors near the laser heated melt pool, there is also lower resistance 
in its vicinity. The resistance of the joint edge and melt pool can be neglected 
concerning the arc location because ρAr>>ρFe. For increasing temperatures, the 
resistivity of iron increases but stabilizes at 1808 K with ρFe = 137.6 10–3 Ωcm, 
while it decreases for argon, starting at 3500 K with ρAr = 3.85 104 Ωcm (Ref. 20).  
The cross-sectional area between the wire and the joint edge is approximately a 
rectangle of width equal to the wire diameter dwire and a length equal to the wire 
length near the process area lw. The cross-sectional area between the wire tip and the 
melt pool can be approximated as a circle with the identical radius to the wire rw. 
The separation distances are dedge and dmelt, respectively. Using Equation 1, 
the relative resistances are 

Redge/Rmelt = dedge · rw
2π/dmelt · dwlw (2)

If this relationship is less than 1.0, the wire-edge resistance is the lower of 
the two, and the arc will occur principally toward the closest joint edge. Based on 
these assumptions and if lw = 3 mm, the wire-joint edge distance can be nearly up 
to four times longer than for the wire-melt pool before a wire-melt arc is favored.
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Structural Effects Due to Arcing

Macrographs showed the welds are largely sound (Fig. 8) except for crack 
formation at the center of the weld beads —Fig. 8Ai–Di. The crack formation 
is studied more in depth in another paper by the same authors (Ref. 20). The 
rounded crack root shape indicated the cracks occurred prior to complete 
solidification of the weld metal. Samples produced at higher voltages tended to be 
wider and had asymmetric melting of base metal (BM), likely due to arcing — Fig. 
8Ai–Ci. Subjective assessment of the microstructure (Fig. 8Ai–Ei) showed they 
also had longer columnar grains in the fusion zone (FZ) and more needleshaped 
(martensite-like) structures in the heat-affected zone (HAZ), compared to the 
samples produced with lower voltages. At the FZ borders, wave-like patterns occur 
(Fig. 8Av–Ev), indicating uneven dilution of the substrate into the melt, which can 
affect weld properties. These become more pronounced at higher voltages due to 
increased melting of the BM. This melt solidifies before proper mixing is achieved, 
producing an unmixed zone.

Microhardness (Vickers) measurements (Fig. 9) displayed similar overall trends 
for most of the samples: the outermost edge of the HAZ was softened by up to 

Fig. 8 — Macro- and micrographs of cross sections.
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10%, the rest of the HAZ was hardened by about 20%, and the FZ hardness was 
similar to the original BM (±5%). The exception was the highest voltage sample, 
which had a FZ hardness 10% above that of the BM — Fig. 9E. For the latter 
case, as there had been a substantial increase in BM melting, the mixing of BM 
and filler material is responsible for hardness decrease. These results show that 
using NGMLW with electrically heated wire, disruptive arcing is more likely to 
occur when wire voltage exceeds 9 V, as supported by previous research (Ref. 5). 
A consequence of such arcing is increased mixing of filler and base material 
resulting in unwanted dilution in the FZ from the BM, which may consequently 
provide a microstructure associated with brittleness and lower toughness. Arcing 
is also observed to occur at lower voltages, but is less disruptive. The technique 
discussed here can fill a root opening in multiple passes, given that wire voltage is 
kept below 9 V to limit arcing, and laser-wire interaction is controlled to maintain 
a continuous wire-melt bridge. As this process is not penetration based, but rather 
uses multiple layers, it is believed the sheet thickness can be increased from 8 
to at least 24 mm. This has similarly been shown by other cases (Refs. 7–11) as 
theoretically possible as long as the laser beam geometrically fits within the root 
opening and the wire positioning is sufficiently stable.

Fig. 9 — Microhardness measurements for the four weld cases: A — 19.1 V; B & C — 
10.2 V; D — 9.0 V; E — 6.4 V.
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Conclusions

For the NGMLW technique using resistance heated wire, the productivity 
limiting instabilities for the process has been analyzed. Arc formation is found to 
be the cause and its consequences have been observed and explained, in particular:

• Both arc formation frequency and size increase with increased power input. 
For practical purposes, here the process becomes too unstable at above ~ 9 V.

• Wire positioning affects arc formation, especially if the tip of the wire moves 
out of the melt pool.

• Arcs predominantly exist between the wire and joint side, rather than the 
melt pool, due to the larger closeproximity surface area between wire and joint 
side.

• Strong arcs generate process instabilities and result in irregular weld 
geometries due to excessive melting of the joint edges.

• Increased arcing also leads to increased base material dilution of the filler 
material in the fusion zone.
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Abstract

Purpose – The steadily growing popularity of additive manufacturing (AM) 
increases the demand for understanding fundamental behaviors of these processes. 
High-speed imaging (HSI) can be a useful tool to observe these behaviors, but 
many studies only present qualitative analysis. The purpose of this paper is to 
propose an algorithm-assisted method as an intermediate to rapidly quantify data 
from HSI. Here, the method is used to study melt pool surface profile movement 
in a cold metal transfer-based (CMT-based) AM process, and how it changes when 
the process is augmented with a laser beam.
Design/methodology/approach – Single-track wide walls are generated in 
multiple layers using only CMT, CMT with leading and with trailing laser beam 
while observing the processes using HSI. The studied features are manually traced 
in multiple HSI frames. Algorithms are then used for sorting measurement points 
and generating feature curves for easier comparison.
Findings – Using this method, it is found that the fluctuation of the melt surface 
in the chosen CMT AM process can be reduced by more than 35 per cent with 
the addition of a laser beam trailing behind the arc. This indicates that arc and laser 
can be a viable combination for AM.
Originality/value – The suggested quantification method was used successfully 
for the laser-arc hybrid process and can also be applied for studies of many other 
AM processes where HSI is implemented. This can help fortify and expand the 
understanding of many phenomena in AM that were previously too difficult to 
measure.

Keywords Melt flow, Cold metal transfer, High-speed imaging, Material 
deposition, Quantifying results
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1. Introduction

Additive manufacturing (AM) becomes progressively more introduced in 
high-demand branches, e.g. aerospace and space. With the fields of AM and its 
implementation in industry rapidly growing, there comes an increasing desire 
to further understand their fundamental phenomena and how to improve them. 
Knowledge regarding process behaviors in AM often starts out as tacit knowledge 
or experience of the technicians who frequently use these technologies. Collecting 
and communicating such subjective knowledge can be difficult (Akbar, 2003). By 
developing objective methods and techniques to measure changes in the process 
behavior, gathering and communicating knowledge can become less difficult, 
promoting knowledge growth and technological development. 

Using high-speed imaging (HSI), researchers have gained invaluable insight 
into the behaviors of manufacturing processes. These processes include welding 
processes such as laser wire welding (LWW) (Torkamany et al., 2015) and 
laser-arc hybrid welding (LAHW) (Frostevarg et al., 2014; Heralic et al., 2010; 
Moradi et al., 2013) and directed energy deposition (DED) processes like 
wire + arc AM (WAAM) (Geng et al., 2017) and laser metal deposition (LMD). 
HSI can give researchers a vast amount of information regarding previously 
unknown or speculated process behavior. However, much of the information 
gained must be interpreted through the eyes of researchers, filtered through years 
of experience and interpreted thereafter. This produces a lot of qualitative data 
that, although valuable, can prove quite difficult to measure (and communicate 
to others). A common way to display findings from HSI is to present a single 
frame or sequences of frames (Fathi et al., 2010; Heider et al., 2013; Liebl et al., 
2014; Moradi et al., 2013), which can be useful to describe observed phenomena, 
e.g. droplet shape and trajectory. However, a multitude of pointers are often 
required to explain what features can be observed in each frame, leading to 
distraction. It can also be difficult to discern how many frames will be necessary 
to present in a sequence to explain desired behaviors. An alternative method for 
communicating findings in HSI is streak-imaging (Eriksson, 2010; Frostevarg et 
al., 2014). Streak-imaging constitutes extracting a single line or column of pixels 
from each frame in a video sequence and stitching them together into a single 
image. This can be of great use when observing and describing, e.g. localized 
trends in the process, sudden changes or irregular movement during processing 
appearing as notches or peaks in the resulting streak-image. However, this method 
relies heavily on a well-stabilized video; each line must be from the same relative 
position during processing, or disturbances not relating to process behavior can 
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appear in the streak-image pattern. There are other, more quantitative techniques 
that analyze and measures changes in the acquired videos. These include particle 
image velocimetry (PIV) (Eriksson et al., 2013; Giuliani et al., 2008; Schweier 
et al., 2013), an image processing technique that can give indications of particle 
movement by tracking changes in position of similar color values in adjacent 
frames. This technique also requires that the video is stabilized, as movement of the 
camera can register as movement in the process. Video processing software can be 
used to stabilize sequences post processing, but requires traceable features in each 
frame, consistent illumination and will generally cause either image clipping (loss 
of data) or warpage (alteration of data). PIV and other automated techniques suffer 
from drawbacks like long setup time, as the applied software needs to be adjusted 
to identify and follow specific features, and potentially requiring costly high-end 
equipment. They also depend on good illumination and frame capture rates of the 
HSI video, as too large movements or varying illumination of particles can disrupt 
the tracking procedure. There is also the risk that traced features change reflective 
capabilities or shape. An example would be, e.g. weld spatter droplets, which can 
morph, cool and solidify in-flight, which could cause difficulties for computer 
algorithms to recognize them in-between frames. All above-mentioned methods 
depend on 3D features to be studied in a 2D plane, with cameras only being able 
to capture two-dimensional images. 

DED AM processes, e.g. LMD and WAAM, are described using focused 
thermal energy to fuse materials by melting as it is being deposited (ISO/ASTM 
52900, 2015). Material is usually supplied either in powder or wire formand is 
deposited in several superimposed layers onto a substrate. Because of the many 
possible combinations of energy sources and feedstock, there existmany different 
names in literature and many are well-known processes in industry. TWI describes 
LMDas a process that: “Uses a laser beam as an energy source, focused upon a 
substrate through a nozzle to create a melt pool. Material is then added to the melt 
pool as a powder or wire” (TWI, 2017). WAAM is a collection of technologies 
that combine an electricarc heat source, with wire feed to provide material. A gas 
metal arc (GMA), used by, e.g. Kazanas et al. (2012), because of factors including 
the ease of use from having both arc and wire supplied through the same nozzle, 
and gas tungsten arc (GTA) technologies, originally developed at Rolls-Royce 
(Baufeld et al., 2010), can be used. Deposition rates can be increased through 
higher heat input, but often with decreased part surface accuracy. Both LMD and 
WAAM, thus, commonly require varying degrees of post-processing, including 
machining away excess material, before the part is finalized. It can, therefore, be 
of interest to increase understanding and improve process behavior, e.g. how the 
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acquired part surface is shaped. In welding, Engström et al. (2001) and others 
have shown that laser-arc hybrid techniques can be highly capable competitors to 
their single heat source counterparts. Näsström et al. (2017) showed that excellent 
surface morphology of welds can be produced using laser hybrid processes and 
suggests that laser positioning can be used to affect the attained bead shape. An arc 
technique that has been shown to introduce significant benefits to GMAWis cold 
metal transfer (CMT). According to Lorenzin and Rutili (2009), this technology 
shows great potential for low heat-input cladding. Zhang et al. (2013b) observed 
multiple benefits of laser–CMT hybrid welding in aluminum. Frostevarg et al. 
(2014) further demonstrated the positive capabilities of the CMT technique 
compared with other arc modes for use in hybrid processes, including “higher 
bead stability” and “reduced weld/HAZ width”. The CMT process has been 
successfully applied for AM with titanium (Sequeira Almeida and Williams, 2010), 
showing great potential for the technique. Later, Kazanas et al. (2012) successfully 
applied CMT for AM with stainless steel. Others, e.g. Adinarayanappa and 
Simhambhatla (2017) and Zhang et al. (2013a), have utilized different modes of 
the arc for AM processes and researched other ways of improving the behavior of 
the respective processes.

2. Material and methods

In this paper, a novel semi-automated approach for quantifying HSI is 
presented. The aim of the applied method is to enable rapid quantification of visible 
features and phenomena in HSI videos while allowing the researcher experience to 
compensate for limiting factors that would hinder many available more automated 
solutions. Here, a gas metal WAAM and laser hybrid process is used as a case study. 
A multi-layered single-track wide wall is generated, and movement of the melt 
pool profile surface is observed. The setup is then used again, with the addition 
of a leading and then a trailing laser beam; the trailing beam process illustrated in 
Figure 1. The aim of adding the laser beam is to improve the build accuracy by 
reducing the melt pool surface fluctuation. The hypothesis is that, by extending 
the melt pool, by using an additional high-precision heat source, flows in the 
melt can be distributed over a larger volume, reducing melt wave amplitudes. The 
impact of greater building accuracy includes reduced need for post-processing 
of generated structures and better utilization of material and energy. Changes 
to melt pool profile shape during processing, with the added the laser beam, are 
investigated. This implementation of the HSI quantification method is only an 
example of how it can be applied, as its flexibility could allow studying of a vast 
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number of different processes and phenomena. The same method could be applied 
in many cases where measuring the process behavior, e.g. movement or change of 
shape, is desired. 

The process was observed laterally using an HSI camera, as illustrated in 
Figure 2. The obtained HSI videos were examined using the here-introduced 
semi-automated quantification method.

2.1 Setup of experiments
The setup for the example process consisted of a Fronius Robacta Drive 

welding gun and Precitech YW50 laser welding optics with a 250 mm focal 
length lens, mounted as tools in a three-axis CNC system. The welding gun was 

Figure 1 Illustration of the CMT arc + laser AM process with dashed and dotted lines 
illustrating different melt pool profile shapes for different process parameters.

Figure 2 Experiment process setup, with illustrated laser beams and illumination laser spot 
over the process zone.
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positioned vertically with the laser optics behind it and at a 30° angle. The laser 
was defocused 50 mm to ensure that the laser spot would encompass the full 
width of the deposited track formed by the arc, achieving a spot size of 8 mm. 
The process laser beam was aimed 2.5 mm behind the wire center on the substrate 
surface before the first layer. Arc and wire feeding were provided with a Fronius 
GMAW TPS4000 CMT remote power source and a VR7000Arc continuous 
wire feeding unit. The arc welding equipment was operated in CMT mode, using 
synergy line CMT 928. Process laser light, with 1070 ± 5 nm wavelength, was 
generated using a 15 kW IPG Yb-fiber laser power source. The wire used was a 
Ø 1.2 mm, 316L-Si stainless steel welding wire; the substrate was a 15 mm thick 
S355MC steel plate; and Mison 2, a 98 per cent Ar 2 per cent CO2 mix, was 
used for shielding gas. The substrate was hand-scrubbed before processing using a 
stainless-steel brush to remove oxides. 

A Photron Fastcam mini UX 100, with a Nikon 200 mm f/4 ED-IF AF 
Micro-NIKKOR lens, was used to observe the process. The camera was mounted 
with the front of the lens 750 mm away from the process and set to capture images 
at 10,000 frames per second (fps). The exposure time was set to 3.91 μs and aperture 
to f 22. A 45 W Cavitar 808 nm constant wave laser was used for illumination. To 
allow observation of very bright process zone, a special band-pass filter was fitted 
to the camera lens. This blocked out the majority of laser process light while still 
allowing illumination laser light to pass through. The camera and illumination 
optics were mounted on an extension from the CNC machine’s tool head so that 
they would move in unison with the arc and laser beam during processing, aimed 
at the process zone from the side at a right angle. Due to practical limitations in 
the setup, the camera and illumination optics were inclined 5° downward. To 
better control filming, the CNC machine had been modified to enable remote 
triggering of the camera.

2.2. Experimental procedure
The walls consisted of 20 superimposed, 200 mm long tracks and were 

generated using parameters according to Table I. After deposition of the first 
track, the generated wall was aircooled until no longer incandescent, upon which 
the acquired build height was measured manually. The walls were generated in 
a unidirectional mode, with the process head being raised equally to the build 
height of the first generated layer and then returned to the x-axis start position, 
processing being resumed 30 s later. Each subsequent track was generated in a 
similar manner, with a track adjustment which was kept equal to the height of 
the first track. Before the start of the twentieth track, the HSI camera was set 
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to continuous shooting, with the CNC machine set to send a trigger signal to 
the camera to stop filming at the end of the track. This allowed capturing of 
a maximum number of frames observing the in-process behavior; the camera 
continuously recording, replacing older frames with newer ones. Illumination was 
manually activated at the start and deactivated at the end of each filmed track.

2.3. Procedure of HSI analysis
The surface melt profile during processing of each sample was studied in 

three sections to gain a statistical understanding while keeping the amount of 
data to a manageable amount. HSI material was analyzed in three sections, using 
the HSI camera’s native software to adjust video properties for improved image 
visibility. As the camera sensor captured images at 16 bits, as opposed to the more 
usual eight bits, videos could be adjusted to display different amounts of light in 
sections with and without arc. Segments showing five full CMT arc cycles, from 
short circuit initiation to end of the burn phase, were isolated using the camera 
software. These were exported as image sequences of 20 individual frames, with a 
time-step of 3.7 ms, to be used for further analysis. 

Using ImageJ (an image measurement software), the image scale (mm/pixel) 
was defined, after which themelt surface profile was manually traced with multiple 
points, see Figure 3(a). Others, e.g. Il Hyuk et al. (2017), have used ImageJ for 
coordinate evaluation of single frame samples, but here sequences ofmultiple 
images are analyzed. After points had been distributed along the melt pool 
surface profile of each frame, coordinates of all the points were saved to a text 
file. Separately, a distinct stationary feature in the previously generated layers 
was marked with a single point in each frame. These points were used for z-axis 
reference, to compensate for any vertical wobbling of the camera. The text file 
with coordinates were then loaded into MATLAB, where an in-house-made 
script was used to sort points according to the frame and position along the x-axis, 
while also sorting out any empty values and duplicates. Curve fitting was then 
used to generate spline curves along the points from each frame, Figure 3b, from 
which values with an even distribution along the x-axis could be extracted. By 
comparing the z-position from these multiple points along the melt surface, a 

Table I Experimental parameters

Process
Travel speed
vt (m/min)

Wire feed rate vW 
(m/min)

Average arc current 
ĪA (A)

Average arc voltage 
ŪA (V)

Laser power
PL (kW)

Arc 2.1 6.7 170 18.5 0

Arc + laser hybrid ” ” ” ” 3.5
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combined mean curve with standard deviations (SD) could be calculated for each 
HSI sequence, see Figure 3(c). The SD data of the melt pool surface profile could 
then be presented in several ways, e.g. histograms showing distributions and means 
of SD in each sample.

3. Results and discussion

The generated walls were distinctly different, as depicted in Figure 4. The most 
significant difference was the absence of humps in the upper layers of the sample 
generated using an arc + a trailing laser beam. In the captured HSI material, the 

Figure 3 Illustration of the semi-automated HSI quantification method; (a) Multiple HSI 
frames, with points distributed along melt profile; (b) Melt profile curves, extrapolated from 
points in HSI; (c) Calculated mean curve for a full HSI sequence, with both actual (red) and 
10x multiplied standard deviation (blue) for easier reading.
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melt pool surface profile could be observed and studied in a qualitative manner. 
By manually adjusting image attributes, the melt pool surface profile could be 
traced in detail. The resulting curves, extrapolated from tracing, could be used to 
analyze the shape and changes thereof, allowing behaviors to be expressed in easily 
comprehensible way and values. This in turn allowed the comparison of different 
parameter sets.

3.1 Acquired high-speed images
The captured HSI videos could give both qualitative and quantitative 

indications of how the melt pool surface profile shape behaved, both during 
arc AM and arc + laser AM. To estimate measurable differences in melt profile 
position through ocular observation alone could be difficult. Due to the difference 
in shape of the deposited walls, the illumination angle would differ slightly in 
different samples, causing the clarity of studied features to vary, see Figures 5(a-c) 
for comparison. The slanted surfaces would also cause the distance between the 
process head and previous track to change, slightly altering the laser on wire 
overlap, observable in Figure 5. Adjusting images to display different light levels in 
each frame made it easier to discern the melt surface profile, both within the arc 
process light and in the less-illuminated areas farther away from it. The acquired 
HSI frames generally showed a distinguished highlight along the surface of the 
melt pool profile, as can be seen in Figure 5(c). In cases where the studied features 
were not clearly visible, as in Figure 5(a), the possibility to manually compare 

Figure 4 Macrographs of generated wall structures using; (a) only GMAW arc, operated in 
CMT mode; (b) arc with the addition of a leading laser beam (in front of the arc); (c) arc 
with a trailing laser beam (behind the arc).



124 NäsströmPaper E: Measuring effects of a laser beam on arc AM

between subsequent frames and further adjust image properties, e.g. brightness and 
contrast, was invaluable for the analysis.

3.2 Allocating points
As the initial distribution of points along the melt pool surface was made 

manually, no specific rules had to be programmed to identify features that were to 
be studied. This could allow this method to function for experimental setups with 
dissimilar conditions that could make machine recognition difficult, e.g. varying 
illumination angle. To characterize the full melt pool surface profile, brightness and 
other settings of the HSI frames often required individual adjustment, sometimes 
even for different sections of individual frames, exemplified in Figure 6. As shown 
in Figure 6(a), the HSI images often needed to be quite dark to show the melt 

Figure 5 High Speed Imaging frames of Wire + Arc Additive Manufacturing of single 
track walls, with different light levels for section with and without an arc; (a) using only 
CMT arc technique to generate the wall; (b) using arc + laser hybrid technique, with 
illustrated laser beam in the leading position; (c) arc + laser hybrid with trailing laser.
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surface clearly near the arc, where there often was an excess of light.When points 
had been allocated to a certain section of the melt pool surface, properties of 
the current HSI frame could be adjusted to make the surface clearer in the 
next section, and additional points could be added, illustrated in Figures 6(b-d). 
Occasionally, it would be particularly difficult to identify the exact position of the 
feature to be studied in certain frames. In such cases, it was possible to extrapolate 
a probable position by comparing prior and subsequent frames. When the surface 
was relatively smooth or flat, fewer point were necessary which could reduce time 
needed to allocate points. Respectively, it was possible to add additional points 
for a higher resolution where necessary, allowing features to be studied in greater 
detail.

Figure 6 Example of how using different image properties in a single frame can improve 
visibility of studied features by HSI; (a) minimum light settings for section inside the arc; (b) 
low light for near arc section; (c) moderate light for moderately illuminated section; (d) high 
brightness settings for poorly illuminated sections.
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3.3 Measured results
The following results are an example of the feasibility of this HSI analysis 

procedure. The resulting mean values of the melt surface expressed its average 
position, which would generally correlate to the shape of the previous layer. The 
acquired SD on the other hand expressed the level of fluctuation of the melt 
pool surface, with larger SD indicating greater ormore frequent fluctuation and 
vice versa. Average SD along the melt pool profile surface were largest during 
the arc-only process at ±152 μm, exemplified in Figure 7. It was observed that 
themelt profile would fluctuate less on top of humps in the previous layer, but 
significantly more so in the valley behind it. This can be seen in Figures 7ai-ii, 
where the means of the curves increase at a point (approximately 4 and 8 mm 
behind the wire position, respectively), with SD in turn decreasing. Afterward, 
the mean is shown to again decrease, with a clear enlargement of SD. As the 
wire is periodically dipped in and out of themelt pool during CMT processing, 
and that the arc pressure pushes the melt pool downward during arcing, the 
surface would fluctuate drastically in the section close to the wire. For this reason, 
and that the laser beam did not interact with the melt pool until behind the 
arc in the arc + trailing laser sample, are measurements presented in this paper 
focused on behaviors observed from 5 mm to 20 mm behind the wire position. 
The calculations showed that the addition of a leading laser beam could decrease 
SD in the melt profile surface position by up to 28 per cent with a mean SD of  
±109 μm, when compared to using only an arc. When positioning the laser 
beam behind the arc, the SD of the melt surface profile went down to 697 μm 
(decreasing an additional 7 per cent, again compared to only using an arc). This 
shows a clear decrease in fluctuation of the melt pool surface profile, indicating 
that the melt pool can be much calmer and flow more smoothly with the laser 
beam present. SD from the above-mentioned range, from 5 to 20 mm behind the 
wire, were plotted in a relative frequency histogram, Figure 8. This showed that 
not only does the mean but also the overall magnitude of SD decreases with the 
addition of a laser beam. 

Using the here presented method of quantifying HSI, a measurable decrease 
to melt pool fluctuations during the applied AM process could be observed when 
applying a laser beam, presenting a quantified result that would otherwise have 
been difficult to acquire. The increased heat input from the laser likely leads to 
additional melting of the substrate and previously deposited material, effectively 
increasing the volume of the melt pool. Through HSI, the visible melt pool 
thickness in the trailing laser processes was observed to be many times greater than 
in the arc-only process, smallest thickness generally increasing from 1/3 mm to 
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Figure 7 Graphs showing mean curves with standard deviations of the studied melt pool 
surface profiles, with grey scale emphasizing the size of standard deviation, locations i, ii and 
iii referenced in Fig. 4; (a) using only Arc for AM; (b) using Arc + leading laser; (c) using 
Arc + trailing laser for the AM process.
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1.5 mm, as seen in Figure 5. Researchers have shown that melt movement 
introduced to the melt pool by droplet deposition in GMAWcan reach several 
millimeters in depth (Hu et al., 2008; Komen et al., 2018). Therefore, it is plausible 
that the melt waves introduced by the CMT arc and droplet deposition could 
be allowed to propagate throughout the larger volume while affecting the melt 
surface less. 

Additionally, it may be noted that the quantification method could also be 
used to study other phenomena, e.g. melt and solidification behavior in overhangs 
or shrinkage and warping during cooling, if sufficient footage material is available. 
The described arc laser hybrid AM technique will be studied further in another 
paper with more focus on aspects relating to the generated geometries.

4. Conclusions

• The here presented semi-automatic method for quantifying HSI allows 
studying of phenomena that were previously more difficult to measure.

• The method is highly flexible and easy to implement for studying a large 
variety of phenomena, and enables studies also with less than optimal footage.

Figure 8 Relative frequency histogram of standard deviations (with standard deviation 
mean value) from the mean melt pool surface profile in Arc AM and Arc + laser AM 
processes, from 5 mm to 20 mm behind the wire center; (a) with only Arc as the heat source; 
(b) using Arc + leading laser; (c) operating with Arc + trailing laser.
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• The sample study, comparing arc and arc laser hybrid AM using CMT, 
indicated that the addition of a laser beam could calm the melt pool surface 
profile noticeably (mean fluctuation decreased by more than 35 per cent).

• It was observed that having the laser beam in a trailing position behind the arc 
tended to be more beneficial for reducing the melt pool surface fluctuation, 
compared to using the laser beam in a leading position.

• Surface fluctuations were generally smaller on top of humps in the previous 
layer and would tend to increase in the valleys following the humps.
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Additive Manufacturing (AM) can be used for the fabrication of large metal parts, 
e.g., aerospace/space applications. Wire Arc Additive Manufacturing (WAAM) can 
be a suitable process for this due to its high deposition rates and relatively low 
equipment and operation costs. In WAAM, an electrical arc is used as a heat source 
and the material is supplied in the form of a metal wire. A known disadvantage 
of the process is the comparably low dimensional accuracy. This is usually 
compensated by generating larger structures than desired and machining away 
excess materials. So far, using combinations of arc in atmospheric conditions 
with high precision laser heat sources for AM has not yet been widely researched. 
Properties of the comparable cheap arc-based process, such as melt pool stability and 
dimensional accuracy, can be improved with the addition of a laser source. Within 
this paper, impacts of adding a laser beam to the WAAM process are presented. 
Differences between having the beam in a leading or a trailing position, relative to 
the wire and arc, are also revealed. Structures generated using the arc-laser-hybrid 
processes are compared to ones made using only an arc as the heat source. Both 
geometrical and material aspects are studied to determine the influences of 
laser hybridization, applied techniques including x ray, energy-dispersive x-ray 
spectroscopy, and high precision 3D scanning. A trailing laser beam is found to 
best improve topological capabilities of WAAM. Having a leading laser beam, on 
the other hand, is shown to affect cold metal transfer synergy behavior, promoting 
higher deposition rates but decreasing topological accuracy.

Key words: additive manufacturing, laser augmentation, gas metal arc, hybrid 
processing, wire arc additive manufacturing/WAAM
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I. Introduction
Using wire arc additive manufacturing (WAAM), 3-dimensional metal 

structures can be generated additively in a layer-wise fashion. A metal wire is 
melted by an electric arc, and the molten material is deposited in layers to form 
the desired structure, illustrated in Fig. 1. Its high deposition rate has made the 
process an attractive choice for additive manufacturing (AM).

An unfortunate common denominator of most WAAM applications is that 
the generated structures are not geometrically perfect, and that excess material 
must be machined away to acquire the desired geometry,1 illustrated in Fig. 2. If 
better building accuracy is acquired, it follows that less time and material would 
be wasted during postprocessing to achieve the finalized part. Many varieties 
of technologies have been researched to improve the capabilities of WAAM. 
Pulsed arc modes, where the arc voltage and current are repeatedly altered in special 
cycles during processing, have been found to offer lower dilution compared to 
continues arc2 and the decreased heat input to have potential benefits for material 
properties.3 Different building strategies have also been studied: multilayered single 
track wide walls;4 multibead overlapping structures;5 overlapping and corner 
strategies;6 advanced computer-optimized path planning.7

Cold metal transfer (CMT) is an example of a gas metal arc welding (GMAW) 
arc mode that has been successfully implemented for WAAM. This mode has 
shown great potential in welding of many materials, including Al to Al8 and Al to 
Zn-coated steel,9 and for AM and cladding, for both Ni-10 and Ti-based alloys.11 
In CMT, a conductive metal wire is fed toward the substrate until a short circuit 
is achieved, depositing the molten droplet and decreasing welding current and 
voltage to extinguish the arc, Figs. 3(a) and 3(b). The wire is then retracted, and 
the voltage and current are raised to reignite the arc, Fig. 3(c), called the “boost 
phase.” After preset time steps, the current is adjusted, and the wire is again fed 

FIG. 1. Illustration of Wire Arc Additive Manufacturing: (a) initial single layer; (b) 
subsequent multiple layers.
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forward and the procedure repeats, Fig. 3(d). Actual currents and wire feeding rates 
are regulated according to the applied “synergy line.”

In welding, the use of alternate heat sources such as lasers has been found 
to provide narrower welds with less heat input to the base material, and multiple 
researchers have illuminated on the benefits of using lasers for welding.12,13 Laser 
metal deposition, a laser-based material deposition technique, has been shown 
to present some benefits for AM purposes,14–16 but arc processes tend to have 
much higher deposition rates.5,17 In the hybridization process of arc with laser 
welding, called laser arc hybrid welding, it has been found that the addition of the 
laser beam can improve process capabilities and help to produce sound welds.18–20 
However, hybridization of laser and arc for additive manufacturing (AM) has not 
yet been widely researched.

In this paper, structures generated using CMT and CMT laser hybrid WAAM 
are studied to identify what impacts the addition of the laser beam can have on 
factors such as topography and material composition; determining if it is possible 
to decrease the material waste in WAAM by laser enhancement.

FIG. 2. Illustration of additive and subtractive hybrid manufacturing: (a) additive step; (b) 
subtractive step; (c) finished piece.

FIG. 3. Illustration of Cold Metal Transfer behavior and different steps of the process: (a) 
burn phase; (b) short-circuit phase; (c) arc ignition at the beginning of the boost phase; (d) 
boost phase with established arc.
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II. Methodology
A. Equipment, setup, and materials

A Fronius GMAW TPS4000 CMT Remote power source was used as the 
main heat source; the machine operating in synergy mode with the CMT 928 
synergy line to regulate voltage, current, and wire feeding behavior. The 1.2 mm 
316L-Si stainless steel welding wire was fed perpendicularly onto the 15 mm 
thick S355MC steel substrates; wire being fed through a Fronius Robacta Drive 
welding gun using a VR7000Arc continuous wire feeding unit. The machine 
was set to have a guide value for the timeaveraged wire feed rate of 6.7 m/min, 
resulting in a reported average current of 170 A and an average voltage of 18.5 V. 
Note that the average wire feed rate is not constant. The actual wire feed rate, 
current, and voltage during CMT processing are regulated based on the applied 
synergy line and on the actual process conditions, particularly reoccurring short-
circuiting between the wire and the weld. Mison2, a 2% CO2 and 98% Ar gas 
mixture, was used as shielding gas for the process. 3.5 kW laser power was supplied 
using a 1070 ± 5 nm IPG Yb-fiber laser power source. Focusing of the beam was 
achieved using Precitech YW50 laser welding optics with a focal length of 250 
mm; the optics tilted at a 30° angle and positioned to acquire a 3mm wide laser 
spot, with the center of the beam on the substrate surface 2.5mm from the wire 
axis, process setups illustrated in Fig. 4.

Using a 3-axis computer numerical control system, the welding gun and 
optics were moved at 35 mm/s in 20 superimposed 200 mm long unidirectional 
tracks. No special lead-in/-out arc or wire feed parameters were used since the 
main aim of the experiments was to study the impact of laser enhancement to the 
CMT process. Although the sloping of generated wall structures may be mitigated 
through such techniques or alternating building direction,4 introducing such 
additional factors could make it difficult to distinguish between effects originating 
from the laser beam alone and from interactions between the laser and changes to 

FIG. 4. Illustrations of different laser-arc orientations: (a) only arc; (b) arc with leading laser; 
(c) arc with trailing laser.
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other parameters. An additional benefit was that phenomena potentially causing 
sloping also could be studied. After the initial track had been made the sample 
was left to cool to below 60 °C, after which its height was measured, and the 
process head was raised accordingly, see Table I for layer heights; processing being 
resumed 30 s later. In subsequent layers, the sample was allowed to cool down 
to <400 °C, while raising of the process head continued to be that of the initial 
layer height. During the final layer, i.e., the 20th layer, the process was observed 
using a Photron Fastcam mini UX100 fitted with a Nikon 200 mm f/4 ED-IF AF 
Micro-NIKKOR lens. The process was then illuminated using a 45W Cavitar 
808 nm constant wave illumination laser, and the camera lens was equipped with 
a special bandpass filter to block out the process laser light to allow visual of the 
melt pool.

Initially, the process was studied with over 60 different sets of parameters with 
a varying number of layers. Seventeen additional sets were then performed using 
the most promising parameters. Out of these, the structures generated using the 
three most representative configurations: only arc, Fig. 4(a); arc and leading laser, 
Fig. 4(b); arc and trailing laser, Fig. 4(c), were analyzed further.

B. Analysis
The generated samples were first evaluated visually, and then 3D scanned 

using a high accuracy 3D scanner. The resulting 3D models were then evaluated 
using custom computer algorithms to quantify irregularity of topologies. They 
were also used to determine the acquired volume, how much this diverged from 
the nominal volumes, and how much of the generated structures could be used 
once all irregularities had been removed.

Cross sections from each sample were examined using energy-dispersive x-ray 
spectroscopy (EDX) to determine if laser enhancement can impact the material 
composition of the structures. An altered Fe content could indicate differing levels 
of dilution with the substrate. It was also done to identify other differences in 
material composition, e.g., Cr content, between areas with high and low surface 
irregularity. Interpolated gradient graphs were made using acquired EDX spot 

TABLE I. Initial layer heights.

Sample Initial layer height (mm)
Only arc 1.2

Arc + Leading laser 1.1

Arc + Trailing laser 0.8
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mass percent measurements to present a more easily digestible overview of the 
results.

Using x-ray, the samples were evaluated to determine if there were any signs 
of porosities or defects.

III. Results and discussion
A. Surface appearance and topology

Visual inspection of the samples showed that, although the “only arc” sample 
was taller and more narrow than the other samples, the arc-laser-hybrid samples 
showed signs of decreasing surface irregularities, Fig. 5. All samples were inclined, 
with a reduced height at the finishing end of the sample. The sample produced 
using only the arc had multiple depressions both on the sides and on top of the 
ridge, Fig. 5(a). The arc + leading laser sample also had multiple depressions and 
appeared wider and less tall than the only arc sample, Fig. 5(b). Compared to the 
others, the arc + trailing laser sample showed a lot fewer side irregularities and 
had a smooth top surface, Fig. 5(c). It did, however, become longer than other 
samples. This was likely due to the configuration of the wire and laser, where the 
laser overshot the wire-position on the surface of the sample during processing 
and irradiated in front of it; causing the melt to wet further along the substrate at 
the end of processing.

3D-scanning produced, high resolution triangular meshes of each sample 
helped to give a further indication of the difference in surface roughness; the arc 
and arc + leading laser samples being visibly less even than the arc + trailing laser 
one, Fig. 6.

The 3D scanned meshes also enabled computational analysis of the acquired 
topologies. Comparison of mean deviations from the XZ-plane in each mesh 
showed how much the side topology varied in each sample, Figs. 7(a)–7(c).

FIG. 5. Macrographs of samples with cross-section cut, produced using: (a) only arc; (b) arc 
+ leading laser; (c) arc + trailing laser.
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The addition of a leading laser beam was found to cause variations in side 
surface topology to increase by almost 30%. However, it was also found that the 
variations in surface topology could be decreased by more than 25% with the aid 
of a trailing laser beam, and up to as much as 50% when comparing the initial 2/3 
of the structures, as indicated in Fig. 7(c). By comparing cross-section profiles from 
start to end of each sample, a trend could be observed where the cross-section area 
decreased toward the end, Fig. 7(d), with the arc + trailing laser sample having a 
noticeably more even top profile with less sloping. This showed that the amount of 
material decreases toward the end of each structure; indicating that the observed 
sloping was only not caused by widening of the tracks.

B. Volumetric analysis
The nominal volume, Vn, of the applied setup could be calculated using 

Eq. (1), where dt and vt are the travel distance and velocity, vw and rw the wire feed 
rate and radius, respectively, and n is the number of layers.

Comparison of the 3D-scanned geometries with the nominal volume showed 
that a less than mathematically expected amount of material was deposited in 
the “only arc” (92%) and “arc + trailing laser” (91%) samples, Table II. However, 
more than the expected amount had been deposited in the “arc + leading laser” 

FIG. 6. 3D scans of samples produced using: (a) only arc; (b) arc + leading laser; and (c) 
arc + trailing laser.
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FIG. 7. Topology analysis graphs showing left and right side mean distance from center: (a) 
only arc; (b) arc + leading laser; (c) arc + trailing laser; and (d) cross-section area comparison 
of the three process setups.
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(101%) sample. The latter may have been caused by the laser beam affecting the 
selfregulating short-circuit nature of the CMT process.

By analyzing multiple horizontal slices of the 3D meshes, the largest rectangle 
inside each profile could be determined. From these, the largest machinable 
cuboid in each sample could be identified, visualized in Fig. 8. This was used as 
an indication of the largest usable volume in each sample, after having all surface 
irregularities removed. In the “only arc” sample, there was a lack of material in the 
bottom layers, likely resulting from process instabilities. This side pit would lead 
to less material being available after machining, leaving only 30% of the deposited 
material after postprocessing. In comparison, a 15% larger usable machined volume 
could be acquired from the “arc + leading laser” sample and a 56% larger one from 
the “arc + trailing laser” sample.

This strongly indicates that laser enhancement with a trailing laser beam can 
improve the topology of WAAM generated structures, decreasing the need for 

FIG. 8. Visualization of largest machinable cuboid volume: (a) only arc; (b) arc + leading 
laser; and (c) arc + trailing laser.

TABLE II. Volumetric comparison.
Sample Vmeasured

(cm3)
Vnominal

(cm3)
Vmachinable

(cm3)

Only arc 13.32 14.43 4.05

Arc + Leading laser 14.59 14.43 4.67

Arc + Trailing laser 13.2 14.43 6.31
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costly and time-consuming postprocessing procedures.

C. Material composition and structural imperfections
Indications of a difference in the material composition between the samples 

were found. In both hybrid samples, the Fe content was higher and the Cr content 
was lower, Figs. 9(a) and 9(b), respectively, ~4.5 mm further up into the generated 
structures. This indicates that the addition of the laser beam can increase dilution 
with the base material, something that has to be considered when matching the 
substrate and the wire to achieve desired material attributes.

Images acquired from the x-ray analysis showed that all samples were almost 
completely dense, and no observable porosities could be found in the arc + laser 
samples, Fig. 10. However, since it is often accepted that micropores can be 
difficult to avoid in AM, the level of acceptable porosity is based on the intended 
application. It can therefore not be said that the decrease in porosity, from near 
dense to no observable porosity, is of paramount value for all applications.

D. Impacts on process behavior
Through HSI, it was observed that arc forces introduce a push on the melt 

pool strong enough to form noticeable waves, Fig. 11(a). Even during arc ignition 
were the forces sufficient to detach microspatters from the melt pool, Fig. 11(aiii). 

FIG. 9. Interpolated EDX graph of cross sections made at position presented in Fig. 5, for 
the three process setups: (a) Fe and (b) Cr.
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At this time during the CMT cycle, the previously produced melt wave had often 
traveled up the whole melt pool and begun returning to the wire/arc-to-melt 
interaction zone.

Consequently, when a new wave was formed in the following boost phase, 

FIG. 10. X-ray images of samples produced using: (a) only arc; (b) arc + leading laser; and 
(c) arc + trailing laser.

FIG. 11. Composite High Speed imaging sequences (note: different time steps) of CMT 
WAAM and CMT + laser AM: (a) only arc; (b) arc + leading laser; and (c) arc + trailing
laser.
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the waves collided and caused turmoil in the melt pool.
In the “arc + leading laser” process, the wire was often seen melting to a much 

larger degree than in the “only arc” process setup. This appeared to be caused by 
the laser beam irradiating the wire, seen in Fig. 11(b), arising from increasing 
process optics-to-work piece distance due to the sloping top of the generated 
structures. The excess melting of the wire shortened the tip as the melt bead 
balled up onto the solid wire due to surface tension. This in turn caused more 
wire to be fed forward during each burn phase, when the wire feed rate was at 
its highest, supplying a more than intended amount of materials. As the amount 
of melt at the tip of the wire exceeded what the surface tension could contain, 
prematurely detaching a droplet, seen in Fig. 11(bi). The wire then continued to 
melt while being fed forward, depositing an additional droplet in the short-circuit 
phase, Fig. 11(bii). If the premature droplet detachment occurs close to initiation 
of the short-circuit phase, there is a risk that the solid wire is fed downward and 
collides with the previously deposited track. It is also likely that the extension of 
the burn phase can affect the average arc power, although this depends on the 
current and voltage levels during the different CMT phases designated by the 
applied synergy line.

In comparison, with the laser beam in a trailing orientation the process 
behaved much more evenly, Fig. 11(c). Observations indicate that the position 
of the trailing laser beam promoted just the right amount of additional melting 
of the wire to slightly extend the melt bridge between the wire and the melt 
pool; in turn extending the short circuit phase and thus allowing the solid part 
of the wire to travel further from the melt pool before the bridge breaks. The 
increased distance allowed arc forces during the boost phase to distribute over a 
larger area, effectively lessening the impact on the melt pool and decreasing the 
size of resulting melt waves; promoting a smoother and more even topology.

E. Further discussion on sloping/height reduction
As previously mentioned, all unidirectionally generated structures were 

observed to have a sloped shape, with the height decreasing from start to end. 
There are multiple possible contributing factors to this sloping effect.

First, the process commonly begins with a momentary stationary process 
head with a short, but not neglectable, acceleration time at the beginning of each 
track. This allows a slight build-up of deposited material that, when continually 
repeated, can cause a cumulative build error to occur, illustrated in Fig. 12(a). 
During processing, the heat dissipation will be larger toward the substrate. 
This causes the melt pool edges to solidify first close to the substrate and then 
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successively toward the top and back of the generated structure. Due to this and 
surface tension pulling the melt toward where it wets with the newly generated 
track, the melt pool becomes slanted. This becomes most apparent at the end 
when processing stops, where there is a following lack of material due to the 
slanting, resulting in another cumulative building error.

Additionally, arc forces cause the melt pool to be pushed backward in waves, 
observed in Fig. 11. It is likely that this can cause some melt to be pushed back 
far enough to solidify at the back-most edge of the melt pool, causing an excess 
of material to be deposited toward the beginning of each track, illustrated in 
Fig. 12(b).

It is possible that the sloping effect becomes even more pronounced due 
to the actively regulated nature of CMT, with the machinery adjusting several 
parameters to follow predefined synergy lines by short-circuiting; the topology 
of previously deposited tracks directly influencing working parameters of the 
subsequent one, illustrated in Fig. 12(c).

These are all factors that affect the final topology of the generated structures, 
ultimately deciding how much of the deposited material can be used and how much 
will have to be removed. With a better understanding of how these geometrical 
imperfections arise, it becomes possible to counteract them; improving material 
utilization and decreasing the need for costly and time-consuming postprocessing 
to achieve the finalized parts.

FIG. 12. Illustration of factors causing sloping in unidirectionally generated structures using 
CMT: (a) general build error at start and stop; (b) arc forces pushing melt backwards;
(c) previously generated structure affecting CMT deposition [(i)–(iv) different time steps)].
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IV. Conclusions
Impacts of laser enhancement on CMT-based wire arc additive manufacturing 

(WAAM) have been studied, with both leading and trailing laser beam. The 
following impacts have been found:

• A laser beam can heavily influence CMT cycle behavior, particularly by the 
extent to which the beam irradiates the wire. Since certain arc process parameters 
are regulated by short-circuiting between wire and melt pool, affecting the 
geometrical wire tip conditions can influence parameters such as wire feeding 
and average arc power.

• For leading laser, excessive melting of the wire can change the geometrical 
wire tip conditions and cause premature droplet deposition. This can result in 
greater than expected deposition volume and wider/higher tracks, but can also 
be disruptive to the CMT process by affecting pulse timing and can potentially 
cause solid wire collide into the previously deposited track

• For trailing laser, controlled laser melting of the wire tip can extend the melt 
bridge during the short-circuit phase and reduce arc force induced disturbances. 
Lateral topological irregularities may be decreased >50% compared to the arc-
only process. Decreased sloping has also been observed. Together a >50% larger 
cuboid volume can remain after postmachining.
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