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ABSTRACT

Laser materials processing, including thermal treatment and laser welding, has
been undergoing continuous growth in the manufacturing industry for decades.
A laser beam offers high precision and energy transfer, allowing its use in various
manufacturing processes. A single Gaussian beam is often applied in many cases,
with a trend towards top hat distributions, but there has been a development of more
complex beam shapes where, e.g., multiple beams (via beam splitting) can be used for
increased tolerances during welding.

This thesis presents six papers (Papers A-F) on welding of high strength steels,
laser pulse shaping, thermal treatments, and microstructural investigations. Different
methods for obtaining a desirable weld were investigated by modifying the laser beam
process. Tailored processing affected the resulting temperature fields and thermal
histories of the specimens. Experimental analysis was supported through various
in-situ observation techniques and metallurgical studies.

Papers A-C present thermal processing and chemical manipulation to obtain the
desired microstructure by introducing and applying the novel Snapshot Method.
Paper A explores tailoring a laser pulse to mimic a hybrid welding process, Paper
B elaborates the simulation to a multi-cycle process, and Paper C explores dilution.
The manuscripts utilize a specialized experimental setup, optical analysis methods,
and standard thermal measuring techniques. Metallographic analysis showed that
thermal process optimization and/or dilution rate control during welding improved
weld zone characteristics.

Improvements also include joint macrostructure characteristics, which are
impacted by process stability, the theme of Papers D-F. Melt pool phenomena
are studied in Papers D and E comprehensively. Paper D explores material ejections
in a single laser beam welding scenario. Paper E investigates six beam shapes, from a
single beam to a quad-beam arrangement. Paper F studies hybrid welding, a process
that was experimentally simulated in Papers A-C but focused on the stability of the
process instead of thermally guiding the microstructure.

The studies complement each other in knowledge and methods. Welding of
high strength steel is joining method-dependent, which imposes a unique thermal
profile that affects the microstructures. The microstructure is also influenced by the
chemical composition, an important point when multiple materials are used. The
studies contribute an analysis of certain aspects of the thermal and chemical effects of
different laser-based processing methods of high strength steels, though the learned
aspects can be generalized to other metals.
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CHAPTER 1

Thesis Introduction
Structure of the thesis
This doctoral thesis is composed of a scientific introduction, linking the context
and background information of the research, followed by six peer-reviewed journal
articles (Papers A-F) that are the core of the presented scientific work.

Thermal processing of high-strength steels is the central topic of the thesis and
the fundamental topic of the research papers. The different aspects of laser thermal
processing can be divided into two main parts, fusion welding and heat-treatment.
Fusion welding is the basis for each paper: with the first three focusing on simulating
various fusion welding cases, the fourth analyzing material loss during welding, the
fifth investigating phenomena in multi-spot welding, and the sixth studying laser-arc
hybrid welding. Post-processing thermal treatments are studied in Papers B and C.
The thematic profiles can be seen in Table 1.1.

Table 1.1: Thematic profile of six papers with a 	 partial theme and major theme ⊗.

Research subject Paper
A B C D E F

Laser welding ⊗ ⊗ ⊗ ⊗ ⊗
Laser-arc hybrid welding 	 	 	 ⊗
Experimental process simulation ⊗ ⊗ ⊗
Process stability ⊗ ⊗ ⊗
Thermal treatment and analysis ⊗ ⊗ 	 	
Spatial/temporal laser beam shaping 	 	 	 ⊗
Microstructural analysis ⊗ ⊗ ⊗ ⊗
NMI and chemical analysis ⊗ 	 	
High-speed imaging 	 	 ⊗ ⊗ ⊗

The thesis introduction is divided into three chapters, with the first describing the
motivation and approach towards the conducted studies. The research motivation
includes the funding sources and interested industrial fields while also presenting
research questions that guided the studies. The Chapter 2 contains the pertinent
technical introduction related to the processing techniques. Chapter 3 contains the
summaries and conclusions of the journal manuscripts, general conclusions of the
whole work, as well as the relevance to the presented research questions. Future
research and development suggestions conclude the introduction.

The cover page illustration features a laser keyhole weld followed by a post-weld
heat treatment. Microstructural changes are observed as treatment is applied.

3
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Research motivation
As consumers demand that industries provide higher quality structures, improved
mechanical properties, a reduced environmental impact and cleaner materials,
challenges will be introduced that conventional studies or knowledge cannot
overcome. This research was incentivized by the needs of manufacturing industries
to advance laser-based thermal processing knowledge through: (1) enhancing welded
joint properties via tailored thermal cycling derivedmicrostructures which are directly
related to weld toughness of cold climate constructions, e.g., pipelines, ship-building,
and off-shore applications (funded by the EU RFCS project OptoSteel with synergies
to EU ERDF Interreg Nord project NorFaST-HT); (2) rapid material proto-typing
of new filler wires for joining of thick sheets (OptoSteel) and thin sheets (Sweden’s
Innovation Agency Vinnova for the project ACCEL); (3) beam shaping for altered
thermal cycles to direct microstructural formation and increase gap bridgability (EU
RFCS project STEEL S4 EV). European manufacturing industries, included small and
medium-sized enterprises (SMEs), were involved as partners in these projects, with
contributors from different types of companies: welding wire makers, steel makers,
welding system manufacturers, automotive manufacturing, pipeline manufacturing,
and saw blade manufacturers.

The robustness of the laser beam as a tool (e.g., for bending, cutting, hardening,
forming, and fusing) led to increased manufacturing use. Improved mechanical
properties are in demand, driving the move from standard to novel processing
methods. State-of-the-art processing techniques are also needed for new materials
with different processing challenges, like the high-quality, high-strength steel grades
with reduced thicknesses (a method to reduce transport costs).

With increasing industrial use of laser processing, the rapid processing rates
generate particular issues such as process stability, which influences other factors
like weld quality and impacts from process step reduction. An evaluation of current
process limitations on their influence on material performance and the quality of
produced joints is needed. The main limiting factor in the weldability of high-grade
steels is the relatively large thicknesses (≥ 8 mm) and the chemical composition. Sheet
thickness is limited when the laser beam is used as the only heat input. A laser with
lower output power requires a slower welding speed, leading to a trade-off on the
equipment costs to productivity. Single-pass welds with traditional methods require
tremendous amounts of heat, often with the requirement of pre- and post-weld heat
treatments (PWHT). Minimum width gaps are needed as autogenous laser beam
welding (LBW) does not add material, thus allowing for the potential of under-filling.
Adding material to a joint can be accomplished through hybrid techniques, though
this often requires additional space accommodations between the sheets for the wire
delivery equipment. Examples are: gas metal arc welding (GMAW) with its subtypes
of metal active gas (MAG) and metal inert gas (MIG), narrow gap multi-layer welding
(NGMLW), hot-wire laser welding, and cold-wire laser welding. Machining the
sheets to provide the space necessary for the welding equipment leads to the need for
additional welding consumables to fill the gap.
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Chemical changes through material additions, pre-processing surface treatments,
or vaporization of elements during processing will cause local compositional
variations. This then has significant impacts on the resulting microstructures in
combination with the applied thermal cycle. The changed chemical composition can
have different thermal properties, which compounds the effects.

In thick sheet applications, varied thermal distributions in depth will cause non-
uniform conditions that potentially cause imperfections such as cracking, lack of
fusion, and pore formation. The selected joining method can aid in the reduction
of certain imperfections, but may have a trade-off for others. Utilizing multiple
welding techniques within the same processing zone is one method used to minimize
the risks of welding imperfections. Combining LBW with GMAW yields the
process known as laser-arc hybrid welding (LAHW), which increases gap joinability,
penetration depth, and improved process economy compared to autogenous LBW
while improving the travel speed of a GMAW.

Two main pathways exist, a re-imagination of the process or the alteration of
subsequent post-processing methods. This helped steer the research, to develop
the knowledge for the researched manufacturing process and investigational tools
through the formation of the following research questions (RQ):

RQ1. How can the microstructure of a weld be guided through a specific
cooling cycle, including the forming of favorable micro-constituents?

RQ2. What are the effects of applying an identical thermal cycle to different bi-
material compositions during welding? What are the effects of additional
heat sources: through laser beam additions (multi-beam welding) or
auxiliary equipment (hybrid welding)?

RQ3. Can the effects of laser materials processing be quantified through High-
Speed Imaging in terms of process phenomena, e.g. thermal cycles,
process stability, material ejection, keyhole and melt pool behaviors?



6 ROBERTSON

Methodological approach
Laser-based processing of high-strength steels is the central study of this thesis. Three
fusion methods, two thermal cycling techniques, and various tools were used to gain
insight into processing phenomena that lead to six scientific papers.

The papers applied an experimental approach to study in-process phenomena
that influence weld joint quality. These phenomena included: the behavior of melt
during processing (Paper D-F), the cooling cycle driven microstructural composition
(Paper A-C), and material mixing in multi-material fusion (Paper C). Qualitative
understanding of the process was obtained through the first application of a novel
simulative set-up, High-Speed Imaging (HSI), and thermal imaging. Observed
phenomena, their causes and influences, had the potential to be described through
these combined techniques, including theoretical knowledge. HSI was used to
quantify process phenomena, while metallographic techniques studied the resulting
microstructures.

Papers A-C used theoretical knowledge to design a rapid material prototyping
experimental method that simulates fusion processes, evaluating various thermal
conditions through thermal measurements (contact and contactless), and analyzing
the resulting micro-constituents. Papers C and F use Energy-dispersive X-ray
spectroscopy (EDS) to investigate chemical compositional changes. Papers D-F utilize
HSI and streak imaging, a method of describing dynamic processes in a single image,
allowing for qualitative and quantitative analysis.

Paper D studies melt pool fluctuations leading to material ejection attempts that
developed a comprehensive flowchart, while Paper E analyzes melt pool behaviors
when multiple laser beams interact. Both papers evaluate deep penetration keyhole
welding stability, using HSI and streak imaging, two techniques to quantitatively
analyze melt pool conditions. Paper F used thermal scanning, cross-sectional analysis,
HSI, streak imaging, and EDS to describe the influences of surface oxides on laser
cut sheets during processing (stability) and microstructural constituents (mechanical
properties).

The novel experimental set-up used in Papers A-C can be used as an experimental
simulation of the specialized welding (Papers D-F) and thermal treatment cases.



CHAPTER 2

Technological Background
Technical subject introduction
This thesis chapter presents a background of the laser beam, industrial field
applications, and the state-of-the-art regarding the materials, processes, and methods
used during research. The six papers used several processes; autogenous laser beam
welding, temporal and spatial beam shaping, and laser-arc hybrid welding. A short
explanation of imaging techniques and metallographic analysis are included, being
the main tools of these studies.

Properties of laser light
Albert Einstein in the early 20th century conceptualized stimulated emission [1] while
it was realized by Theodor Maiman in 1960 [2] for light amplification. This led to the
term laser, an acronym for Light Amplification by Stimulated Emission of Radiation.
The phenomenon of stimulated emission refers to atoms being brought to an excited
state (in a lasing medium through pumping energy) and releasing a photon when it
returns to the ground state, allowing for additional atoms within the lasing medium
to release identical photons, shown in Fig. 2.1.

Figure 2.1: Mechanism of stimulated emission of radiation, adapted from [3, 4].

Energy pumping creates a population inversion of electrons, where more excited
electrons exist than ground state electrons. The emitted photons can be made to
generate a cascade of photons by placing mirrors on either side of the lasing medium,
with one of them being semi-transparent and resulting beam being coherent in time
and space [4]. This yields the monochromatic property, where a narrow bandwidth of
light wavelengths is obtained. The photons have identical characteristics: wavelength,

7
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polarization, direction, and phase, with the collective photons being an amplification
of the initial photon. The wavelength (Fig. 2.2) changes with lasing medium type,
with current lasers ranging from ultraviolet to infrared. The state of the laser (i.e., gas,
solid-state, semiconductor, etc.) allows for additional variation, with solid-state lasers
being further differentiated by lasing medium shape (disc, slab, and fiber) [5]. Fiber
lasers are some of the most common, with 2019 seeing 60% of the lasers making up
the processing market in China, the single largest industrial laser market [6]. An IPG
produced ytterbium fiber laser, 1060 ± 10 nm wavelength, was used in the presented
studies.

Figure 2.2: Electromagnetic spectrum highlighting two common industrial laser wavelengths, 1.06 µm
(fiber) and 10.6 µm (CO2). Adapted from [3].

Laser beams have a low divergence, maintaining a narrow beam with increasing
distance from its focal point [7], Fig. 2.3, which allows for a low loss in energy density.
When passing to the processing head, as through a feeding fiber [8], the beam can
diverge significantly and through a collimating lens can become parallel. The highly
coherent, temporally and spatially, parallel beams are focused to a small spot via a
focusing lens; the measure of how well a laser beam can be focused is described as
its beam quality, the beam quality factor (M2) or by its beam parameter product
(BPP), Fig. 2.3. This permits a large energy density, which enables melting and/or
vaporisation of many materials, e.g. metals [3]. A limiting factor is the amount of laser
light absorbed by the work piece, which is influenced by: material type, work piece
temperature [2, 9], laser beam wavelength [2, 10], work piece surface finish [11], laser
beam incident/inclination angle [12], and even oxide presence on the melt [13].

The laser beam’s properties at focus are used in this thesis for fusion processes,
while the defocused properties are explored as potential methods to apply PWHT.The
applications where laser beams are used are described in more detail in the following
sections.
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Figure 2.3: Graphic of laser beam caustics, after a focusing lens, with governing equations, adapted from
[4].

High strength steels
Steels are a very useful material for many applications through the manipulation
of the chemical composition and/or microstructural composition to obtain specific
mechanical properties. The range of steels can be sorted into four main categories
based on their elemental composition: Carbon steels (90% of steel production,
with only trace elements besides carbon), Alloy steels (containing nickel, copper,
chromium, and/or aluminium), Stainless steels (chromium contents between 10-
20%), and Tool steels (alloying elements of tungsten, molybdenum, cobalt, and
vanadium) [14]. China, India, and Japan currently are the world’s largest producers
of crude steel [15]. From the steel categories, they can be graphed according to their
mechanical properties, namely their elongation versus tensile strength. Figure 2.4
shows many different classes of steels, divided into four groups: Conventional Steels,
High Strength Steels (HSS), Advanced High Strength Steels (AHSS), and Ultra High
Strength Steels (UHSS). The base material steel types of interest to this thesis are:

• two HSS grades (S960QL and S1100QL)

• one UHSS (S1300QL)

• two DP grades (DP800 and DP1000)

• two AHSS (one spring steel and one high speed steel).

The filler materials utilized are HSS wire consumables suitable for the welding of
S960QL and S1100QL.

The industrial motivation leading to this thesis focuses on improving welding
process parameters for newly developed, low weldability steels (e.g., S1300QL which
could be then classified as an UHSS), developing new filler wire chemical composition
to improvemechanical properties, and analyze PWHTmethods. NewHSS grades can
often be foundwith reduction of sheet thicknesses, increasing strength while reducing
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Figure 2.4: Ductility-strength diagram of several steels comparing Elongation [%] versus tensile strength
[MPa]. Four classes: conventional steels (IF, Mild, IF-HS, BH), high strength steels (CMn, Q&T,
HSLA), advanced high strength steels (TRIP, DP, CP, L-IP, TWIP, AUST.SS), and ultra high strength
steels (MART, PH). Adapted from [16, 17].

the weight of the construction. On the other hand, there are often expensive alloying
elements that make the steel more challenging to weld, thus the need for parameter
optimization.

Microstructures

LBW quality with or without additional filler wire is graded by ISO 13919-1, taking
into account the number of imperfections, their distribution, and visual examination
of the welds [18]. However, the standard takes care to mention that the intended
use of the weld joint also impacts its quality, in that the load to which it is subjected
to will impact its longevity. For the same reason, it can also not issue guidelines for
the microstructures of the weld. The mechanical properties that are resulting from a
particular weld microstructural composition will be suitable for some cases, but not all.
A few of the microstructures that were of interest in the presented research, described
in brief below, result from the rapid quenching/cooling of molten steel and PWHTs
to temper it (Fig. 2.5).

• Bainite (Upper and lower) - Composition of carbides between ferrite laths,
nucleating from grain boundaries, that have higher toughness for identical
hardness compared to martensite [19, 20]

• Ferrite (Acicular) - Fine grained microstructure that competitively grows to
bainite, that requires favorable non-metallic inclusions to nucleate from inside a
certain austenite grain size [21, 22, 23, 24, 25, 26, 27]. It has a higher strength
than martensite, while being less brittle [28, 29, 30]

• Martensite - an extremely brittle, fine plate or lath structure formed from
diffusion-less transformation during quenching so that carbon cannot form
cementite with hardnesses reaching 700 HV [29, 31, 32, 33, 34]

To avoid softening of microstructures in AHSS and UHSS, it is often desirable
to have a lower heat input [36, 37, 38]. Obtaining a specific mechanical property,
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Figure 2.5: Continuous Cooling Transformation (CCT) diagram of a generic steel [35].

resulting from the joint’s microstructure, was the scientific objective of this thesis.
Explored in the studies were various methods to alter the microstructural composition
to increase the likelihood of formation of favorable microstructural constituents.

Processing techniques
Metal fusion can be accomplished through many methods, e.g. arc welding, with
newer methods like LBW and LAHW becoming rapidly integrated in various
industrial fields. Certain method dependant advantages can be obtained: low heat
input (LBW), gap bridgeability (GMAW, LAHW), non-reactive (electron beam
welding). For the conducted research, the laser beam was the central heat source used
for fusion, being the only heat source for Papers A-E and the primary heat source in
Paper F. For tempering processes, e.g. PWHTs, a defocused laser beam was used to
supply thermal energy without melting the material after an initial welding pass with
the same laser system. A brief introduction into the main techniques used is given in
the following sections.

Laser welding
Lasers are important to industry, being exceptionally well suited to the high accuracy
and high energy density processes of welding (not excluding laser cutting and
marking which all make up the bulk of industrial laser materials processing). The
laser beam can be used to join multiple pieces together through a process known
as LBW, where the laser beam is used to melt the interface between materials so
that a bond forms when the mixed melt solidifies. When the laser beam is the only
heat source used during welding, without the addition of material, it is known as
autogenous LBW. [39]

LBW is used in many fields with two main groups, micro- and macro-processing.
Micro-processing benefits from LBW in that small parts can be joined with
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high accuracy, minimal heat input, directional independence (very flexible), low
requirements for tool space (the beam can be propagated into small volume regions),
and low distortions (with proper fixturing). For similar reasons, LBW is also
becoming more popular with macro-processing, and as improvements are made
with laser technology, the increased power outputs make competition to arc welding
methods more feasible on an economic level. However, material advancements make
certain aspects more challenging, e.g. insufficient properties at the joint, where more
research is then required.

Two welding modes can be used, a shallow and wide method called conduction
mode or a deep and narrow method called keyhole mode (Fig. 2.6). Each mode
represents the different interaction between the laser beam and the processed material,
with simple analytical models describing the interactions as amoving point heat source
(conduction) or a line source (keyhole). The absorption of laser light into the material
determines the shape of the thermal gradients, often measured using location specific
thermocouples (a contact method of measurement). Numerical simulation methods
or computational fluid dynamic (CFD) models like Finite Element Analysis/Methods
(FEA/FEM) facilitate the volumetric simulation of temperature fields [40, 41].

Figure 2.6: Illustration of a) conduction and b) deep penetration laser keyhole welding with: A. laser
beam, B. melt pool, C. solidified weld, D. base material, E. vapor plume, and F. multiple reflections.
Isotherms, calculated by moving heat sources are shown for: c) point source absorption at material surface
(conduction mode) and d) in depth (keyhole LBW). Adapted from [42, 43].

Conduction mode irradiates the work piece surface and the thermal energy is
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conducted down into thematerial, which usually produces a highly stable process with
minimal disturbances like spattering or pores [44]. To switch from the conduction
mode to keyholewelding, an energy density threshold of 106W/cm2 must be obtained
(or surpassed) so that the laser beam can ablate the material, forcing the melt to move
out and away to form a "keyhole" [2, 8]. The depth that can be obtained is larger
than laser conduction mode or traditional fusion welding techniques like GMAW.
Increased depths aid in increasing productivity through reducing the number of passes
necessary to form a quality joint [2, 44, 45, 46, 47, 48, 49]. Due to the aggressive
nature of the ablation process, processing instabilities like spattering often arise.
Regardless of the mode, laser welding offers a narrower heat-affected zone (HAZ)
or the region where the material experiences an elevated near melting temperature,
where crystalline structures can change, compared to arc-based processes (Fig. 2.7).
An example of the different thermal impacts can be seen between the two processes
(laser and arc) when they are combined, Fig. 2.11, which will be described later. The
structural changes in the HAZ affect the mechanical properties of the material near
the joint, with the potential to have detrimental effects [44, 50].

Figure 2.7: Illustration of a welded joint with regions of the HAZ labeled, with approximate maximum
temperature reached, with A at 1580◦C (melting temperature of pure iron) and B below 600◦C. Adapted
from [42, 50].

Other challenges for LBW are material absorptivity, material thickness, the
geometrical shape of the interface, joint brittleness (related to quenching) [37, 51,
52] among others [53]. The wavelength determines the absorptivity, the fraction of
light absorbed by thematerial [54], thus laser type determines the materials that can be
processed. The interaction between the laser beam andmaterial is essential to welding,
dictating the characteristics required of laser for the given process [55]. Aluminium,
for example, at normal incidence and room temperature, has a low absorptivity of laser
light for the 1.064 µm wavelength, roughly 5%, where for a CO2 laser (10.64 µm),
the absorptivity decreases to 2%. With steels, 1.064 µm lasers provide absorptivities
near 30%while 10.64 µm lasers are near 10%. Material thickness influences processing
parameters through a balance of the laser power andwelding speed required to achieve
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a sound weld. Foils and thin sheets do not require as much laser power as to weld a
sheet 10 times thicker (at an identical welding speed). An often practiced guideline is
1 kW of power for 1 mm thickness at 1 m/min travel speed. A laser system’s maximum
power output limits the processing parameters that the weld can be accomplished at,
meaning either the welding speed needs to be decreased to an impractical level or the
laser power needs to be increased past its capacity. Insufficient power for the desired
welding speed leads to partial penetration where only a portion of the sheet is melted,
Fig. 2.8. With nearly full penetration, weld root instabilities can occur that then can
lead to potential imperfections that lower weld quality [56].

Figure 2.8: Illustration of a) partial penetration and b) full penetration laser keyhole welding with an
example of fluid flow patterns visualized. Adapted from [3, 4, 42].

A high power output with a low welding speed can prove to be economically
infeasible, thus alternative approaches are necessary. This can be accomplished
through changing the joint geometry, pre-heating the material or additional heat
sources in tandem.

Figure 2.9: a) typical butt-joint edge preparations for SAW, double sided LAHW, and NGMLW (left
to right) with b) welded joints. Adapted from [4].

Depending on material thickness, or the edge preparation of the joint, it may not
be possible to use autogenous LBW; it may be necessary to add an additional heat
source or supply material to the joint. While sound welds can be achieved with LBW,
the process is constrained by low tolerances due to the laser’s small spot. Small, minimal
gaps are necessary (often a byproduct of material preparation) meaning a small lack of
material occurs though this distance between the surfaces should be as close to zero
as possible. A gap of no more than 0.2 mm or 10% of the sheet thickness (the lesser
of the two) is acceptable in butt-joint welds [57]. Using too wide a gap could result
in a bridged gap, but have the resulting joint with an insufficient thickness for the
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required application. A larger gap width can be accommodated through the addition
of filler material [58, 59, 60]. Figure 2.9 demonstrates three type of edge preparations:
(left) a typical single V-cut groove suitable for arc processes, (center) an almost zero
gap square groove seen for laser- or laser-arc welding, and (right) square bevel with
induced narrow gap for the developing NGMLW technique [61] . Special cases of
laser-cut edges produce a similar butt joint to the near zero gap, but with striations
remaining that vary the gap width along the interfaces length [62, 63, 64, 65].

In heavy constructions or similar industrial fields, additional heat sources are
important for thick sheets where the output power of the laser is not sufficient to
achieve full penetration itself (processing limits) [65]. The additional thermal input
softens the material, facilitating the melting/ablating due to the laser beam, though
this increases the HAZ at the cap. The example of GMAW in combination with LBW
(LAHW) is discussed later.

Multi-beam laser welding

Multiple laser beams are another method to: increase penetration depth (when total
power output is greater than the single beam), improve gap bridgeability, alter thermal
profiles, and reduce melt surface turbulence [66, 67]. Figure 2.10 shows a novel beam
splitting device that can be placed in an existing laser system, so that the beam can be
divided into four beams simultaneously.

Figure 2.10: a) Diagram of a beam splitting device called the quattroXX with: a- process fiber end,
b- collimator, c- quattroXX, d- focusing optics, e-beam projection to the workpiece. b) Power density
distribution in 3D plane for four beam spots, and c) power profile of six beam shapes [68].
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By using two or more beams then allows for the beams’ placement across a gap
so that the laser beam is projected onto the surface to be welded, as in a bead on
plate (BoP) or lap joint, instead of being placed in the gap (interface between sheets).
With the majority or the entirety of the beam contained on the substrate increases the
likelihood that the beam will be absorbed, where there is a risk that when the beam
is aligned to the gap, some of the beam will pass through the gap without interacting
with the material.

Hybrid welding

Joining thick sheets by LBWoften requires pre-heating or lowwelding speeds, which
reduces the higher production rates achieved with thin sheets or foils. It is often more
economical to add an additional heat source to the laser beam into a process known
colloquially as hybrid welding. This is a catch-all, where more descriptive terms like
LAHWmore appropriately describe the heat sources (Fig. 2.11). LAHW is especially
important to thick sheet joining, which are often high strength steels, where a laser
beam is supplemented with a GMAW process [53, 69, 70, 71, 72]. The two welding
processes combine in a single processing zone with synergetic effects [73], so the slow
welding speeds of arc processes (<2 m/min) can be increased while simultaneously
increasing the penetration depth [74], increasing weld stability [75], and allowing for
the processing of more challenging materials (aluminium [76]).

Figure 2.11: a) Illustration of the LAHW process with: a- laser beam, b- arc torch, c- illumination
laser, d- high speed camera, and e- HSI of pulsed mode LAHW droplet transfer. [Paper F] b) FEA
model with hybrid weld cross section: f- experimental LAHW-process joint and FEA simulated weld
isotherms, g- isometric view of simulated LAHW melt pool and surrounding temperature field, and h-
HSI and modelling [69].

Though the penetration depth can be increased with the addition of the arc,
the LAHW process then becomes direction dependent in that different properties
and phenomena are observed when the arc precedes (arc-leading) or follows (arc-
trailing) the laser beam [77]. The distance between the laser and the arc [78], the
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DLA, the different arcing modes [79], oxide presence [80, 81], each have a distinct
influence on the welding process and overall process stability [82]. The process
stability can in turn be observed, in part, as the quality of the weld bead (with
standardizations by [83]). Internal welding imperfections such as entrapped gas, pores,
cold/hot cracking, lack of fusion, often require destructive methods to analyze. Non-
destructive, qualitative analysis can be determined through the observation of root
humping/sagging [3], under-filling, under-cuts, which sometimes needs additional
processing steps to improve weld bead surface. One such processing step was laser
remelting of the weld surface [84].

HSS, AHSS, and UHSS are having filler wires developed so that the resulting weld
metal has comparable mechanical properties to the base material. The wire chemical
composition has to be adapted for each material as well as the welding parameters.
Large industrial batches of filler wire for highly specialized base material chemistries
makes it challenging to study the properties of welds. To address these constraints, a
newmethod of rapidly testing materials with controlled thermal cycles was developed
and called the Snapshot method.

Snapshot method
To perform more systematic studies, with controlled parameters, a new rapid testing
method was developed. This method is called the Snapshot Method, and adapts an
established laser process to a stationary, spot treatment. Through modulation of
the laser irradiation, various thermal treatments can be simulated, resulting in small,
manageable test samples to be analyzed. This reduces the amount of material waste
and allows for testing on more costly materials due to the relatively small quantities
needed for processing.

Figure 2.12: Schematic of the novel "Snapshot method": (a) horizontal view (a: rod like type-K
thermocouple probes, b: laser inclination angle, c: laser beam, d: defocusing length, e: pyrometer, f:
type-K wire thermocouple), (b) top view (g: logger, h: type-K wire thermocouple) [42].
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The set-up of the Snapshot method facilitates a wide range of material shapes
(initially tested with cut wires and further expanded to machining chips). The cavity
acts as a lab-scale crucible in which the material is processed. Unlike other methods,
namely the Gleeble, loose material can easily be processed. The open access to the
testing set-up, being used with an established laser system, facilitates observation
of process phenomena, contact and contactless thermal measuring equipment, and
various atmospheric conditions. While small samples of the base material were used
to create the cavities for processing, any material that can withstand the processing
temperatures could in theory be utilized. Mixing and matching base material types
with filler materials enables the study of processing insulated materials, materials that
cool in a self quenchingmanner, or atmospheric quenching conditions with optimized
parameters.

Edge preparation- laser cutting

Though not the main focus of this study, laser cut edges provide an integral part to
the investigative study of LAHW stability (Paper F). This is due to the laser cutting
process artifacts that carry over into the LAHW process, namely the cut oxides and
the cut quality. Laser beam cutting is initiated by the Fresnel absorption (surface
absorption phenomenon) of a laser beam into the processing material, generating
a melt front from which molten material is then ejected from the processing zone
through melt acceleration and pressure from the assist gas [85]. Laser cutting has
four main critical process parameters that significantly impact the cut-edge quality, in
order of importance, (1) laser output power, (2) cutting speed, (3) pressure of the assist
gas, and (4) assist gas type [86, 87, 88, 89]. Material thickness is another consideration
[90]. For cutting of thick sheets, 10 mm or more, it was found that the difference in
optimal cutting velocities is negligible when considering fiber or CO2 laser sources
[91]. The necessary incident laser power was found to be lower in the fiber laser
than the CO2 laser cutting case, which was attributed to improved melting efficiency
[92]. Using the correct process parameters yields a minimal heat-affected zone in
combination with a small cut kerf [93] though high quality cuts can be obtained
across a large range of cutting speeds [94]. Examples of cut surfaces, with striations
and kerfs are visualized in Fig. 2.13.

The residual cutting striations, without machining the edge, prohibit a zero-gap
though near zero gaps are attainable. For thicker sheets, LBW can be aided through
small gaps, with processes that add filler wire to a joint benefiting greatly from narrow
gaps.

Thermal treatments
Thermal treatments can be applied pre- or post- welding with different benefits
from either. Pre-weld treatments are exemplified by pre-heating which elevates the
temperature of the components to be joined, which generally reduces the power
necessary from the welding equipment. PWHT can be used to soften (e.g. quenching
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Figure 2.13: Visualization of the sheet edge surfaces via optical, topographical scans, and 3D
topographical rendering of: a) oxygen cut kerf, b) nitrogen cut kerf, and c) EDM edge. 3D topographical
rendering of d) oxygen kerf and e) nitrogen kerf. (As received surfaces are from a di�erent location than
the scanned samples)

and partitioning, Q&P [95]) or to harden the material, or more importantly to
steel fabrication, relieve stress. These PWHTs are used to improve the mechanical
properties of the joint, such as reducing martensite in carbon-steel welds to reduce
joint brittleness. Explored in this scientific work is the use of thermal treatments
to obtain a desired microstructure through laser pulse modification, application of
multiple thermal passes to simulate multi-layer welding, and briefly the concept of
laser Q&P [96].

Pulse modulation

Currently employed in industry are two modes of laser emission, continuous wave
or pulsed wave. Continuous wave emission is a laser that outputs a continuous laser
beam of a controlled power output, beam duration, and intensity. Pulsed wave lasers,
on the other hand, emit light in short optical pulses.
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For the studies presented in Papers A-C, a continuous wave laser (with the
possibility to operate in pulsed waveform) was used to generate an extended,
modulated pulse with varied power output levels. Examples of continuous emission,
pulsed emission, and modulated emission are seen inf Fig. 2.14.

Figure 2.14: Laser beam power output versus time duration of: a) continuous wave emission, b) pulsed
wave emission, and c) modulated pulse emission. Modulated pulse can be a combination of ramping up
or down as well as periods of holding and include additional cycles by combining a series of pulses. Pulses
can range from milliseconds to several seconds.

When the laser beam is moved across the substrate, the area previously irradiated
becomes drastically cooler, with themelt rapidly solidifying as the beammoves further
away. This rapid movement of the beam away from the observation zone could be
mimicked in a stationary process through the rapid switching off of the laser beam,
or through the ramping down of output power. In the ramping method, the slope
of the ramp could be correlated to a travel speed. Holding periods, or where the
pulse has a slope of 0, could be used to ensure all of a material is melted, to induce
a mixing moment, to elongate a period at a specific temperature. A positive slope
on a modulated pulse could then be used to gradually increase the temperature of
the material being processed, while avoiding aggressive processing behaviours (like
ablation). A combination of square steps, ramping periods (up or down), and/or with
holding periods, then would allow for a complex cooling cycle to be tailored such that
a thermal treatment process could be experimentally simulated. Pulse modulation, as
described here, was developed with the novel technique called the "Snapshot method".

Quenching and Partitioning

An additionally explored thermal treatment technique is Q&P, included in co-current
studies to the main research papers. Q&P was first proposed by Speer in 2003,
which is a processing method in which a complex microstructure of carbon-depleted
martensite and carbon-enriched retained austenite is obtained (Fig. 2.15). This
mechanism requires that the carbon is partitioned between fresh, quenchedmartensite
and retained austenite without forming carbides. [97] When austenitic steel is
quenched below the martensite-start temperature, MS , the austenite is stabilized at
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room temperature by the carbon. The Q&P concept has been applied to many steel
types, Si-steels, TRIP steels, medium carbon steels, and ductile cast iron [98].

Automotive structures (of C–Si–Mn, C–Si–Mn–Al, or other steels) could benefit
from Q&P as it leads to the development of a new type of UHSS that promotes
passenger safety through good ductility, while reducing car weight and improving
fuel economy. Autobody applications are the first industrial scale use of Q&P, though
other potential applications need to be explored further. [99]

Figure 2.15: Thermal profile schematic of the Q&P process and the phase-transformation behavior.
Quenching temperature (QT), partitioning temperature (PT) [99].

Analysis methods
In situ observations and post process analysis were both used conducting the appended
research manuscripts. Often, post process analysis offers only a small amount of
data, and most commonly through destructive testing methods such as metallographic
studies. While important, additional information can be gleamed from experiments
through the observation of process phenomena via high speed imaging (HSI) and
the analysis of the produced films. These topics will be described further in their
own subsection. An additional topic pertaining to metallographic studies is the use of
scanning electron microscopy and energy-dispersive X-ray spectroscopy (EDS).

High Speed Imaging
HSI is a technique that is used by a multitude of disciplines to capture and observe
phenomena that are imperceptible otherwise. Observing rapid process phenomena in
situ during welding, e.g. LBW and LAHW, is challenging for a number of reasons
including high emission process brightness. This makes it difficult to observe directly
without protection devices like filters which are necessary in personal protection
equipment. This only enables a technician to see the process at the level of visual
perception, where if a high speed camera was used, several tens to hundreds of
thousands of images per second can be captured. The captured processes can then be
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studied at fractions of their original speed. [100] Since laser light is monochromatic,
the brightness of the process can be minimized through the adaptation of a bandpass
filter being fitted to the camera lens for a different wavelength than the process laser,
thus excluding the process light while permitting the wavelengths within the range of
the filter. Illuminating the process zone with a laser having an identical wavelength to
the filter (e.g. a diode laser with a wavelength of 850 nm) allows for sufficient lighting
to study process phenomena while preventing overexposure. [101]

Figure 2.16: HSI of a quad-beam arrangement leading to an elongated cavity with three regions:
Illuminated, Partially illuminated, and Not illuminated.

An illumination laser was not used in the example of HSI see Fig. 2.17, hence the
bright images during processing and nearly black images once processing ends. It also
shows an image sequence of the hereby developed Snapshot process. The exemplified
process is the melting of wire pieces by laser beam irradiation, followed by quenching.

Figure 2.17: HSI sequence of selected wire melting by the Snapshot method.

Filming processes that include multiple emission sources makes illuminating the
process zone more challenging. For example, to compensate for the extra process light
in LAHW, a pulsed illumination laser is used. This means that the illumination laser
is emitting light in short exposure times, synced with the filming rate, so that a more
intense light is provided such that the arc can be "penetrated". In part, the illumination
laser pulse can aid as an effective shutter that can reduce motion blurring. For the case
shown in Fig. 2.18, a Cavilux illumination laser (λ = 808 nm) at a power of 500 Watts
with an illumination time of 1 µs. The two selected frames show the LAHW process
during a period with no arc (a) and when the arc initiates (b). In the latter, it is possible
to see texture associated with the surface of the melt pool behind the arc plasma.
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Figure 2.18: Two HSI showing a) wire feeding towards keyhole, b) arcing phase.

Two general variants of high speed cameras exist, a standard high speed camera
that films only the process (often applied for flow phenomena observation), and
thermal cameras, that have a characteristic related to temperature, that can film the
temperature during processing. In this presented research, HSI was used to observe
process phenomena and was developed with special techniques to become suitable for
temperature measurements. A special case of high speed imaging was used where an
optical splitter was used to divide the image into two partitions. Each half of the image
(a copy of the observed object) was filtered with two different bandpass filters, not too
dissimilar from red-blue 3D glasses. The images of different intensities can be used in
conjunction with Planck’s law to derive the temperature of the observed object. In the
presented welding process case, a limitation of the bandpass filters and the exposure
rate of the camera was obtained, which in turn limited the observable temperature
range.

Ratio pyrometer - Dualscope

A two dimensional, two-color ratio pyrometer (an optical thermal measurement
device called a Dualscope [102]) was used in conjunction with a high speed camera.
The combination allows for higher measurement rates, while not interfering with the
process in a pixel per time step manner through the application of Planck’s law. The
emitted process radiation filtered through two wavelength filters facilitates a ratio of
radiation intensities via Planck’s law, Eqn. 2.1 or in terms of wavelength (λ, Eqn. 2.2):

Bv(v, T ) =
2hv3

c2
1

e
hv
kBT − 1

(2.1)

Bλ(λ, T ) =
2hc2

λ5
1

e
hc

λkBT − 1
(2.2)

for the spectral radiance of a body Bv with a frequency v, at an absolute temperature
T , given the Boltzmann constant kB , the Planck constant h, and the speed of light c.
The equation shows a strong dependence of the emitted energy on the wavelength,
see Fig. 2.19b. The field of view of the camera is split into two planes, Fig. 2.19c, each
imaged with a different bandpass filter. Each half of the image is then produced from
only the intensity for the wavelength of the filter, and for the here presented cases are
680 nm and 769 nm (with widths of 40 nm).
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Figure 2.19: Schematic of the set-up to determine the calibration curve for the camera with lens, Dualscope
and filters, modified from [102, 103]. b) Black body radiation spectra, for di�erent temperatures, with the
classical Rayleigh-J eans ultraviolet catastrophe, adapted from [104]. c) Dualscope field of view without
wavelength filters, imaging an object into a right hand and left hand image (a,b).

The ratio is calculated from overlaying the two images, the right hand image Fig.
2.19c(a) with the left-hand image Fig. 2.19c(b). The pixels from each image are
paired to the corresponding pixel of the other image, using an in-house developed
MATlab code. Assuming a gray body, the emissivities at the selected wavelengths
are identical and nullified (the ratio of the wavelengths). The temperatures are then
derived, generating a false-color image that shows the process normally observed in
grey-scale as a thermal profile.

This is a developing method for measurements during welding processes, having
been hardly applied before the studies included in this thesis. For one part, the
emissivity for many materials is not the same for all wavelengths, leading to errors in
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measurement. Some of this can be compensated for through calibration, a set-up seen
in Fig. 2.19a. Other concerns are that at each exposure time (camera dependent), a
limited temperature range can be filmed due to saturation limits of the camera sensor.
Thus, the desired temperature recording range must be considered for the selected
exposure rate as to avoid sensor damage. The potential of the Dualscope as a viable
thermal measurement for welding processes is high, as it is relatively low cost, and can
upgrade an existing high speed camera into a thermal camera.

Scanning Electron Microscopy
To visual structures that nanometers at a dimensional level, it is necessary to use
scanning electron microscopy (SEM) over optical microscopy due to the limitations
of light. A SEM works through the acceleration of electrons from a filament (the
cathode) towards a substrate surface (anode) through a series of electromagnetic
condensing lenses, where x-ray signals are generated, detected and interpreted into
an image. Tungsten is one of the most common filament types because of its relatively
low cost, high melting point, and low vapour pressure. The condensed beam is
scanned across the surface in a raster pattern at the final aperture by deflector plates.

Depending on the sample texture and the material type (conductive surfaces
prevent charging), the electrons will interact differently with the atoms that comprises
the surface. All of these impact the interaction zone of the beam and affect the quality
of the produced image. Various signals with different intensities will be generated and
collected, so that the information of the topography and composition can be deduced.
Often this is through the collection of secondary electrons which are emitted from
atoms that were excited by the beam and detected through a similarly named detector
(secondary electron detector, Everhart-Thornley detector). The most advanced SEMs
can achieve resolution of 1 nm or higher.

Energy-Dispersive X-ray Spectroscopy
To determine the chemical characterization of a sample, its chemical composition, the
analytical technique called Energy-dispersive X-ray spectroscopy (EDS/EDX) can be
used. It uses X-rays emitted from a specimen, stimulated from a focused electron
beam, and the unique atomic structure of each element to produce a correspondingly
characteristic peak set on an electromagnetic emission spectrum. The characteristic
X-ray is emitted after the atom is excited from its ground state and a high-energy
electron fills the hole in the lower-energy state, which released the energy difference
in form of an X-ray. An energy-dispersive spectrometer then measures the quantity
and energy of the emittedX-rays. As the energies are discrete, the difference in energy
between the excited and ground state, as well as the atomic structure allows for the
measurement of the elemental composition. As with the scanning properties of the
SEM, the source of the excitatory electron source, the chemical composition of the
sample can be mapped. This technique is important for dilution studies and analysis
of microstructural constituents of metallographic studies.
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CHAPTER 3

Summary
Summary of the papers
Paper A: Tailored laser pulse method to manipulate filler wire melt metallurgy from
thermal cycles

Abstract: A robust method is introduced to simulate and study the filler wire
metallurgy for controlled cooling conditions after melting, enabling efficient mapping
with prompt analysis of trends. Proposed is a reduced, though representative, process
with more controllable conditions. Short lengths of filler wire are preplaced in a
cavity, drilled into a base metal sheet. Irradiation by a pulsed laser beam melts the
wire to generate a sample nugget. Pulse shaping influences the cooling rate granting
the ability to tailor weldament microstructures. The method is demonstrated for
S1100QL steel and undermatched filler wire, to obtain high toughness for processes
like laser-arc hybrid welding, where a representative thermal cycle is needed. For
high toughness, a controlled amount of acicular ferrite and, in turn, non-metallic
inclusions is desirable. This “snapshot” method has revealed a characteristic histogram
of inclusion sizes, for different pulse shapes. Additional information on the thermal
cycle can be acquired by employing thermocouples, a pyrometer or advanced
methods like high speed imaging or modelling. The method offers a wide spectrum
of variants and applications.

Conclusions

1. A new filler wire testing method was developed that enables to isolate
mechanisms, to tailor the thermal cycle and microstructures by pulse shaping,
representative for continuous welds, and to rapidly map parameter variations.

2. Laser parameters were identified that provide good control over the cooling
cycle, dilution andmicrostructures; wire nuggets can even be generatedwithout
dilution.

3. The “snapshot” method has demonstrated that a characteristic size-distribution
of non-metallic inclusions is formed for specific pulse-ramping

4. The method offers a wide spectrum of variants and applications, including
additional experimental and theoretical information.

27
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Paper B: Microstructures of high-strength steel welding consumables from directed
thermal cycles by shaped laser pulses

Abstract: Filler wire metallurgy was modified through temporally shaped laser
pulses, controlling cooling cycles in a recently developed method. Trends were
identified through efficient mapping while maintaining representative thermal cycles
of welding processes. A primary pulse melted preplaced filler wires while a secondary,
linearly ramped-down pulse elevated the nugget to re-austenization temperatures.
Ramped-down pulses resulted in linear cooling rates comparable with and exceeding
furnace-based methods, between 50 and 300◦C/s. The linear decay of laser output
power guided the temperature through a regime to obtain desired microstructures.
For three very high-strength steel filler wire chemistries, quenching resulted in
smaller plates with cross-hatched microstructures, accompanied by grain boundary
ferrite. Finer bainite microstructures started forming for fast linear temperature decay,
about 250◦C/s. Slower decay or a weaker third cycle formed coarser microstructures
with coalescent sheaves and less cross-hatching.

Conclusions: A new, highly efficient method for testing filler wire material under
controlled thermal cycling was proposed in this paper. Temporal pulse shaping
yielded linear cooling rates of the weldmetal, further providing variedmicrostructural
compositions. The major findings are summarized as follows:

1. A recently developed testing method was demonstrated to enable an efficient,
systematic study of the impact of tailored thermal cycles on the microstructure
of welding consumables, to be replicated in the welding process.

2. Linear ramp down of laser power enabled the decrease of surface temperature in
a linear manner, at constant high cooling rate in the range 50–300◦C/s, hence
much faster than furnace-based methods and even including the molten state.

3. For the new highly alloyed consumable and the two commercial steel wires
at their respective application strength limit, the main trends were similar;
fast quenching of typically 200 ◦C/s has caused short, thicker plates of widely
random orientation, which can be favorable for high toughness.

4. Fast cooling at constant rate in the range 200–300◦C/s caused more parallel,
thinner plates, indicating bainite, while four times slower cooling generated
coarser packets in which plates coagulated, even more pronounced for a weaker
third pulse.

5. Systematic representative mapping and improved understanding through
the Snapshot method can facilitate optimization of the filler wire chemistry,
welding processes, and hence the generated weld metal properties.

6. Comparable microstructural components were observed between the Snapshot
method and a NGMLW having the same material composition.
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Paper C: Evaluation of pre-determined dilution of high strength steels by the
Snapshot method

Abstract: Dilution is an unavoidable consequence of multi-material fusion processing,
i.e. welding, cladding etc. In this paper we propose a novel method for controlled
dilution experiments, analyzing microstructural trends of steel filler wire diluted with
steel base metal. The highlight of this method is the control of processing conditions
used to melt a pre-determined dilution of two high strength steels. The materials
involved are S960QL base metal machining chips and a chopped under-matched wire
consumable, which is used to increase the toughness of welded joints. These materials
were combined in specific mass ratios in a prepared cavity and then melted by a pulsed
laser beam. A high-speed RGB camera evaluated the relative spatial temperature of the
melt surface. The molten mass then solidified into a uniform nugget, confirmed by
energy dispersive x-ray spectrometry to have a homogeneous chemical composition
(a ‘Snapshot’ nugget). Hardness values obtained for different dilution levels were
compared to a narrow gap multi-layer laser weld (NGMLW), with a decreased
dilution rate yielding a decreased hardness. The Snapshot microstructures created
are similar to the different regions of the NGMLW, in the weld cap and in the body
of the weld. Snapshot nuggets were also evaluated for non-metallic inclusion (NMI)
size distributions relating to the dilution levels (NMIs are important indicators for
acicular ferrite, which has been shown to increase impact toughness).

Conclusions: The Snapshot method has been shown to be able to produce weld
nuggets with different degrees of filler material and BM, that are homogeneously
mixed. This potentially enables production of small-scale samples (representative of
welded samples) with different elemental mixtures (i.e. addition of pure elements) and
the production of small test batches with varying chemical compositions for a wide
range of cooling cycles. Therefore, if accurate temperature measurement and process
control is used, this technique potentially enables more systematic and scientific
dilution experiments and investigations to be conducted. The major findings of this
work are summarized as follows:

1. Processing of geometrically irregular additions (base-metal chips and cut wires)
using the Snapshot method produced small, manageable, chemically uniform
nugget samples

2. A pre-determined ratio of base metal to filler material enabled a more systematic
and therefore scientific dilution investigation than bead-on-plate experiments
and other methods

3. Representative and comparable microstructures were found when comparing
the Snapshot nuggets with a narrow gap multi-layer weld sample

4. A decreased amount of base metal (decreased dilution) resulted in larger
microstructures and decreased hardness in the case studied here.
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5. Using the alloys studied here, a decreased wire content correlated to a decreased
amount of non-metallic inclusions, with large inclusions observed only in the
52% BM sample.
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Paper D: Material ejection attempts during laser keyhole welding

Abstract: Material loss during keyhole mode laser welding often leads to surface
imperfections that can negatively impact component performance. High-speed
imaging identified four types of material ejection attempts: classical spatter, re-
captured spatter, protuberances, and scalloping. The momentum attributed to
the melt body, which is influenced by the keyhole properties, dictates whether the
ejection attempt is successful or if the material is recaptured. The relationship between
the dynamics of the keyhole and melt pool was elaborated in an extended systematic
description of melt ejection attempts, which were then classified. Ejection attempts
were often observed to be proceeded by a co-current swelling of the melt, adjacent to
the keyhole, followed by a melt depression. The melt swell would elongate into a melt
column with a concentration of momentum, where excessive momentum causes the
melt to neck and separate into spatter. Trajectory determines if the spatter becomes
a permanent fixture or re-incorporates into the melt body, with the latter having
the possibility to cause further melt body disturbances leading to more ejection
attempts. If the melt column fails to neck and separate, or an additional force acts
upon the column, a protuberance or a scallop could then form. Keyhole and melt
pool fluctuations were sometimes observed to be accommodated, avoiding material
ejection. In these cases, a stable weld could be obtained with large variations in the
dimensions of the melt pool and the keyhole.

Conclusions: The presented study evaluated high-speed videos of different welding
conditions for general trends relating to the formation of four material ejection
attempt categories and the stable welding condition. Observation of ejection attempts
through high-speed imaging and their analysis via streak imaging guided the
formation mechanism theorem arising from the melt pool. Links between the
keyhole dynamics and the melt pool dynamics were explored.

1. An extended systematic description was developed for (top) melt ejection
attempts driven by melt body and keyhole movements.

2. Spatial and temporal context of weld processing dynamics were obtained from
streak images applied to ejection attempts.

3. Recapturing of spatter, the dispersion of melt columns, and scallop re-entry
are failed ejection attempts observed, where the mass and correspondingly its
momentum are reintegrated in the melt body.

4. If the melt swells and oscillates laterally but redirects the melt extension back to
the weld body, a scallop can form on either side of the joint, which can either
fuse to the base material or become a cold-lap joint.

5. Melt columns with an outward trajectory, favorably in region β, formed
protuberances. It is likely that the momentum of the melt column requires to
be in a certain range, to surpass the solidification line while preventing ejection.
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6. A stable weld was obtained, even with large fluctuations in the melt swells and
depressions. This is likely due to dispersion of the temporarily concentrated
momentum across a broad melt volume.
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Paper E: Multi-keyhole separation during multi-spot welding of duplex steel

Abstract: Separated keyholes generated during a multi-beam laser welding process
were observed, analyzed, and quantified. Two high-speed cameras were utilized to
capture process phenomena of bead on plate experiments, with a near vertical and a
horizontal view. The films were analyzed for: the ability to form a unique keyhole
for each beam, the time and location of observed fully penetrated keyhole, and other
associated trends. The number of beams was correlated to fully penetrated, separate
keyholes. Keyhole separations were observed to be stable while full penetration
was less regular. The location of a fully penetrating keyhole correlated with the
position of the stronger beam. The dynamic melt wall width separating the keyholes
was measured with beam orientation and power ratios between beams having a
significant impact. Beam orientation showed that the lagging inter-keyhole wall of
a quad-beam process was impacted by the presence of a fully molten front in the
in-line beam arrangement. For the cross-beam orientation, the lagging wall did not
seem impacted by the melt front. Large power differences between leading beams
for the quad-beam, in-line orientation formed a melt column in the location of the
weaker beam and spattering from the column.

Conclusions: An in depth, bead on plate study of multi-spot welding (two to four
beams) via a novel beam splitting optics was observed with tandem, high resolution,
high-speed imaging. Various power distributions and beam arrangements allowed
for the shaping of a general processing region through adjustments to the location
of individual beams. Beam location influenced the melt flow characteristics allowing
for the formation of multiple, separate keyhole roots. The phenomena separation of
unique keyholes by the formation of inter-keyhole walls was identified and examined
by streak analysis. These conclusions can be drawn:

• Manifold variants are offered by multiple laser spots to establish multi-keyhole
melt environments which further develop different melt flow conditions
compared to a single beam

• Multiple keyholes resulted from non-overlapped, multi-beam laser welding
with one keyhole for each beam and a shared melt depression surrounding the
plural beams

• Stable separation of the keyholes was obtained through a balance of recoil
pressure and effective beam interaction area separation; full keyhole penetration
was less regular

• A fully penetrating keyhole was preferably generated in the location of the
stronger beam in large power discrepancies

• Asymmetric in-line welding, with a large power discrepancy between the
leading beams, occasionally and preferably formed amelt column in the location
of the weaker boiling regime
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• Equally distributed laser power obtained the most consistent keyhole root
separation

• High-speed imaging detailed the surface melt flow, around and between the
multiple keyholes, such that it can be observed and optimized via suitable multi-
spot shaping
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Paper F: Effects of surface and cut oxides on laser arc hybrid welding stability of
high strength steels

Abstract: Reduction of processing steps increases industrial productivity by avoiding
time-consuming steps such as edge and surface preparation before fusion welding.
Laser cutting welding (LCW), a process where fusion welding is proceeded by laser
cutting offers an opportunity to avoid edge preparation due to the low roughness of
oxygen and nitrogen laser-cut edges, though it presents a different challenge with
residual cutting oxides. One such fusion process is laser-arc hybrid welding (the
synergetic combination of laser beam welding with gas metal arc welding), where
oxides can impact process stability. The removal of oxides (surface and sheet edge)
leads to an increase of irregular arc rooting while providing material reinforcement
to the joint. Surface oxide removal was observed to allow arc rooting outside of
the melt pool. Surface preparation impacted the composition, size distribution, and
location of non-metallic inclusions (NMIs). Weld cap NMIs were larger, due to lower
cooling rates, while the root had a higher quantity of smaller NMIs.

Conclusions: Surface and cut oxides present a challenge to the joining of high
strength steels, mainly in terms of process stability which impacts weld quality.
Two aspects of weld quality are the weld bead shape and the mechanical properties,
with the latter being determined by joint microstructures. Oxides influenced the
process stability, with quantifiable and qualitative results from non-destructive and
destructive analysis methods.

1. A generalized stability results matrix was generated from the quantitative and
qualitative analysis of high-speed imaging and streak imaging of a hybrid
welding process for the first time.

2. Oxides stabilized the welding process through narrowing of the observed gouge
region, consistency of arc shape and location, with negligible changes in arcing
frequency. Removal of cut oxides increased the gouge region area more than
when surface oxides were removed.

3. Processing of surfaces with only cut oxides generated more atypical arc pathing
towards the vapor jet, favored when the jet is nearly vertical, compared to
untreated top surfaces where the arc rooted towards the melt pool

4. Removal of surface oxides had a larger influence on weld bead geometry than
the cut oxides, while the presence of oxides did not significantly affect the
geometrical weld bead quality

5. Surface and cut oxides altered the microstructural composition while
maintaining similar microstructures for each surface treatment for the given
cut edge type. The same surface preparation between the two cutting gases
changed themicrostructural composition as well as the grain size of the observed
structures
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6. Oxide removal produced larger NMIs than untreated surfaces, with the root of
both cases containing a higher quantity of the smaller NMIs due to the higher
cooling rates of the laser dominate weld zone
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General conclusions
Laser welding and laser heat treatment provides several opportunities to improve
weld quality for many industrial fields, with particular interest to harder welding
materials like high strength steels. In addition to the conclusions drawn in Papers A-F
(see Summary of the Papers), general conclusions can answer the Research Questions
preceding this work:

RQ1. How can the microstructure of a weld be guided through a specific
cooling cycle, including the forming of favorable micro-constituents?

As previously discussed, the microstructures of a weld are determined both by the
chemistry of the material being processed as well as the cooling cycle that is imposed
on the material. Altering the thermal cycle of the process was achieved through:
(i) temporal shaping of a laser pulse, (ii) application of multiple laser exposures
through additional pulses, (iii) defocusing and lowering the power of subsequent
laser passes to prolong or interrupt the cooling cycle, leading to a quenching and
partitioning process under optimized conditions. Temporal shaping and multiple
cycling exemplified in the creation of the Snapshot method allowed for the simulation
of other fusion methods such as hybrid welding and the initial process for the
developing of quenching and partitioning. With proper tailoring of the pulse
shape, a desired cooling cycle was achieved that would lead to the nucleation of an
increased toughness microstructure, principally acicular ferrite, that shows promise
for lower temperature constructions. Thermal imaging, at high-film rates, provided
in situ evidence to the destructive metallographic studies that successful thermal cycle
alteration was achieved. With demonstrated guiding of the thermal cycle, it lead to
the development of RQ2, where multiple materials are utilized.

RQ2. What are the effects of applying an identical thermal cycle to different bi-
material compositions during welding? What are the effects of additional
heat sources: through laser beam additions (multi-beam welding) or
auxiliary equipment (hybrid welding)?

A specific thermal cycle can be obtained through different methods, e.g. the
cooling cycle experience during hybrid welding was experimentally simulated
through the laser only Snapshot method. The Snapshot method with multiple mixed
materials in a dilution case study showed a progression of particular microstructures
with an increased concentration of filler wire. This agrees with the literature in
that the microstructures are dependent on both the chemical composition and the
experienced thermal cycle. The case study of LBW of high-speed steel to spring steel
with the changing composition of nitrogen under identical processing conditions
led to the observation of various material ejection attempts with lower quality welds
produced. Under identical processing conditions, mixing of different materials or
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changing the chemical composition lead to altered: (i) microstructural compositions,
(ii) NMI distributions, and (iii) process disturbances.

Spatial beam shaping was investigated to determine the functionality of applying
identical line energies with a similar cooling cycle. Using a beam splitter to change
the number of beams in the processing zone allowed for the same line energy to be
applied, though in a different distribution. The same line energy while supplied as one
beam through two to four beams yielded: (i) multiple keyholes, (ii) superior bridging
capability, and (iii) favorable energy distribution for tailored blanks using similar and
dissimilar materials with similar and dissimilar thicknesses.

Various quality welds were obtained when the composition of the joint differed,
mainly through inducing more dilution or having material variations due to pre-
manufacturing processes (nitrogen in material, surface treatments). This allowed
for the effects of material composition on processing phenomena, weld quality, and
evaluation of microstructural constituents to be studied.

RQ3. Can the effects of laser materials processing be quantified through HSI
in terms of process phenomena, e.g., the thermal cycles, process stability,
material ejection, keyhole and melt pool behaviors?

HSI is an observational technique that is becoming commonplace in scientific
studies. Interpreting the information that is collected leads to higher-order studies,
moving from qualitative results into quantitative finds. Through the use of streak
imaging, the dynamic processes observed in HSI are contained within a single image,
fromwhichmeasurements of frequency and dimensions of key features (keyhole, melt
pool, spatters, etc.) can be made. This was demonstrated in papers D-F, which use
streak imaging to indicate the conditions: (i) leading to a material ejection attempt,
(ii) the stability of multi-keyhole separation, and (iii) the effects of oxide on hybrid
welding stability.

Good lighting conditions are essential to capture quality HSI. While darker
videos can highlight certain aspects, overcoming the quantities of process light while
avoiding overexposure requires adequate lighting to obtain high contrast images that
facilitate measurements.

The presented works through the six appended scientific manuscripts, as well
as their co-authored journal papers, provide an example of the industrial initiative
towards sustainability. This is achieved through a double-pronged method, with
one reducing the number of processing steps while the other reduces material
consumption. This simultaneously boosts the economic value, while improving the
ecological investment through increasing resource efficiency (namely through waste
reduction). While this is an indication towards industrial sustainability, the presented
methods could be optimized further for the demonstrated cases as well as expanded to
include untested ones.
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Future outlooks
The presented thesis expands the work of earlier scientists in the fields of laser beam
welding, laser-arc hybrid welding, and laser based thermal post weld treatments.
Further studies could be based on the yet unanswered questions that arose from the
applications of novel techniques and their scientific contributions, namely:

1. Increase the Snapshot method repeatability from a small scale (10s of repetitions)
to an industrial scale (100s of repetitions) by making it semi-automatic, allowing
for it to be a benchmark testing methods

2. Integrate thermal management into in-line observational techniques, like high-
speed imaging, to enhance a closed loop control via machine learning to
improve weld quality

3. Use the Snapshot Method to study oxide influence in microstructural
composition studies to further understand surface treatment impacts in complex
hybrid welding scenarios

4. Develop and validate a comprehensive computational fluid dynamic model for
various filler wire compositions to predict microstructural compositions for
specified thermal cycles

5. Mechanically test the Snapshot weld samples and the hybrid welded joints,
to develop a link to the thermal cycle and microstructural composition to
the resulting mechanical properties. The Snapshot method provides a rapid
material prototyping method, where it can quickly and industrially produce
novel samples for mechanical testing

6. Continue to develop laser quenching and partitioning as a method to produce
high quality welds for industrial fields and as a cost saving measure

7. Achieve higher resource efficiency of the studied processes, increasing
sustainability, thus broadening their economical and ecological value
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