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II.

Abstract

Since the laser was invented in 1960, its use in manufacturing industry has been
growing rapidly. Laser processing of metals is based on the flow of heat that is
generated by the absorbed laser beam. One outstanding aspect of laser beams is high
precision along with high controllability of energy transfer, which includes creative
techniques of shaping the beam and in turn the process. This thesis presents six
Papers A-F on different metal processing techniques, namely welding, hardening and
cutting, the latter combined with additive manufacturing. For each respective
technique it was studied how desired properties can be optimized by controlled use
of the laser beam and in turn of the temperature field. Addressing their different
complexity of the heat transfer, various theoretical and experimental analysis methods
were applied.
Laser beam welding is usually conducted with standard beam shapes, i.e. Gaussian or
top-hat like, which is not always optimal for the process. Identification of an
optimised weld pool shape or temperature cycle through beam shape or beam path
tailoring could increase the quality of welded products or even enable new
applications. Papers A and B aim to increase the knowledge for non-standard beam
shapes, particularly for single-pulse conduction mode welding. Paper A presents an
investigation on an industrial application where a C-shaped weld joint is desired. The
sensitivity to and optimization of different C-shaped beam irradiation profiles is
discussed. The analysis is mainly carried out by applying Finite Element Analysis,
FEA, to calculate the heat conduction contributions, showing unexpected sensitivity
in certain regimes. Paper B presents a semi-analytical model for fast calculation of the
temperature field from different beam profiles. Examples include multi-spots or the
misalignment sensitivity of Diffractive Optical Elements.
In Paper C, for laser hardening of 11% Cr ferritic stainless steel the temperature field
was studied to enable hardening. It was shown that single-track hardening without
sensitisation could be achieved but overlapping tracks had a continuous network of
ditched grain boundaries and is thereby at risk for sensitisation; the sensitised area is
caused by a reheating cycle.
The same mechanism for the same material was studied in Paper D when applying a
recently developed drop-deposition technique, where additive manufacturing is fed
by laser cutting. The same reheating isotherm could be critical, but here sensitisation
tests show a discontinuous network of ditched grain boundaries in the added material.
The never melted heat-affected zone on the other hand has a continuous network of
ditched grain boundaries, which implies a sensitisation risk. The continuous network
is however not in contact with the surface. The tested parameters is thus not at risk
for intergranular corrosion through sensitisation.

For friction stir welding of dissimilar metals, Ti-6Al-4V with AISI 304L stainless steel,
Paper E, the influence of a laser-induced preheating temperature field on the tool
forces was investigated through numerical simulation. By suitable application of laser
preheating, the forces acting on the tool can be substantially lowered, in a robust
manner.
The temperature field from seam welding induces a residual stress field. In Paper F,
for continuous wave laser keyhole welding of high strength steel butt joints, a method
is presented to identify the residual stress behaviour of laser welded sheets by
measurement of the fatigue crack growth rate during testing, by deriving the crack
acceleration. The analysis was confirmed by hole drilling tests and by FEA.
The knowledge and methods of the above different experimental and theoretical
studies complement each other. They contribute to further optimize certain aspects
through laser-induced temperature fields, for different manufacturing techniques.
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1 Organisation of the thesis
The here presented thesis is composed of a general introduction followed by six
scientific journal manuscripts, Paper A-F.
The Introduction describes the paramount context between the six papers with
respect to the motivation of the research (Section 2), the methodological approach
(Section 3), general conclusions drawn (Section 6) and outlook for further work
(Section 7). The abstracts and conclusions of the six papers are extracted as well
(Section 5). In addition, the introduction describes the organisation of the thesis (this
Section 1) and presents a general introduction to the technological background of
the subject at hand (Section 4), accompanied by a list of references (Section 8).
This thesis studies a wide array of laser material processing techniques since the Ph.
D candidate’s research received funding by mainly four different projects. A survey
on the thematic profile of the six Papers A-F, as the core of the research, is given
in Table 1. Despite the different scopes and laser techniques of these projects, there
is one main theme in this thesis, which is how the temperature field induced by lasermaterial interaction affects the material, directly during the process or through a
change of properties during cooling. This includes how shaping of the laser beam in
space or time and arrangement of the thermally interacting paths of laser beam motion
can be improved, to improve the temperature field and the resulting metal properties.
Table 1. Thematic profile of the six papers of the thesis.
 means a main theme of the paper while  denotes a partial theme.
Paper

Spot welding
Seam welding
Hardening / multiple tracks
Additive manufacturing / multi. tr.
Mathematical modelling
Experiments
Chemical / mechanical testing
Spatial customisation of laser beam
Analysis of temperature effects

A

B





C

D

E

F









































Accordingly, the Technological background, Section 4, provides brief
explanations and state-of-the-art aspects for this relatively wide spectrum of subjects
encompassed by the thesis. First the industrial background is explained, followed by laser
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beams and laser-material interaction, including heat flow. Then the different
manufacturing techniques addressed by the papers, as highlighted in Table 1, are
briefly presented. For each technique, its specific characteristics of the heat flow and
the link to beam shaping as well as to thermal interaction between tracks is explained,
where relevant. In sequence of increasing process complexity, these technique
chapters are Section 4.4 laser transformation hardening, Paper C, 4.5 laser-assisted friction
stir welding, Paper E, 4.6 laser beam welding, Papers A,B,F, highlighting mathematical
modelling and fatigue cracking (for Paper F, a comprehensive review from a conference
paper), and Section 4.7 additive manufacturing, Paper D.
A brief explanation of the six papers is as follows;
Paper A, “Numerical optimization approaches of single-pulse conduction laser
welding by beam shape tailoring”; an industrial case of a desired C-shaped weld joint
is studied by numerical simulation, to obtain general rules and guidelines for the beam
design. The results show the complexity in properly designing a beam shape and in
defining indicators and guidelines.
Paper B, “Analytical heat conduction modelling for shaped laser beams”, continues
on the knowledge from Paper A. It presents a semi-analytical model for fast analysis
of heat flow in conduction-mode spot welding with tailored beam shapes. Selected
laser beam shapes are studied to demonstrate the model applicability.
Paper C, “Laser surface hardening of 11% Cr ferritic stainless steel and its
sensitisation behaviour”, studies laser surface hardening of a low chromium and nickel
alloyed stainless steel grade, by considering even the risk of sensitisation for
overlapping tracks.
Paper D, “Sensitisation behaviour of drop-deposited 11% Cr ferritic stainless steel”;
This paper builds on the knowledge from Paper C, extending the experimental study
on hardening and on sensitisation risk for melting of interacting tracks during additive
manufacturing, by applying a recently developed drop deposition method.
Paper E, “Numerical simulation of laser preheating of friction stir welding of
dissimilar metals”, provides a mathematical model of the laser preheating and its
impact on the FSW-tool forces, which is applied to study the process.
Paper F, “Identifying residual stresses in laser welds by fatigue crack growth
acceleration measurement”, addresses the residual stress generated by the heat transfer
during continuous laser keyhole mode welding. An extended measurement method
is presented where information on the residual stress field is acquired during fatigue
testing.
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2 Motivation of the research
The manufacturing industry of today, and of the future, requires more advanced
products that are stronger, lighter, environmentally friendly, and often tailored to
every customer's specific need. Due to this, the use of lasers for manufacturing in
industry has increased strongly, particularly the 1 m wavelength lasers. Lasers are
applied in a diversity of manufacturing techniques, such as cutting, welding, surface
treatment and additive manufacturing. The laser beam is applied as a thermal tool,
which differs from most other tools in that it is highly controllable in space and time.
A common theme for all laser processes is that the laser beam creates a temperature
field in the irradiated material. This temperature field is usually important to control
since it can have a large impact on, for example, the structural integrity of the
product. In some cases, the heat should be kept localised e.g. to where a weld joint
should be produced while in other cases a comparably large uniform temperature
field is desired to produce a certain microstructure. Despite complex physical links,
laser beams have the potential to optimize many such aspects since laser beams offer
high resolution in space and time, which can therefore be controlled by temporal
and/or spatial beam shaping, along with fast movement.
Some of these options were explored in this thesis to improve the temperature field
and its effect on different processes, based on four industrially driven projects. Paper
A and Paper B were developed as part of an EU FP7 framework project, called
TailorWeld. The work in these projects aimed to push the state-of-the-art on welding
with non-standard laser beam irradiance profiles. Some of the FEA-results of the
temperature field in Paper A as well as the analytical model for calculating the
temperature field in Paper B were later used to successfully weld batteries 90% faster
than with a conventional beam.
In the EU Interreg Nord project NorFaSt-HT, the effect of thermal cycles on the
hardening and additive manufacturing process was addressed based on potential for
new applications of important steel grades from the steel making industry. Paper C
presents laser hardening of ferritic stainless steel and its sensitisation behaviour. This
was not previously presented in literature. With successful hardening the material
could possibly be used instead of cladded steel and Mangalloy in certain applications.
In Paper D the same material is studied, but this time with a recently developed
drop deposition technique that enables additive manufacturing of consumable
materials that are not available as powder or wire. Here the sensitisation behaviour
was in focus again, since the material experiences multiple thermal cycles during
additive manufacturing, possibly in complex combinations.
Paper E was part of a project in the STINT Korea-Sweden Research Cooperation
Programme, during which the PhD-candidate had a four month research exchange
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stay at Chosun University, South Korea, while Korean PhD-students came to Sweden
and LTU. Seam welding of Ti-6Al-4V to stainless steel has been desired for a long
time. Friction stir welding (FSW, a core expertise of the Korean welding group),
which is usually employed for the softer aluminium alloys, is a promising alternative
since it does not melt the material, so deleterious intermetallic compounds are kept
at a minimum. This process has several challenges where the largest one is tool wear
and failure. How laser preheating reduces the tool forces in FSW was therefore
studied by numerical simulation for this paper.
Paper F is also on the subject of seam welding, but this time keyhole-mode laser
welding, which was studied in frame of the EU Interreg IVA-project PROLAS.
Residual stress is created during welding due to the heating and cooling of the metal
product. A promising method was developed to identify the residual stress field
distribution during fatigue testing, including its alteration during crack propagation.
Summarizing, all papers are driven by industry related research projects. The selected
subjects and methods contain high potential of generalisation of the knowledge, for
many industrial applications. Competence on improving the heat flow management
by shaping the laser beam or its movement path in space and time was put in the
centre of the PhD-research, as the main common aspect for all above projects and
publications.
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3 Methodological approach
All laser processes create a temperature field that affects the quality of the process and
in turn the finished product. The controllability of the laser beam enables tailoring of
this temperature field to achieve certain properties. The research and papers in this
thesis focus on understanding and optimising this temperature field, (i) during
processing, or (ii) for effects resulting from the thermal cycle after processing. For this
purpose, various theoretical and experimental research methods are applied and
further developed.
Paper A and E studied the temperature field, created by a laser beam, through
numerical modelling, by FEA. In Paper A, the challenging focus was on extracting
quantitative indicators that express selected important contributions to the complex
heat flow, including sensitivity analysis. In Paper E, the temperature field created by
a preheating laser beam around an FSW-tool was calculated by FEA, combined with
a model for the tool forces. Numerical modelling through FEA was also used as
complementary analysis in Papers C,F. Based on the results in Paper A, Paper B
presented a simplified semi-analytical model (one numerical integral needed) which
is intended for simple and fast analysis of the temperature field that is created by
tailored beam shapes in single-spot conduction mode welding and single-spot
hardening. The model was linked to calculation of DOE-design, which was
demonstrated.
Experimentally, Papers C, D and F focussed on the structural integrity of the laser
processed parts, with Papers C, D addressing corrosion and hardness testing. Paper F
involves fatigue testing and accompanying methods. Seam welding in Paper F induces
a thermal cycle that creates residual stress. A useful method to obtain additional
information on the induced residual stresses was presented in the paper. Papers C,D
treated multi-pass laser hardening and laser additive manufacturing of low-chromium
ferritic stainless steel with respect to hardness and sensitisation. The material was
analysed by microstructural analysis, hardness testing and sensitisation screening,
following a standardized method.
Thermal imaging of the surface during processing was employed for complementary
information in Papers A, B, to qualitatively verify modelling results with experiments.
In lack of an appropriate DOE, C-shaped beam welding was simulated by a scanner.
Thermocouple measurements were conducted for Paper E, for comparison with
modelling results. HSI was employed in Paper D to study the material deposition and
melt flow.
Summarizing, a series of standard as well as high level methods were applied but also
developed further. In particular, new methods that are easy to apply have been
developed, demonstrated and discussed with respect to generalisation. This spectrum
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of methods has generated very valuable knowledge that enables to improve different
laser processes, particularly through the link between spatial or temporal beam
shaping and heat flow.
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4 Technological background
4.1 Industrial background
4.1.1 Manufacturing techniques
The central research of the thesis addresses the improvement of thermodynamic
mechanisms in several laser materials processing techniques, here for manufacturing
of metal products. The manufacturing industry of today uses a range of different
manufacturing techniques to produce its goods. Some of the techniques are several
thousand years old while new methods are still being introduced in industry.
Manufacturing techniques can be classified in different ways. Below is a presentation
of six different groups, according to DIN 8580 standard. Examples of where a laser
can be used as the tool are highlighted in some groups.
Shaping contains for example casting, which is usually performed by pouring molten
metal into a hollow mould that is shaped like the desired geometry. The metal is then
allowed to solidify and machining to its final shape is performed. Casting can be
conducted with a range of different moulds and methods. Additive manufacturing, AM,
also belongs to this group. Additive manufacturing is a relatively new technique
where material is added, usually layer-by-layer, to produce a near net-shape product.
This manufacturing method is projected to introduce a paradigm shift in industry
since it enables for example manufacturing of geometries that previously were not
feasible. Lasers are among the favoured tools in the AM-segment.
Forming is the process of reforming metal without removing or adding material.
The workpiece material is plastically deformed. Subgroups of forming include rolling,
forging, deep drawing, bending and shearing. Lasers play only a very minor role in
forming.
Cutting is performed by controlled removal of material from the work-piece until
a final shape is obtained. Cutting includes all machining operations. It is a subtractive
manufacturing method and one of the most common operations in industry. Turning,
milling and drilling are all part of this manufacturing category. Cutting operations
performed by lasers include drilling and cutting, the latter being the most established
laser technique.
Joining can be both thermal (welding, brazing, etc.) and mechanical (assembling)
fastening operations. Lasers are applied for welding, soldering and brazing. Laser
welding is still an expensive niche technology compared to arc welding, but it is
growingly applied, particularly when high precision, low heat input and high speed
are desired. Lasers have also been occasionally applied as hybrid welding technologies
like laser-arc hybrid welding and exceptionally as a preheating tool for friction stir
welding (FSW).
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Changing of material properties is employed on the work-piece material to
induce other properties on the material without changing the material shape, like
heat treatment in a furnace, for hardening or to relieve residual stress. Lasers can be
applied to harden or soften the work-piece material. Almost all forms of
manufacturing processes can be said to be property changing but this group refers to
the methods whose main purpose is to change the material properties.
Coating is applied to the surface of a material to improve its properties or to make
its appearance more aesthetic. A coating could be for example a hard layer against
wear, paint, or a reflective coating for a mirror. Laser cladding can be found among
the established coating techniques, particularly for metals. Other well known laser
coating techniques are Laser Physical or Chemical Vapour Deposition, LPVD and
LCVD.
4.1.2 Structural integrity and properties of metals
Structural failure can occur by incorrect dimensioning of a structure through size,
shape or material. Failure can also occur from fatigue load, creep and corrosion. These
unwanted properties will slowly deteriorate the structural strength until the product
collapses under a normal mechanical load condition. Failure can also occur from
improper manufacturing, for example quality issues in a welding operation. Structural
integrity aims at consideration of all different important aspects during engineering
of a product, as a whole, with respect to the product development, production and
maintenance. This includes improvement through failure experiences in the past and
through research, addressed by this thesis.
The structural integrity and properties of manufactured products are of utmost
importance and more critical today than ever before due to increased competitiveness
on the market, higher load demands and a need to be environmentally friendly. If we
use a jet engine for a commercial airplane as an example, the engine of course needs
to be safe and reliable since a breakdown could lead to severe consequences. At the
same time, there is not much room for over-dimensioning since a heavier engine will
require more power to fly, meaning higher fuel consumption. Almost all
manufacturing methods inherently change the structural integrity and properties of
the processed material. Welding for example changes the original metal with respect
to the surface geometry of the product, the microstructure in the weld joint and in
the heat affected zone (HAZ) and it induces residual stress in the vicinity of the joint
region. The surface geometry change can act as a stress raiser and reduce the fatigue
life of the welded product. All processes does not necessarily reduce the structural
integrity.

Sundqvist
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Materials processing can also be performed with the purpose to increase the structural
integrity of the work-piece. Hardening is often employed to increase wear-resistance
of metals if they operate in abrasive conditions. The hardening process can sometimes
have a detrimental effect on other mechanical properties, however, such as impact
toughness, yield strength or even corrosion properties.
In conclusion, tensile properties, yield properties, fatigue strength, impact toughness,
corrosion resistance and many more are all part of the picture in obtaining a product
with the desired properties and capabilities. The chosen manufacturing methods and
materials will all affect these properties. Laser processing can influence the structural
integrity both positively and negatively. For example, Morris Wang et al. [1] showed
that stainless steel 316L manufactured by Laser Powder Bed Fusion (L-PBF) had
superior material properties compared to wrought and casted samples, see fig. 1.

(a)

(b)

Fig. 1. Examples of mechanical properties of different stainless steel 316L steel products,
compared to generation by laser additive manufacturing, L-PBF (denominated 'our work'
here): [1]: (a) engineering stress-strain curve of L-PBF generated steel compared to cast and
wrought alloys, (b) elongation vs yield stress.
The main theme of this thesis is laser processing, which always will induce a thermal cycle
in the material that in turn changes the material properties and sometimes also the surface
geometry of the product. Understanding all aspects of this sometimes complex heat
flow and its induced effects is critical to continue to increase competitiveness in
industry and to enable improved products, with respect to structural integrity.
Putting the heat flow in the centre, for the different manufacturing techniques studied
along with their critical properties, the heat flow can be optimised, depending on the
technique. For welding, Papers A,B,E,F, the laser beam can be shaped in space and time.
In addition, for multiple tracks interacting in transformation hardening, Paper C, or in
additive manufacturing, Paper D, the sequence, timing and arrangement of the path of the
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processing tracks alters the heat conduction. From improved understanding of
essential phenomena the material properties can be improved and failure avoided.
The metals studied in the thesis are stainless steel AISI304 discs for battery connection
welding (Papers A,B), 11% Cr ferritic stainless steel (Paper C,D), dissimilar welding of
stainless steel AISI304L to titanium alloy Ti-6Al-4V (Paper E) and the high strength steel
grades Domex 420MC and Optim960QC (Paper F).
The corresponding properties that were studied in this thesis are the shape of the
resulting laser spot weld joint in Papers A,B, the force on the friction stir welding tool,
supported by laser pre-heating to avoid tool failure (Paper E), the residual stress field
induced by laser keyhole seam welding, which influences fatigue cracking (Paper F), and
the obtained hardness along with corrosion risk from sensitisation during multi-track laser
transformation hardening (Paper C) as well as during laser additive manufacturing by melt
transfer (Paper D).

4.2 Laser beams
4.2.1 Lasers
LASER is an acronym for Light Amplification by Stimulated Emission of Radiation. The
theory behind the laser was first described in a paper [2] entitled “Zur Quantentheorie
der Strahlung” ("On the quantum theory of radiation"), written in 1917 by a rather
clever man named Albert Einstein. The paper described the letters 'SER' of the
acronym LASER, stimulated emission of radiation (initially also termed induced
emission of radiation). During stimulated emission an incoming photon influences
an excited atom or molecule, making it drop to a lower energy level and emitting an
identical second photon with the same properties (direction, wavelength, phase,
polarisation) as the incoming photon. In 1917 it was probably still unclear what usage
this discovery (that was experimentally confirmed end of the 1920's) would have. It
took until 1954 until a device operating based on Einstein’s postulated phenomenon
was demonstrated. This was however not a LASER (which was only a few years
away now) but a MASER which operates on microwaves instead of light. The first
MASER had a wavelength of over 1 cm and a power of 10 nW, while the most
powerful industrial continuous wave laser in use today operates at 100 kW, which is
10 trillion times higher. The MASER was never used later, since microwaves are
difficult to handle (while light can be conducted and shaped with easy by optical
elements), but for the principle paving the way for the LASER the three MASERinventors A. Prokhorov, N. Basow and Ch. Townes were awarded the Nobel price
in 1964. In 1960, finally, Theodore Maiman constructs the first operating laser, which
is a ruby laser. The first helium-neon laser is also developed the same year and
commercial lasers becomes available already in the following year. After a rather slow
start, the development and use of laser technology explodes.
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This thesis addresses one part of the laser application area, laser materials processing,
which also continues to grow. Laser manufacturers having a revenue of US-$ 4.3
billion in 2017, a growth of 26% from 2016. [3] Note that this is only the number
for sold laser systems. The value they create in industry is not included. The use of
lasers in industry also started swiftly after invention of the first laser. Laser cutting of
metals was the first application and was actually “demonstrated” on the movie screen
already in 1964, in the movie Goldfinger, starring Sean Connery as James Bond. The
main villain Goldfinger attempts to cut Agent 007 in two parts. In the real world,
laser cutting was demonstrated 1967 in the UK. Similarly, laser welding and laser
hardening were already applied in the 1960's.
As mentioned above, the laser light is produced by stimulated emission of radiation.
Stimulated emission works according to fig. 2(a). An atom or molecule in its excited
state is influenced by an incoming photon. The atom drops down to its ground state
and the released energy generates a second identical photon with the same direction,
wavelength, phase and polarisation as the incoming photon. This mechanisms is in
contrast, or complementary, to the phenomena of absorption and of spontaneous
emission, two phenomena that we permanently observe in daily life. The principle
of a laser device is illustrated in Fig. 2(b). An active medium is chosen (usually a
suitable solid, but can be almost any substance and state) in which the mechanism of
stimulated emission is activated. Energy needs to be supplied to the active medium,
called pumping (e.g. by a flashlamp or gas discharge, or directly via electric current
by semiconductor mechanisms). If the device is designed such that so-called
population inversion is achieved in the active medium, then stimulated emission
prevails over absorption and over spontaneous emission and can cause an avalanche
of identical photons, all travelling in the same direction. A laser beam is generated.
To keep this laser beam stable, an optical resonator with two mirrors is employed,
where one partially transparent mirror, the outcoupling window extracts part of the
laser radiation, which is the beam to be applied. Although many variants exists in
terms of materials, concepts and resulting laser beams, this is the principle for all laser
devices. Figure 2(c) indicates in more details that the mirrors are typically spherical
and that this optical resonator shapes a laser beam that is typically of Gaussian
distribution in profile and propagates as illustrated her, with a beam waist in the active
medium and a diverging propagation outside the laser resonator.
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(a)

Fig. 2. Fundamentals of a LASER: (a) description of stimulated emission by radiation, (b)
principle concept of a laser, composed of an energy-pumped active medium for stimulated
emission and an optical resonator from which the beam is extracted, (c) in practice resonators
generate a diverging laser beam
During the last decade, fibre lasers and disc lasers emerged and became the most
important lasers in industry. For example, in 2013 the laser manufacturer IPG has
installed today's most powerful industrial laser, a 100 kW fibre laser at the company
NADEX Laser R&D Center, in Japan. Fibre and disc lasers are in turn pumped by
diode (semiconductor) lasers, as an important enabler technology. In recent years,
despite their still limited beam quality (focusing capability) diode lasers are gaining
more attention for direct use since they have benefits of higher wall-plug efficiency,
higher compactness and shorter wavelengths than disc and fibre lasers. The main
differences between light from a laser compared to an ordinary (filament) lamp (or to
the sunlight), see Fig. 3, are that laser light is bundled, monochromatic and coherent.
These special properties enable elegant guidance and control of the laser beam, like
focusing to a very small spot with in turn high power density. The level of beam
power density determines the mechanisms that take place in laser materials processing.

Fig. 3. Illustration of the differences between filament lamp light and laser light
4.2.2 Common high power laser beam profiles
The ideal laser beam that can be generated by a laser source is a so-called Gaussian
beam (also denominated TEM00 or fundamental beam mode). It has a lateral Gaussian
beam irradiation profile, see Fig. 4(a). When a laser beam is extracted from a laser
source it propagates in a diverging manner. Through focusing optics a laser beam can
be focused over a certain distance (quantified as depth-of-focus, or Rayleigh length)
until it diverges again. The characteristics of a propagating Gaussian beam remains
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unchanged, hence this focusing over a certain distance followed by divergence can
be repeated.. Depending on the optics, e.g. its focal length, a trade-off between small
focal spot diameter of the beam (hence also high power density) and long Rayleigh
length (robust, long 'tool') can be chosen. Figure 4(b) shows the propagating beam
profile for such a focusing situation, though for an Yb:fibre laser beam that was first
guided by an optical fibre. In the optical fibre a top-hat (flat top) beam profile first
establishes. When leaving the fibre the beam develops to a Gaussian-like profile while
during focusing it projects the top-hat like beam of the fibre end again into the focal
plane. While a free-running Gaussian beam (like for CO2-lasers) remains Gaussian
along the whole optical path, Fig. 4(a), a fibre guided laser beam (as inherently for
fibre lasers) experiences this beam profile, the above explained transformation
between Gauss- and top-hat-profile, as in Fig. 4(b).

Fig. 4. Beam profile and propagation of the most common high power laser beams: (a) freerunning Gaussian laser beam, (b) focusing after fibre-guidance of a laser beam, transforming
from Gaussian- to top-hat-like profile and back.
One of the most important advantages of laser beams are their precision. Important
for focusing and spatial precision of a laser beam is its focusing. The focusing optics
(or focal length) chosen offers a compromise between smaller spot size or longer
depth-of-focus. This compromise is limited by the beam quality of the laser beam.
The ideal laser beam is the Gaussian beam or fundamental mode. In addition, shorter
wavelength means that proportionally a smaller laser beam spot can be created. In
practice an ideal beam can hardly be obtained, so the quality of beams is commonly
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described by a quality factor M2 (optionally K=1/M2, or beam parameter product
BPP, the latter including the wavelength). Commercial high power single-mode
lasers are nowadays available and are very close to M2=1, which is the ideal case while
multi-mode lasers have a higher M2 value. The beam quality (M2) has an impact on
the minimum possible spot size and on beam shaping possibilities and is a guaranteed
property by the manufacturer when offering a high power laser source, because of its
importance for focusing. M2 is defined independent of the wavelength, as a property
relative to the ideal beam. The Beam Parameter Product, BPP expresses the same
conditions, but in absolute values, including the laser wavelength. It is the
multiplication of beam divergence with spot size, measured in [mm·mrad]. Figure 5
plots the minimum beam quality in BPP commercially available as a function of the
cw laser beam power. The higher the power the more difficult to achieve a high
beam quality (low BPP) and good focusing capability. The figure is from 2014 and
permanently improves due to developments of high power lasers. The most
important laser types are shown, namely CO2-lasers (wavelength 10.6 m), disc and
fibre lasers (wavelength 1030-1070 nm, similarly Nd:YAG-lasers, the latter having
higher BPP in practice) and diode lasers (wavelength range 808-1030 nm). Every
wavelength proportionally has its physical lower BPP-limit, e.g. 3.4 mm·mrad for
CO2-lasers or 0.34 mm·mrad for fibre and disc lasers. This physical limit corresponds
to M2=1, or K=1. As can be seen, for lower power (note: double-logarithmic graph)
this limit can be achieved, i.e. almost perfect beams. High beam power is desirable
for better performance (e.g. speed) of laser processes.

Fig. 5. Minimum Beam Parameter Product (BPP, beam quality, focusability) achievable
(2014) as a function of cw laser beam power for the most important high power laser types
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4.2.3 Laser beam shaping
Standard high power laser beams and their focusing was explained above. In the
following, the possibilities for non-standard laser beams shapes are addressed.
Among the interaction mechanisms laser-matter, three different means can be applied
to redirect light, namely reflection, refraction and diffraction, see Fig. 6. Refraction
takes place when light travels through a different medium at an inclined angle larger
than zero but less than the angle for total reflection. Refraction can be described by
Snell’s law. Diffraction occurs when light waves encounter an obstacle or a slit and
the light is “bent”. For a laser beam, diffraction governs the minimum spot size and
divergence of the laser beam, as described above.

Fig. 6. Mechanisms of interaction of light with matter (adsorption: same as absorption)
Diffraction limits the spatial resolution of light, e.g. for a laser beam spot size, for
optical mask projection or in microscopes. This limitation is illustrated in Fig. 7 in
different ways. For a wide opening, light just passes through in a planar wave
propagation manner and the slight diffraction mechanisms at the edges, though
limiting the sharpness and resolution, are often negligible. For very high resolutions
(small opening) or small beams this edge diffraction mechanism becomes essential, as
for the ideal laser beam. Accordingly beam shaping, addressed by part of the thesis, is
limited by these diffraction mechanisms. Same as for focusing, the shorter the laser
wavelength the higher the spatial resolution (sharpness of shapes) that can be
achieved.
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Fig. 7. Diffraction limit determining the optical resolution of light, including laser beams:
(a) diffraction pattern when passing a narrow slit, (b) limiting resolution when two beams
combine, (c) undisturbed planar light wave propagation vs. diffraction borders, depending on
wavelength (line distances) and slit size.
While standard laser beams were shown in Fig. 4, shaping of laser beams can e.g. be
achieved by Diffractive Optical Elements, DOE, scanners, prisms or beam splitters
but also by combining multiple laser beams.
One promising and meanwhile often applied technique are laser beam scanner optics.
While one purpose of scanners can be rapid movement to follow a path at high speed,
e.g. >100 m/s, as common in laser additive manufacturing (L-PBF), if scanning along
a path at sufficiently high frequency of repetition the process experiences a quasisteady laser beam shape of the path, e.g. a circle or line. The thermal boundary
conditions of the process are locally governed by the absorbed laser radiation. For
sufficiently high scanner frequency the thermodynamics experiences this movement
as quasi-steady state, as a simulated shaped laser beam, particularly the wider away
from the boundary. Note that in contrast, another strategy is sufficiently slow
scanning to locally manipulate the process, e.g. movements of the keyhole dynamics
in laser welding.
Although the results of the studies on shaped laser beams in Papers A and B of this
thesis are more widely applicable, they focus on DOEs, according to the EU-FP7
research project TailorWeld behind, to be described in the following.
A DOE is a lens that is tailored in its surface pattern (manufactured at high precision)
to generate a specific laser beam shape in the focal plane. The design of a DOE to be
manufactured is carefully predicted and optimized by calculations.
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A DOE can have many different designs and contains several subgroups. The most
common ones used for welding are:
-

Beam shapers; they are suitable to produce simple shapes such as ring-shapes
and have high efficiency.
Diffusers; they can generate almost any beam shape such as graphics and images,
but usually have lower efficiency than beam shapers.
Beam splitters; they are used for multi-spot processing; the main use is
producing many identical beams but some individual control of the beams is
also possible.

DOEs can be manufactured by different methods but the most common ones are
machining, diamond turning, multi-level etching, grayscale etching and also
programmable reflective chips.
Non-standard beam shapes have been used in different laser applications, such as laser
cladding, dissimilar laser welding [4], laser plastic welding [5], laser conduction-mode
welding of steel [6] and laser spot welding [7]. DOEs can be used for high laser beam
powers. They show great promise in a range of applications but are still rarely used
in industry. A diffractive optical element can be used to produce almost any beam
shape, see different levels of complexity in Fig. 8(a)-(e). In Fig. 8(e) two calculated
beam profiles can be seen that were calculated by a DOE design tool, by the company
Holo/Or, Israel. Figure 8(f) shows a multifocal lens as an example of a DOE.
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Fig. 8. Examples of possible laser beam shapes: (a) standard Gaussian beam, (b) top-hat like
beam, (c) combination of six Gaussian beams, (d) ring shape, (e) C-shaped beam with tophat profile (left half) or Gaussian profile (right half), (f) multi-focal lens as an example for a
DOE

4.3 Laser-material interaction
Laser materials processing is governed by the physical mechanisms of the process that
determine the resulting quality and performance, depending on the process
parameters, materials chosen and other manufacturing conditions. The physical
mechanisms can be mainly grouped into optical, thermodynamic, fluidmechanic,
chemical and metallurgical mechanisms. In the research behind this thesis, the
thermodynamic mechanisms have central importance, including possibilities for
improvement by shaping the laser beam and arranging its processing paths. In the
following sections the most relevant interaction mechanism and corresponding
experimental as well as theoretical methods will be briefly described. The direct
interaction mechanisms between the laser and matter is absorption, while it is
common to include the thermodynamics and fluid mechanics of the process.
Figure 9 shows a typical double logarithmic map on how the main regimes of the
different techniques of laser materials processing can be distinguished, depending on
interaction time of the laser beam with the material, power density of the laser beam
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or energy density, respectively. While the power density of the laser beam (unit:
W/m2) is one important value that determines the process, another is the line energy
(unit: J/m), i.e. power divided by speed, for continuous processes. For pulsed
processes the energy density (unit: J/m2) is of importance. In pulsed processes the
interaction time corresponds to the pulse duration while in continuous techniques
the interaction time is often expressed by the laser beam diameter divided by the
processing speed.

Fig. 9. Map of power density and interaction time regimes where different laser processing
techniques take place [8]
4.3.1 Absorption
The basic interaction mechanisms laser-matter were already illustrated in Fig. 6. For
all laser material processing techniques studied here absorption is essential. Absorption
is the mechanism to convert part of incident photonic energy into heat. Absorptivity
is the corresponding property quantifying the percentage of conversion. This value
is appropriate if the absorption takes place at the surface, as in most laser metal
processes. The absorbed power density can be applied in calculation as the local
boundary condition determining the temperature gradient. Being accurate, the laser
radiation penetrates typically a few ten nanometers into the metal where it is
converted into heat, though for most processes a negligible difference. In contrast, in
partially transparent media like a plasma, or certain non-metals the attenuation of the
laser radiation into depth is described by the absorption coefficient, expressed relative
to the travelling length.
For absorption, the laser wavelength is an important processing parameter since
different wavelengths are absorbed differently, also depending on the material. A
general graph of the absorptivity of important metals as a function of the laser
wavelength can be seen in Fig. 10(a), including the wavelength ranges of important
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high power lasers. Absorption will also depend on alloying elements, surface
chemistry, temperature, surface roughness and inclination angle of the laser beam [9].
Considering all these factors, the percentage of absorption is expressed as absorptance,
while absorptivity is common for the direct interaction radiation-matter, independent
of surface conditions. The absorptivity as a function of angle of incidence is described
by the Fresnel-equations, depending on the optical constants (n,k) of a material, on
the angle of incidence and on the polarisation of the laser beam. The optical constants
depend in turn apart from the material on the temperature and on the wavelength.
Figure 10(b) shows the absorptivity as a function of the angle of incidence for Fe and
for four laser wavelengths. The distinct maximum corresponds to the Brewster angle.
For unpolarised light, as for most high power lasers, the absorptivity used to stay
below 50%.

(a)

Fig. 10. (a) Absorption, or absorptivity A [1.00 is 100%] for different metals as a function of
the wavelength (room temperature, normal incidence); important high power wavelength regimes
are highlighted; (b) calculated absorptivity as a function of the angle of incidence (Fresnel curve)
on a steel/Fe surface (90° is here normal incidence, 0° parallel; thick solid line 10 m CO2laser, broken line 1070 nm fibre/disk laser, thin solid line 808 nm broken-dotted line 532
nm; unpolarised)
Wang et al. [10] developed a model, considering fractal parameters, to calculate the
absorption rate in laser hardening with a 445 nm laser. Their model showed that a
rough surface reduced the impact from the incidence angle on the absorptivity. They
also found that the temperature did not have any clear trend on the absorptivity.
4.3.2 Heat flow
Laser–metal interaction creates a temperature field which can be characterised with
monitoring methods or by calculations. Conduction of the heat generated by
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absorption from the irradiated part of the material to the surrounding volume is the
main mechanism of transporting heat in the laser processes studied in this thesis. The
heat flow includes any convective heat transfer, either from the processing speed or
from melt flow. The created temperature field can be experimentally studied by
thermocouples, pyrometers, thermal imaging methods or be theoretically predicted
by calculations. The trend of the isotherms of the temperature field is illustrated in
Fig. 11(a) for laser processing where the heat is absorbed at the surface (heat
conduction model of a moving point source), as in hardening or conduction mode
welding and in Fig. 11(b) for keyhole mode welding where the laser beam can
distribute its energy over depth (heat conduction model of a moving line source,
[11]. The asymmetry arises from the convection from the processing speed, for
continuous tracks, causing quasi-steady state conditions. For spot processing, with a
single pulse the isotherms become symmetric, in a transient manner (see also Fig. 16
later).

(a)

(b)

Fig. 11: Isotherms in a material section for (a) absorption at the surface (laser hardening,
conduction mode welding, AM), (b) absorption into depth (keyhole mode laser welding)
Experimental measurement methods
Thermocouples are a common temperature measurement method in the solid
material. They are attached to the workpiece and use the Seebeck effect to measure
temperature. Two dissimilar conductor materials are connected at the sensing area,
passing a known reference temperature, and then are connected to a voltmeter at the
other end. There will be a thermoelectrical current that can be translated into
temperature. The thermocouples can give a relatively accurate temperature-reading
at one point.
Thermal imaging can be used to study a broader temperature field on the surface,
including the liquid. The emissivity of the material is important to consider, to make
readings with good accuracy. This is probably the biggest drawback with using
thermal imaging in laser materials processing. Even if the quantitative temperature is
complex to capture, the thermal imaging method is good for qualitative analysis.
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Mattei et al. [12] used thermal imaging to compare laser welding with hybrid laserGMAW. Figure 12(a) shows a thermal image from the bottom surface of the process
during laser welding. Typical thermal cycles from continuous processing (here
LAFSW, Paper E) can be seen in Fig. 12(b), as acquainted from thermocouples.

(a)

(b)
Fig. 12. (a) Thermal image from a laser welding process, measured on the back face of the
plate[12]; (b) thermal cycles, measured from thermocouples (see Paper E)
Numerical calculation methods
Numerical calculation, or mathematical modelling is another powerful method to
study and in turn optimise the temperature field in laser materials processing.
Modelling can be performed in a variety of different ways. Models of laser processes
can be of analytical or numerical nature. Analytical models are based on equations
that express the physics in the continuum, in space and time. A compromise
occasionally applied is semi-analytical modelling where some discretization is
involved, yet applying analytical equations. For numerical methods the physical
phenomena are discretized in space (meshing) and time, applying methods like the
Finite Element Method (FEM), Finite Volume Method (FVM), Finite Differences
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Method (FDM) and Boundary Element Method (BEM). The models take different
physics into account depending on the aim and scope of the model. Some focus on
just one type of physical behaviour, like heat conduction while others take ray tracing
of the laser beam, heat conduction and fluid flow or stress formation and strain into
account. For laser hardening and laser preheating, only the heat conduction has to be
taken into account, in the absence of melt flow. For conduction mode welding, latent
heat of melting and a liquid phase have to be considered, with effects like Marangoni
convection. Going into keyhole mode welding, it also involves latent heat of
vaporisation and ablation pressure acting on the melt. Residual stresses are often
modelled based on the temperature history in the work-piece. Besides process
modelling, structural analysis on the laser processed product can be performed, for
the mechanical load situation e.g. on a laser weld or an AM product. Modelling is
also being employed in newer manufacturing methods like L-PBF. For example,
Khairallah et al. [13] showed how Marangoni convection and recoil pressure
contributes to the melt pool flow in L-PBF. This is one aspect where modelling can
create an understanding which can be difficult to obtain through only experimental
observation.
4.3.3 Fluid flow and other contributing mechanisms
In thermodynamics, according to the heat conduction equation, in addition to
thermal conduction convective heat transfer contributes to the heat flow. Most laser
techniques melt the metal and any flow of the melt alters the isotherms because of
convection. The melt flow can be described by the Navier-Stokes-equations, which
can be applied to calculate the flow field and the pressure distribution, in addition to
the temperature field. Melt flow is initiated by a driving force. Well known,
particularly from arc welding, is Marangoni convection where the temperaturedependent surface tension is the driving force, owing to the temperature differences
across a melt pool surface. In laser processes where boiling takes place the ablation
(or recoil) pressure from boiling on the melt can become a very strong driving force,
e.g. keeping the keyhole open in laser keyhole welding. While these forces accelerate
the melt at the surface, continuity of mass leads to movement of usually the whole
melt body. In contrast, buoyancy by gravity (a volumetric force) often is of minor
importance. Other forces can e.g. arise from dragging of a surrounding gas on the
melt surface.
For certain laser processes the accompanying gas flows are of minor relevance, while
for other processes they are important. In laser keyhole welding the generation of
metal vapour causes complex additional mechanisms, like the generation of
condensed nano-particles and the interaction of the vapour with the laser beam and
with the shielding gas.
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Other mechanisms that can be important to consider for a laser process can be
chemical mechanisms (e.g. oxidation), metallurgy and the stress field and strain. Phase
transformations from chemistry or metallurgy contribute as a source or sink of heat.
Metallurgical mechanisms depend on the alloys and their phenomena and are
connected to the thermodynamics during and after solidification, though also often
already governed by diffusion mechanisms in the melt.
The stress field that is generated during the thermal cycle of a process has complex
links to the temperature field. Stress can either relax in strain and distortion or remain
as residual stress after the processing.
All above mechanisms can again be studied experimentally, e.g. by high speed
imaging or after processing by microscopy, or numerically, applying methods like
Computational Fluid Dynamics (CFD) to calculate the melt flow, FEM for the
residual stress field or multi-scale models for the metallurgy. Because of the
complexity of the many mechanisms involved in laser materials processing, depending
on the aim of a study a judgement is necessary on the importance of considering a
certain mechanism, or the inaccuracies when neglecting it.
In the following, the different laser materials processing techniques studied in the
publications of the thesis will be briefly described, particularly with respect to heat
flow and its possibilities for optimisation.

4.4 Laser transformation hardening
Laser transformation hardening, addressed in Paper C, is a surface hardening process
and one of the first laser based fabrication methods to be commercialised. The
material is heated to a temperature under the liquidus temperature but in the
austenitising temperature range. In this temperature, the iron atoms start rearranging
in the metal lattice. When laser-material interaction is stopped, the rest of the material
will act as a heat sink and rapidly cool the material, quenching. Martensite will form
when the material does not have time to return to its original structure (no Cdiffusion in the lattice). Laser hardening is usually applied locally when part of the
structure should be hardened. It is also easily applied on 3D-shaped surfaces due to
the high controllability of the laser beam. Special beam shaping optics (e.g. line shape)
or scanning optics can be preferential to harden wider areas or to tailor the
temperature cycle.
With respect to its thermodynamic conditions, laser transformation hardening is usually
applied for either larger surfaces or localized domains, which requires overlapping
tracks and a tailored path. From overlapping tracks the metal locally experiences
multiple thermal cycles, affecting the metallurgy, e.g. causing soft zones. Suitable
beam shaping in space and time has high potential for optimizing the metallurgy
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across the processed region. In contrast to most other laser processes, in absence of
melting the link between beam shaping or track sequence management to the
resulting metallurgy is more straightforward and potentially more controllable.
Figure 13 shows laser hardening of wear resistant steel together with thermal imaging
of the process.

Fig. 13. Laser surface hardening on wear resistant steel accompanied with thermal imaging of
the process (LTU).
Ashby and Easterling [14] produced a pioneer paper, which combined heat flow
equations with kinetic models to predict the hardness and structure of hypo-eutectoid
carbon steel after laser hardening. Ion [8] published a comprehensive review on laser
hardening including the principle and hardening properties for a range of materials.
The laser hardening principle for a 0.35% C-steel is shown in Fig. 14
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Fig. 14. Laser transformation hardening: Illustration of the isotherms in an irradiated
material section, two temperature cycles at different locations, their relation to the FeC-phase
diagram [8]
Kennedy [15] reviewed the use of high power diode lasers in surface hardening.
Diode lasers can be beneficial due to higher absorptivity in most materials. High
power 1 m-wavelength lasers became common in industry in the end of the 2000s.
These are more than well equipped to handle hardening of most materials. For
example, Sarkar [16] used a modern Yb-fiber laser to harden thin sheets of low carbon
steel (0.05% and 0.07%) where the lower carbon content increased its hardness from
120 HV to 217 HV and the higher carbon content from 160 HV to 280 HV. Laser
beam absorption is one of the most important parameters to estimate during
modelling of laser hardening. Nguyen and Yang [17] presented a sequential method
to determine surface absorption during laser hardening. Besides continuous track laser
hardening, Tricarico et al. [18] performed laser spot hardening and remelting on a
hypereutectoid steel. They present the process window of the methods. The spot
hardening technique can be automated by beam splitting, for example with a DOE.
The model by Sundqvist et al [19] (Paper B) could be used to calculate the
temperature field for this hardening procedure.
One problem that can arise during laser hardening is thermal deformation of the
substrate sheet. Kim et al. [20] compared the use of different heat sinks to counteract
this problem and found that heat sinks were an effective method to reduce
deformation. Positive deflection was caused by plastic deformation and negative
deflection was attributed to martensite formation. A heat sink reduced the thermal
deformation and promoted martensite formation.
Carbon steel is more commonly hardened than stainless steel but a limited number
of reports on laser hardening of stainless steel exist in literature. Mahmoudi et al. [21]
laser hardened the martensitic stainless steel grade AISI 420 and obtained 90% of the
hardness achieved by conventional hardening. They also studied corrosion properties,
which can be altered by heating cycles. The hardened area had an increased corrosion
resistance due to chromium carbides being dissolved. By tempering with a second
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track, carbides deposit in the grain boundaries. Van Ingelgem et al.[22] studied the
corrosion resistance in martensitic stainless steels with regard to laser parameters and
the overlapping of several hardened tracks. Less overlapping produced more
homogenous mechanical properties and higher corrosion resistance. Laser hardening
of the precipitation hardened stainless steel grade 17-4 PH also increased the hardness
from 400HV to 450HV [23].
For overlapping tracks in laser hardening of 11% Cr ferritic stainless steel, apart from
enhancing the hardness another aspect is the risk of sensitisation and intergranular
corrosion for this steel grade. This phenomenon is described and studied in Paper C
for laser transformation hardening as well as in Paper D for additive manufacturing,
then involving melting.

4.5 Laser-assisted friction stir welding
Friction stir welding (FSW), addressed in Paper E, is like laser welding a rather new
manufacturing technique, invented at The Welding Institute (TWI, UK) in 1991 by
Thomas et al. [24]. FSW is a solid-state welding technique, meaning that no melting
of materials take place in the process. FSW employs a solid tool, which usually consists
of a pin and a shoulder. The tool is rotated to heat the surrounding metal by friction
and to create a plastic flow around the tool, see Fig. 15 (already illustrated with the
uncommon here studied laser pre-heating).

Fig. 15. Sketch of laser-assisted friction stir welding of aluminium to steel [25]
With respect to its thermodynamic conditions, FSW operates under the limit of melting.
The boundary conditions, for calculations, are complex and only partially formulated
yet. These important boundary conditions and links between tool force and
temperature can be superimposed by a quasi-steady state temperature field induced
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by a pre-heating source, e.g. a laser beam. The FSW-tool has a complex heat
conduction impact on the temperature field, even apart from its complex heat
generation, e.g. because it conducts heat away. In Paper E dissimilar welding is
studied, which causes asymmetric conditions, that could be considered by asymmetric
positioning of the FSW-tool or of the laser beam.
For FSW, one characteristic aspect is that detrimental temperature regions can be
avoided, thus being advantageous for certain alloys and mixing of materials. FSW is
most commonly applied for aluminium alloys, owing to their properties but also
because they are challenging for fusion welding techniques. Dissimilar material
combinations is another area where FSW is promising since intermetallic compounds
are minimised. Simar et al. [26] present a review of the work conducted on FSW of
dissimilar materials. One challenging combination is the joining of titanium alloy to
stainless steel in butt joint configuration, which is also difficult for fusion welding
techniques [27]. An interlayer (a matching buffer zone) between the materials is often
useful[28-29]. Friction stir lap welding of these alloys has however been studied [3033]. There are several challenges with this type of joint, starting with tool wear,
followed by material mixing and possible intermetallic compounds. Aspects about the
tools in friction stir welding were reviewed by Rai et al. [34] Wear on the tool pin
was studied by Arora et al. [35].
FSW can, like laser processing, be modelled with a range of different incorporated
physics. Heat conduction is usually in the centre of the modelling with some models
also containing material mixing and residual stresses. More advanced models usually
also contain mechanical modelling, to simulate plastic flow in the weld zone. He et
al. [36] presented an extensive review of modelling of FSW in 2014 (with over 400
references). At the tool/material interface, material can both stick and slide. This
parameter is important for heat generation and non-trivial to assume. Assuming full
sticking usually overestimates the temperature in the material. Chen et al. [37]
proposed an alternative friction model where the transition between these modes are
taken into account. A CFD model with this approach is developed and validated.
FSW can also be modelled analytically, as presented by Rajesh et al. [38]. The
analytical model of the heat is then used together with FEM to calculate residual
stresses. Schmidt and Hattel [39] proposed another approach which they called
'thermal pseudo-mechanical', that calculates the heat generation mainly from the
material's yield stress. This model’s main benefits are that little data are needed for
calculation and it is relatively fast.
Laser-assisted friction stir welding, LAFSW, illustrated in Fig. 15, is a hybrid welding
technique which is rather new and seldom studied (a search on the Scopus database
yields 51 documents for ‘laser assisted friction stir weld*’). LAFSW was first reported
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by Kohn et al. [40] Padhy et al. [41] reviewed all types of auxiliary energy-assisted
friction stir welding processes. They highlight that a preheating heat source improves
the process window, material flow and load on the tools. Nickel alloys have been
processed successfully with laser assisted friction stir processing, which is a variant to
FSW. The laser-assisted samples were compared to samples without a preheating
laser. The main differences were a defect-free zone in laser assisted processing and
lower torque on the tool. [42]

4.6 Laser beam welding
Welding joins two metal sheets by melting their edges and after solidification they
form a joint. Many other joining techniques exist but for metal products, welding is
the most important and most elegant one. Among the manifold welding techniques,
laser welding is characterized as a high risk/high potential technology. Laser welding,
addressed in the Papers A,B,F, is carried out by illuminating a material with a laser
beam of high intensity, or power density. [43] Depending on mainly the power
density (or intensity) I, two different welding modes can be obtained, see Fig. 16,
namely conduction-mode welding I < 1 MW/cm2 (indicatively) and keyhole-mode welding
I > 1 MW/cm2 (note that there is also a transition mode between these [44]).
Moreover, continuous seam welds and single pulse spot welds can be distinguished.
Paper A and B address single spot conduction mode welds while Paper F studies
continuous keyhole mode seam welds.

Fig. 16. Modes of laser welding: (a) continuous conduction mode laser welding, (b) continuous
keyhole mode laser welding, (c) single pulse conduction mode laser spot welding, (d) high speed
image of the weld pool surface during conduction mode laser spot welding.
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As the name implies, heat conduction welding is mainly governed by the conduction
of heat (absorbed laser beam energy) from the surface down into the material which
creates a wide weld with a low depth-to-width aspect ratio, kind of semi-circular or
semi-spherical. The material is heated above its melting temperature but below the
boiling temperature. Besides heat conduction there will still be thermal convection,
particularly due to Marangoni flow and, in case of seam welds by the welding speed
movement, see Fig. 11(a).
Keyhole-mode welding will be initiated when the laser beam has a high enough
intensity (or power density, I > 1 MW/cm2) to raise the temperature on the surface
beyond the boiling point threshold. Then the laser beam will boil material and by
the ablation (recoil) pressure the melt is pushed down in the centre but in turn pushed
up at the sides, creating the keyhole wall. The absorption of the incident laser beam
will increase inside the keyhole due to a change of the angle of incidence along with
beam trapping, i.e. multiple reflections, which give a higher total absorption [45].
The flow in the melt pool is driven by the ablation pressure and by surface tension
(e.g. Marangoni convection), while buoyancy is of minor importance [46]. Above
the keyhole a vapour plume will form which can create a thermal lensing effect and
cause a focus shift from interaction with the laser beam (for 1 m-lasers scattering
rather than absorption). In CO2-laser welding it is especially important to minimize
the vapour plume because it can highly absorb the laser radiation above the keyhole
(quadratic to the wavelength, i.e. CO2-lasers experience a 100 times higher plasma
absorption than the other high power laser types).
With respect to its thermodynamic conditions, laser conduction mode welding, as spot welding
(Papers A,B) is less complex than keyhole welding. Nonetheless, an important aspect
is, apart from spatial beam shaping, the temporal optimisation of the laser pulse profile
and in turn of the temperature field. The complexity arises from the wide range of
shaping combinations. In contrast to cw-processes, pw-induced thermal cycles can
be more directly related and optimized to the thermal and in turn metallurgical
behaviour.
Laser keyhole welding for continuous weld seams, addressed in Paper F, has a very distinct
(quasi-steady-state) characteristics of its thermodynamics. Potential for alterations of
the thermal cycle arises from laser beam shaping, mainly modulating the keyhole and
the melt dynamics, in first hand, but more directly by pre- and post-heating, e.g.
from employing additional laser beams. In the present thesis the residual stress field is
addressed, which has a complex non-linear link to the temperature field, which is in
turn a challenge to understand and optimize.
A successful laser weld is characterised by its high quality. Quality aspects can be:
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x no inner imperfections (pores, inclusions, brittle phases, cracks, lack of fusion,
etc.)
x no surface imperfections (notches, etc.)
Obtaining a good (acceptable) quality joint usually requires optimisation. Apart from
the choice of the materials and of their joint design, some of the important process
parameters are [43]:
x
x
x
x
x
x
x
x
x
x
x

Welding speed
Choice of the laser (wavelength, beam quality, maximum power cw, or pw)
Laser beam power
Focussing, focal plane position (hence: beam parameters and welding mode)
Irradiance profile of the laser beam (beam shaping as option)
Workpiece surface preparation
Chemical composition of the material(s)
Shielding gas type and flow
Possible filler metal
Pre- or post-heating, if necessary
etc.

Welding of dissimilar materials is a particularly challenging combination that requires
more consideration such as solubility of chemical elements, thermal properties of the
material. The thermal welding cycles usually need a higher level of control to avoid
intermetallic phases. Dissimilar welds are in the present research particularly
interesting, since tailored beam shapes can partially compensate for the
inhomogeneous thermodynamic behaviour.
Two important scientific methods to study laser welding are mathematical modelling
and high speed imaging. Process modelling od laser welding, applied in Papers A,B
and accompanying in Paper F, is a powerful method to efficiently gain knowledge in
a deep manner (all numerical data are accessible, but accompanied by uncertainties)
while lowering the number of experiment. High Speed Imaging, HSI, provides
evidence of phenomena particularly at the weld pool surface [47]. Eriksson et al. [48]
used HSI to observe and characterise the melt flow at the keyhole front during deep
penetration laser welding. For temperature measurements, pyrometers or thermal
cameras can be employed. To optimise welding in industry, process monitoring
equipment can be applied directly for recording purposes or, more challenging, as
closed loop control [49].
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4.6.1 Modelling of laser welding
Modelling and simulation of processes are used to obtain information about the
process that is difficult or very time-consuming to obtain in real experiments. The
physical mechanism are expressed by mathematical equations. For laser welding the
models can be very comprehensive, by including several physical areas (optics,
thermodynamics, fluid dynamics, structural strength, moving interfaces, etc.), or very
focused on one or few of those mechanisms. Figure 17 illustrates important
mechanisms in the complex process of keyhole mode laser welding.

Fig. 17. Illustration of important mechanisms of laser keyhole welding: (a) view towards the
front of the keyhole [50], (b) long section of the weld pool and keyhole.
The simplest models of laser welding usually only consider the heat conduction
equation, which can be written in its general form as:
డ்
డ௧
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where Į is the thermal diffusivity, which is described by Į=k/(U·cp), k is the thermal
conductivity, Uis the specific mass density and cp is the specific heat. T(x,y,z;t) here
describes the temperature field in space and time.
Models can be of analytical nature, making them very fast to calculate but simplifying
the problem, or numerical to solve the basic equations in a mesh, making them slower
and requiring meshing and other preparation efforts. Numerical models are often run
by commercial codes and can achieve high accuracy, as a trade off with computation
time and efforts. In this thesis, models are described as either analytical or numerical
models, depending on the needs and complexity. Some of the analytical solutions
involve integrals that demand numerical calculation, then denominated semianalytical modelling [51].
Before initiating any simulation it is very important to define the purpose of the
model. The purpose will affect a compromise between precision, time and
performance for parameters such as physics involved, accuracy required, uncertainties
and assumptions needed. Developing a more advanced model and involving more
physical mechanisms usually requires more complexity, assumptions and
uncertainties. This will in turn affect the efforts and results, requiring more careful
elaboration along with more comprehensive validation of the model. Choice of the
modelling technique is a trade-off.
Analytical modelling
Originally many models in the field of laser welding were based on analytical
solutions, particularly based on a survey by Carslaw and Jaeger [52]. Many of the
early models are based on Rosenthal [11], like the moving point and line source
welding models mentioned above, or the Swift-Hook and Gick-model [53]. Early
laser welding models often used point, line and Gaussian sources or a combination of
these, and contained few numerical equations due to constraints in computational
power. Lax [54] presented a model to estimate the temperature rise from a steadystate stationary Gaussian beam while Cline and Anthony [55] presented a model for
a steady-state moving Gaussian beam (for continuous conduction mode welding).
Both of these models provide the foundation for many of the subsequent laser
processing models developed during the years.
Most models concern keyhole welding where a combination of a line and a point
heat source is common [56-57]. The trend today goes more towards numerical
models (owing to available computer power) but analytical models still have a role to
play in simpler and faster understanding of the physics in laser processing [58-62].
Despite their doubtless advantages in accuracy and complexity, numerical models are
limited as soon as certain sub-phenomena or material properties are not precisely
known, inducing uncertainties and risks. Paper B presents an analytical model.
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Numerical modelling
Numerical models have become more widely used and more advanced in recent
decades due to the increase in in computational power available, accordingly,
commercial codes, teaching and an engineering culture that has developed. The most
common numerical methods in modelling of laser welding are the Finite Differences
Method (FDM), the Finite Element Method (FEM) and the Finite Volume Method
(FVM). For fluid flow calculations, Computational Fluid Dynamics (CFD) is a
common term, often based on the Control Volume Method (CVM). Mazumder and
Steen [63] presented one of the first numerical models on laser welding, which used
the FDM technique. Paul and DebRoy [64] included fluid flow in their model on
conduction-mode welding. In conduction-mode spot welding, heat conduction is
the main mechanism but many models also investigate the melt flow, particularly the
convection contribution from fluid flow.[65-68] Figure 18 shows CFD-simulation
results and weld cross sections for the influence of the Marangoni convection on the
weld pool shape. Depending on the temperature field and surface tension gradients,
the flow direction at the surface can be directed radially outward or inward,
accordingly altering the weld pool shape.

Fig. 18. Conduction-mode spot welding: (a) FE-simulation of the melt flow and heat
conduction[69], (b) sketch of Marangoni convection (outwards); comparison between
experiments (left half) and simulation (right half) for (c) outward and (d) inward directed
Marangoni flow and convection.
Some keyhole models today are more advanced, incorporating multiple reflections
and Fresnel absorption. Fluid flow, heat transfer and moving interfaces are often
included to study the geometry change during laser processing [50, 70-71]. The
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temperature field from a CFD-simulation for laser keyhole welding is shown in Fig.
19, here for a tandem employment of two laser beams [71].

Fig. 19. Numerical CFD-simulation (temperature field, side view) of keyhole mode welding
with dual tandem laser beams [71]
4.6.2 Fatigue cracking of welds
The following description is a condensed version of a presentation and manuscript of
the NOLAMP 14-conference in Gothenburg, Sweden, in 2013, addressing fatigue
cracking of welds as a background for Paper F.
Decades ago, high-strength steel (HSS) was introduced in the automotive industry
because of higher safety and fuel requirements. Figure 20 describes the strength
properties of the different HSS.

Fig. 20. Elongation as function of tensile strength for different high strength steel grades[72]
Newer types of HSS were developed during the 90s which were called advanced
high-strength steel (AHSS). These steels have increased in popularity in recent years
when forming and welding has been improved. AHSS differs from ordinary HSS due
to its different microstructure. AHSS can have microstructures containing of
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martensite, bainite and austenite in both single-phase and multi-phase configurations
while ordinary HSS mainly consists of single-phase ferrite [72].
Fatigue failure is a failure that arises in a material because of fluctuating loads. The
loads are lower than the ultimate tensile strength of the material and also often under
the yield strength. Fatigue failure is often divided into three phases, as illustrated in
figure 21:
1. Crack initiation, the crack is formed. It can arise from outer flaws like
scratches, small surface defects or internal defects where the stress
concentration is high..
2. Crack propagation, the crack grows every time stress is applied to the part
3. Failure, when the crack has grown so much that the part cannot withstand the
stresses.

Fig. 21. Typical fatigue behaviour of a rod. Fatigue initiation starts on one side of the rod
and then propagates until final fracture.
During welding the materials are exposed to liquidation, resolidification, heat and
sometimes filler wire. These effects will produce a fusion zone (FZ) where the
resolidified material will have changed surface geometry and material properties. The
area next to it will also have been subjected to heating, the so called heat affected
zone (HAZ).
The changes in material composition and surface geometry will affect the fatigue
strength, making the fatigue of welded joints an important mechanism to understand.
Geometrical effects
After welding there will most likely be a change of shape on the material and thereby
a stress raiser. If the toe angle is large then the stress concentration will be high in the
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transition between base metal and the weld, see figure 22. The stress concentration
is not caused by the weld itself but by the change in geometry.

Fig. 22. Geometry of a butt-welded joint and some important parameters
If the material instead is loaded in the other direction then the crack can initiate in
weld ripples.
Undercuts can be formed during welding with the wrong parameters. The sudden
geometry change that arises in the undercut will create a high stress concentration.
The fatigue strength decreases when the tip radius increases. [73]
If a crack is present at the end of the weld after the welding operation then the crack
initiation phase is negligible, this type of weld defect will be detrimental for the
fatigue life since the crack will start propagating from early loading cycles. Figure 23
shows examples of common weld defects.

Fig. 23. Three common types of weld defects
Residual stress effects
As mentioned above the materials are heated and cooled during welding. The parts
of materials that are heated want to expand and when it is cooled the material want
to contract, which will give residual stresses in and around the weld joint. Post-weld
treatment like peening or heat treatment is often used to induce compressive stresses
which cancel out the residual stresses.
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Residual stresses induced by laser welding is commonly predicted through FEA [7475] or measured by different destructible or non-destructible methods. One
destructible method is for example hole drilling [76] while X-ray diffraction is nondestructible [77]
Crack propagation
The crack propagation approach can be used together with other methods for
calculating for fatigue life. For welded joints it is common to only assess them by
crack propagation calculation since the propagation represents a vast majority of the
fatigue life. [78]
There exist three kinds of surface displacement cracking, figure 24, where mode I is
the most common and therefore will be the only one treated here.

Figure 24. Surface displacement modes
The stress intensity factor (K) can then be calculated with
 ܭൌ ܻ ή ߪξߨܽ
Where

(2)

Y = Geometry dependent function
ı = Stress acting on crack, usually calculated with nominal or hot-spot

approach
The fatigue crack growth can be calculated by the “Paris” law [79]:
ௗ
ௗே
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Where
a = Crack size
N = Number of cycles
¨K = Stress intensity factor range
C0, m = Material constants

(3)
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4.7 Laser additive manufacturing
The interest for additive manufacturing (AM) has strongly grown in the last couple
of years. AM, addressed in Paper D, has the ability to produce products with
geometries that otherwise are not feasible. Lasers are a favoured tool for AM, then
termed LAM.
With respect to its thermodynamic conditions, AM per definition composes a product
from many tracks that inherently superimpose their temperature field. The material
experiences a sequence of thermal cycles, probably highly irregular and of different
temperature peak level, while the first cycle always melts the material, for the
generation process itself. While initially AM is often carried out by placing one track
beside or above the other, optimizing the thermal management is complex but has
high potential. A prerequisite is understanding of the thermodyamic and metallurgical
interactions, for the respective AM-technique.
A CAD-model can be imported into the AM-machine and directly built to a near
net shape. Lasers are used in AM in powder processes such as Selective Laser Melting
(SLM) also called Laser - Powder Bed Fusion (L-PBF) where powder is preplaced
and then traversed by the laser beam to fuse with the product. Khairallah et al. [13]
explained the physics of the SLM process, see fig. 25. They investigated how recoil
pressure and Marangoni convection influence the melt flow. The same group studied
the denudation zone for SLM with steel and titanium alloy powders. [80] Direct
Metal Deposition (DMD, or Direct Energy Deposition, DED) [81-82] employs a
nozzle that blows the powder onto the work-piece material where the laser beam is
interacting with the surface of the work-piece and the powder. LAM can also employ
wire as feeding material, which can give higher deposition rate [83]. An overview of
AM of metals can be found in [84] and for LAM of metals in [85]. Another review
treats the materials used in SLM [86]. Gorsse et al. [87] review the microstructure of
steels, titanium alloys and high-entropy alloys commonly used in additive
manufacturing. They present a list of Technology Readiness Level (TRL) for
different alloys. Tool steels (H13 and Maraging 300) is said to have TRL 9 while
stainless steels (316L and 17-4 PH) have TRL 7-8. AM techniques induce a complex
thermal cycle compared to most other laser materials processing techniques. In most
methods, the material is heated once and then cooled down to room temperature but
for additive manufacturing the many subsequent surrounding tracks cause several
heating cycles. Material can even be remelted numerous times and be heated into
critical temperature regions multiple times, as for the above mentioned sensitisation
risk addressed in Paper D.
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Figure 25. Results from advanced CFD calculation of the SLM-process; side view of a
calculation sequence with higher complexity of physical phenomenas involveds [13]
Commercially available material for additive manufacturing is limited since it has to
be commercially available as powder or wire. Samarjy and Kaplan [88] presented a
novel technique to feed laser additive manufacturing through laser remote fusion
cutting of another product. The method is presented to enable recycling of waste
material and termed CYCLAM [89]. This drop-deposition method, from a laser
induced boiling front that ejects drops downwards, see Paper D, can also be useful
for AM of material that otherwise is not available. CYCLAM has more in common
with techniques such as Drop-on-Demand (DOD) than with SLM and DMD due
to the nature of liquid material deposition. Cheng et al. [90] produced a pneumatic
chamber to produce drops and verified it for indium, tin, lead and zinc. Another
similar technique is laser droplet generation.[91] A laser beam is aimed just above the
end of the wire tip making it warm enough to evaporate inducing a vapour recoil
pressure that pushes the melt downwards. Laser droplet generation is proposed to be
used for joining of thin metals, dissimilar materials and zinc-coated steel sheets. The
process discussed in Paper D is for AM and can enable the use of otherwise not
commercially available AM material. The investigated material is a low-chromium
ferritic stainless steel.
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5 Summary of the papers
Paper A: Numerical optimization approaches of single-pulse conduction laser
welding by beam shape tailoring
Abstract:
While circular laser beams are usually applied in laser welding, for certain applications
tailoring of the laser beam shape, e.g. by diffractive optical elements, can optimize
the process. A case where overlap conduction mode welding should be used to
produce a C-shaped joint was studied. For the dimensions studied in this paper, the
weld joint deviated significantly from the C-shape of the single-pulse laser beam.
Because of the complex heat flow interactions, the process requires optimization.
Three approaches for extracting quantitative indicators for understanding the essential
heat flow contributions process and for optimizing the C-shape of the weld and of
the laser beam were studied and compared. While integral energy properties through
a control volume and temperature gradients at key locations only partially describe
the heat flow behaviour, the geometrical properties of the melt pool isotherm proved
to be the most reliable method for optimization. While pronouncing the C-ends was
not sufficient, an additional enlargement of the laser beam produced the desired Cshaped weld joint. The approach is analysed and the potential for generalization is
discussed.
Conclusions:
(i) In the presented case of rather complex three-dimensional heat flow, the
optimization of the joint geometry through a suitable beam shaping and DOE-design
becomes non-trivial
(ii) Calculated heat flow across a control volume and local temperature gradients
were only partially suitable as indicators to generally guide the beam shapingoptimization; instead, key properties of the melt pool shape at the top and in the
interface were suitable design indicators
(iii) First order beam optimizations paved the way for weld shape optimization but
merely fulfilled some of the target aspects; second order optimization proved
successful to achieve all criteria
(iv) In the C-shape case studied here, the beam shape needs to differ from the desired
weld shape, which was explained by different concurrent heat flow interactions, at
the C-shape ends and radially inwards
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Paper B: Analytical heat conduction modelling for shaped laser beams
Abstract:
Conduction mode laser spot welding and laser spot hardening are well-established
techniques when using Gaussian or top-hat like beam shapes. One main requirement
during processing is usually to avoid overheating in the centre of the beam
interaction, e.g. to keep below melting or boiling temperature, respectively, and
controlling the heat affected zone. By spatially and temporally shaping the beam, the
processing flexibility increases which can enable higher processing quality or speed.
A desired spatial beam shape can be achieved by an accordingly designed diffractive
optical element. However, prediction of a suitable beam shape for a certain process
rapidly becomes complex. A simplified semi-analytical heat conduction model has
been developed that can rapidly calculate the temperature field and cooling behaviour
for almost any spatial and temporal beam shape. The potential and limits of the model
are demonstrated and discussed by calculating and analysing temperature profiles for
several cases, like multi-spot welding and optimisation of the joint shape. For certain
conditions the joint shape of an overlap weld turned out to significantly differ from
the laser beam profile, which however can be quickly optimized in an iterative
manner. In another case, the extent of asymmetry of the ring-shaped temperature
field was calculated for a misaligned optical axicon element.
Conclusions:
(i) By spatially and temporally superimposing the analytical (one numerical integral)
temperature field solution for a Gaussian heat source, representing a laser beam, the
temperature field for almost any spatial and temporal pulse shape can be modelled,
by accepting certain small simplifications.
(ii) This kind of model is faster than FE-modelling since no meshing is needed and
only few numerical steps are required. The model is however limited to flat,
homogeneous sheets.
(iii) It was demonstrated that complex beam irradiation profiles, which can be realized
by DOEs and other beam shaping equipment, and their corresponding temperature
fields can be easily calculated.
(iv) Subsequent analysis of temperature gradients and cooling behaviour can easily be
carried out.
(v) Some beam shapes can generate unexpected joint shapes, which can be easily
investigated by the presented model and iteratively optimized, if needed.
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Paper C: Laser surface hardening of 11% Cr ferritic stainless steel and its sensitisation
behaviour
Abstract:
11% Cr ferritic stainless steel conforming to EN 1.4003 standard was surface hardened
by a continuous-wave fibre laser beam. Both single-pass and multi-pass laser
hardening was investigated. Different laser parameters were compared and their
influence on hardness, microstructure, geometry of the hardened zone and
sensitisation was investigated, especially for overlapping passes. The experiments
showed that a surface hardness which is double that of the base material hardness was
obtainable via martensitic phase transformation and high cooling rate, in spite of the
low carbon and nitrogen content. This behaviour could be predicted from the
chemical composition using the Kaltenhauser Ferrite Factor. Hardening at higher
power levels gives more coarse-grained lath martensite but does not increase the
hardness. Sensitisation was not a problem in single-pass hardening. However, the
production of overlapping tracks could be detrimental to corrosion resistance in 11%
Cr steel due to the formation of chromium carbides and nitrides.
Conclusions:
(i) Despite the low carbon and nitrogen content, laser surface hardening of 11% Cr
ferritic stainless steel has the potential to increase the hardness two-fold from 175 HV
to 350 HV by the formation of austenite at higher temperatures which transforms
into martensite during rapid cooling.
(ii) No sensitisation was discovered for single-track laser hardening. High cooling rate
can induce sensitisation at ferrite-ferrite grain boundaries for low-chromium ferritic
stainless steels but the high austenite potential of the investigated steel lowers the risk
of sensitisation from rapid cooling.
(iii) Overlapping tracks are at risk of sensitisation, where the tempering region reaches
around 600-800 °C for the first hardening track, due to the creation of chromiumrich precipitates. This depletes the adjacent regions of chromium, making the material
prone to inter-granular corrosion. A cooling time of 0.9 s from 764 °C to 500 °C
was not enough to prevent sensitisation
(iv) The area at risk of sensitisation can be predicted by numerical modelling of the
temperature field and temperature history of the material.

46

Introduction

Sundqvist

Paper D: Sensitisation behaviour of drop-deposited 11% Cr ferritic stainless steel
Abstract:
Low chromium ferritic stainless steels are at risk for sensitisation from certain
sequences of thermal cycles. A recently developed laser-driven drop-deposition
technique was suitable to build three adjacent tracks on a substrate sheet, which have
the same material composition. The microstructurally evaluated tracks were also
tested for hardness and sensitisation. The process was recorded by high-speed imaging
to understand the drop-deposition mechanisms. For a temperature peak just below
austenitisation, the thermal cycle from a subsequent track affects the former through
tempering. Etching reveals a continuous region of ditched grain boundaries around
the interface between the melted and heat affected zones, which is theoretically
discussed. In the melted zone, the network becomes discontinuous approaching the
surface, meaning that the specimen was immune to sensitisation. Additive
manufacturing can induce manifold sequences of thermal cycles, but from the
generalized knowledge strategies against sensitisation can be derived.
Conclusions:
(i) EN1.4003 was for the first time used and studied as supply material in AM, which
was enabled by the new technique of laser-induced drop transfer
(ii) Sensitisation screening according to ASTM A 763-15 Practice W showed a
discontinuous network of ditched grain boundaries in the added material. The added
material was then not at risk for sensitisation.
(iii) The HAZ in the substrate showed a continuous network of ditched grain
boundaries but the ditches do not connect with the surface; therefore intergranular
corrosion should not be an issue; melting causes less ditched intergranular networks
and can therefore be a measure to avoid sensitisation.
(iv) The microstructure in the added material consists of martensite and achieved a
hardness of 320 HV, compared to 175 HV for the fully ferritic base material.
(v) The melt flow during the technique of laser-induced drop transfer is strongly
dependent on the laser beam power. For low power close to the cutting limit, the
deposition rate and drop interval will dictate the shape of the built layer. For higher
power and same velocity, the extra laser beam energy passes through the feeding sheet
and causes a boiling and ablation pressure impact on the additive molten pool, altering
the thermal cycle and developing a smoother track.
(vi) The many tracks during AM can generate manifold combinations of thermal
cycles; for EN 1.4003 some of them are prone to sensitisation, particularly when the
first cycle exceeds the austenitisation temperature but not the melting temperature,
forming tempered martensite, and the second cycle reaches a temperature interval
between about 600 to 800 °C, where enough energy for precipitation is provided
but new austenitisation avoided.
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Paper E: Numerical simulation of laser preheating of friction stir welding of
dissimilar metals
Abstract:
Friction stir welding, FSW, of harder metal alloys is difficult to perform, like here
dissimilar welding of titanium alloy to stainless steel in butt joint configuration. One
limitation is tool wear. A preheating laser beam can lower the forces on the tool. A
mathematical model to calculate the tool forces during FSW was developed further.
The calculations show an enlarged domain of elevated temperature around the tool
with correspondingly lower yield strength, owing to its strong decay with
temperature. The laser beam reduces forces at the pin and shoulder of the FSW-tool,
accompanied by reduced heat generation through the tool. Within its operating
limits, the process has low sensitivity on the lateral position of the leading laser beam.
For thicker sheet gauges the vertical heat flow contribution needs to be optimized.
The model supports the understanding and optimization of the complex interaction
zone of forces and heat around the FSW-tool.
Conclusions:
Laser-assisted friction-stir welding of dissimilar metals, Ti-6Al-4V with stainless steel
AISI 304L, was analysed by developing a mathematical process model further,
concluding as follows:
(i) The TPM heat source model by Schmidt et al, which was developed further in a
simplifying manner, is highly suitable to analyse dissimilar welding and preheating,
for FSW
(ii) Laser beam preheating substantially lowers acting forces on the tool pin and
shoulder.
(iii) The process is robust against asymmetric heating by the laser beam, laterally into
either material. Limitations are the placement of the laser beam too close to the tool,
or too high beam power that causes melting.
(iv) The laser beam can induce a wider environment of high temperature around the
tool, enabling more robust conditions against disturbances; support by heat
distribution into depth is more difficult to optimize, for thicker sheets.
(v) The yield strength of both studied metals strongly decreases for increasing
temperature, hence even minute temperature variations strongly affect the process;
Ti experiences stronger forces than SS.
(vi) Laser preheating leads to a lowering of FSW heat generation, i.e. the overall
process experiences a complex reaction between laser beam- and FSW-heating..
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Paper F: Identifying residual stresses in laser welds by fatigue crack growth
acceleration measurement
Abstract:
During laser welding residual stresses are thermally induced. They can have strong
impact on the fatigue behaviour and fatigue life. A standardized measurement method
for the fatigue crack growth rate was expanded to identify residual stress along the
cracking path. The second derivative of the measured crack opening and in turn the
crack acceleration corresponded well with distinct acceleration maxima and minima
and accordingly with tensile and compressive stress, as was basically proven by
numerical simulation. The method is simple and extendable. It provides valuable
information, as was demonstrated for various situations.
Conclusions:
(i) The measurement method identifies in-situ crack propagation behaviour during
fatigue load of welds.
(ii) The first and second derivative of the measured crack length provides information
about crack propagation speed and acceleration.
(iii) The acceleration corresponds mainly to in-situ residual stress in good correlation
with numerical simulation results and conventional residual stress measurement.
(iv) Strong acceleration and deceleration sequences were measured, corresponding to
tensile and compressive stress domains induced by welding, that can have impact on
the overall fatigue life.
(v) The wider applicability of the method was demonstrated for different steel grades
and weld situations that showed similar qualitative residual stress trends but significant
quantitative differences.
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6 General conclusions
The temperature field, effects arising from the temperature field and how to control
it was studied for different laser materials processing applications. In addition to the
conclusions presented in the respective papers, common conclusions can be drawn;
(i) The temperature field in space and time, in most laser processes, is of paramount
importance for the resulting quality, like microstructure or strength. Despite high
potential for improvement by beam shaping, standard beam shapes are almost always
used, probably due to lack of knowledge for optimization and the complexity in
designing a desired laser beam shape. The same applies for having a strategy for the
sequence of paths, e.g. in LAM. Clear guidelines to judge the benefits versus efforts are
recommended.
(ii) Despite high computational power available for numerical models, analytical
models based on superposition of thermodynamic solutions are still useful for fast
estimations and analysis of certain phenomena, because of lower efforts and
complexity at a specific level. Mesh-based numerical simulations offer higher
precision but can also involve additional uncertainties. Analytical models are efficient
to iteratively optimize applications.
(iii) Modelling showed that certain beam shapes can cause unexpected melt pool
geometries. Indicators to quantitatively capture complex competing heat flow
contributions would be desired, to optimize the beam shaping and in turn the thermal
management. Despite substantial data, identifying key indicators turned out to be
difficult.
(iv) Temperature field management is critical when laser processing unstabilised lowchromium ferritic stainless steels. In hardening, a second thermal cycle that reaches
~600-800 °C will induce a risk of sensitisation. In additive manufacturing this can be
avoided when melt with a lower degree of ditched grain boundaries separates the
HAZ from the surface. The studied drop deposition technique offers an almost
unlimited range of materials to feed additive manufacturing. The method imposes a
unique thermal history. In hardening and particularly in AM, multiple tracks
superimpose complex thermal cycles that can be optimized.
(v) Beam positioning in laser preheated FSW is robust in terms of small changes in
tool forces for different beam positions. The low velocity places the FSW-tool in the
far-field from the laser beam where the temperature field homogenizes and gets rounded.
The same temperature field behaviour occurs in conduction-mode welding and in
hardening, in deeper regions and for long time-spans.
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(vi) During fatigue testing across a welded specimen, a method was identified to
acquire information on the residual stress distribution with relative ease. The stress field is
governed by the heat flow which again can be improved by beam shaping.
(vii) Summarizing, it is important to understand and control the heat flow in laser materials
processing, both, for processes containing a single or multiple temperature cycles. The
induced temperature field can be controlled and improved by
shaping the laser beam, in space and time as well as by optimising path sequences and
strategies of the beam. This tailoring of the temperature field, but also of the resulting
shape, microstructure and residual stress can create complex physical mechanisms,
which need to be understood. Simplified, efficient experimental methods and mathematical
models are powerful tools to study and optimize complex processes. Basic research
and demonstrating examples are required to identify the opportunities and limits for
these methods, in order to provide guidelines for using them in industrial laser metal
processing.
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7 Future outlook
x Lasers with good beam quality at high powers are becoming more common
today. This provides an opportunity for more advanced beam shaping. Beam
shaping along with desirable temperature fields could be of interest for all laser
processes, for example for Laser Additive Manufacturing or laser cutting.
x Besides only incorporating heat conduction in the modelling of shaped laser
beams, more advanced models incorporating fluid flow characteristics could
be developed, both for keyhole and conduction mode welding; optimization
of the flow in the melt pool and its convective heat transfer would be of
interest to study.
x Tailored beam shapes could be beneficial in dissimilar welding to control
temperature profiles and mixing behaviour.
x There is a trend toward more electrical vehicles. Laser beam welding has
potential to join electrical components. Beam shaping was demonstrated to be
useful to control the weld joint for a battery application.
x The model developed in Paper B was incorporated into a GUI together with
a keyhole welding model which can predict the ferrite/austenite composition
in duplex stainless steel. The GUI can be used to predict the trends for
temperature distributions in many laser welding applications as well as in laser
hardening applications.
x Residual stresses result from the temperature field and cycle in the metal,
during and after welding. Spatial and temporal beam shaping has the potential
to alter the resulting residual stress, by incorporating pre- or post-heat
treatment of the weld.
x The drop deposition technique studied in Paper D could be of interest to
examine application of alloys for which no powder or wire is available on the
market.
x A more extensive mapping of sensitisation for different parameters in laser
surface hardening and LAM could be performed for low-chromium steel.
x A next level of thermal management of laser processes could be aimed at,
theoretically, linking desired temperature fields to spatial and temporal laser
beam shaping as well as to multi-track sequence management; one approach
that can pave the way, from Paper A, are indicators for essential heat flow
contributions.
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Abstract
While circular laser beams are usually applied in laser welding, for certain applications
tailoring of the laser beam shape, e.g. by diffractive optical elements, can optimize
the process. A case where overlap conduction mode welding should be used to
produce a C-shaped joint was studied. For the dimensions studied in this paper, the
weld joint deviated significantly from the C-shape of the single-pulse laser beam.
Because of the complex heat flow interactions, the process requires optimization.
Three approaches for extracting quantitative indicators for understanding the essential
heat flow contributions process and for optimizing the C-shape of the weld and of
the laser beam were studied and compared. While integral energy properties through
a control volume and temperature gradients at key locations only partially describe
the heat flow behavior, the geometrical properties of the melt pool isotherm proved
to be the most reliable method for optimization. While pronouncing the C-ends was
not sufficient, an additional enlargement of the laser beam produced the desired Cshaped weld joint. The approach is analyzed and the potential for generalization is
discussed.
Keywords: laser welding; heat transfer; diffractive optic; conduction weld, beam
shaping
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1 Introduction
Laser beam welding is a suitable technique for joining thin sheets in industrial
applications because of its low heat input, high precision, high controllability and
repeatability. This is especially true for electrical applications where sufficient joint
strength and electrical conductivity are usually the two main criteria for a successful
weld. Joint strength and electrical conductivity can be translated into the design
parameters joint geometry and contact area which is controlled by the heat transfer
between the work-pieces. Conduction-mode welding is often preferred for these
applications because of the larger weld area compared to key-hole welding
Traditionally, rotationally symmetric laser beams with Gaussian-like or top hat-like
profiles are used for welding since these are the beam-intensity profiles often
generated by high power laser sources, particularly when the beam is guided by an
optical fiber to the work-piece. The laser light is delivered from the fiber end and
projected to the work-piece through a collimator and a focusing lens. The ratio of
their focal lengths determines the magnification of the fiber diameter. Accordingly,
in the focal plane a top-hat like power density distribution is achieved. However, not
too far from the focal plane the beam profile changes to a cone-like shape and finally
to a Gaussian-like shape, even for fiber-guided laser beams, as was described by a
mathematical model [1]. In contrast, free-running Gaussian-like beams keep their
Gaussian profile along the entire optical path. Numerical models have shown that
there even can be a significant difference in temperature distribution between an ideal
Gaussian beam and a measured Gaussian-like beam profile [2].
Gaussian-like and top-hat like profiles are however not suitable for all applications,
hence Diffractive Optical Elements (DOE) have been developed to tailor the beam
shape irradiance profile in order to achieve a better joint design and to improve
productivity. DOEs can be used to produce tailored beam irradiance profiles which
are robust and repeatable [3]. Designing a suitable beam irradiance profile for the
DOE to achieve the desired results is, however, complex and today expensive trialand-error approaches are often used.
The two main modes of laser welding are keyhole mode and conduction mode. In
conduction mode laser welding, which was studied in this paper, no keyhole is
formed and the absorbed beam profile directly determines the boundary condition in
form of the temperature gradient. Depending on the joint design, tailored beam shape
profiles can then have benefits compared to the above standard beam shapes to
optimize the weld shape, particularly for pulsed conduction mode laser welding when
the work-piece and laser beam is are fixed relative to each other. For example, Funck
et al [4] have shown experimentally that a ring-shaped beam generates favorable
temperature distribution and convection behavior. A tailored beam can be produced
by several different tools, for example by a beam scanner, by the combination of
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beams or by a DOE, which the present study is dedicated to. DOEs can be designed
to create almost any beam shape irradiance profile, which makes them promising for
a number of applications. Hammond et al [5] showed that a DOE is suitable to
optimize dissimilar welding of copper and aluminum with good results. Kell et al [6]
used a DOE to control the melt pool in conduction mode limited welding. Dual
laser beam welding is a well-established technique option [7]. Tseng and Aoh [8]
used a tailored beam for laser cladding. The above mentioned papers show that there
are clear benefits of non-standard beam shapes for potentially a broad range of
applications. Still they are rarely used in industry. The main technical barrier for
DOEs is the complexity of predicting a beam shape irradiance profile to obtain a
desired joint geometry. The iterative trial-and-error approach used today to optimize
the design of a DOE for a specific application is expensive and time-consuming.
The investigation in this paper is based on an industrial electrical application where a
C-shaped joint is desired for joining two 0.3 mm thick discs of 7 mm diameter in an
overlap configuration. Earlier results revealed a sensitivity and mismatch between
beam and joint shape [9]. Several different beam intensity profiles are designed and
the resulting joints are compared to a weld joint from the logical initial C-shape for
the beam profile. The obtained results can serve as guidelines on how the heat transfer
when using DOE for single-pulse laser welding can be optimized and to enable a
better understanding and consequently greater control over complex heat transfer
phenomena in other contexts.
Mathematical modelling can be applied to predict, understand and optimize the laser
welding process, in turn enabling a significant reduction of the number of
experimental iterations. Numerical models of laser welding have been used for a long
time, starting with Steen and Mazumders work [10] by the Finite Differences Method
for the heat flow followed by Paul and DebRoy [11] who presented a Finite
Differences scheme incorporating fluid flow in conduction mode welding. The
literature review by Mackwood and Crafer [12] gives a good overview on the field
of thermal modelling of laser processes until 2002. Advances in computational power
and software have since then allowed models to become even more sophisticated
[13-15].
Studies of pulsed conduction-mode welding also exists, the model of He et al [16,
17] provides a comprehensive study of the heat transfer and fluid flow for short pulses.
They use the models for calculating the power needed to reach the boiling point and
to estimate the weld pool size. The weld pool size has been accurately modelled by
using an adaptive Gaussian heat source [18], the same approach was also used to
model residual stress after welding [19]. Parameter assumption must always be done
during modelling of welding, especially for high temperature data. Uncertainties in
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final result due to assumptions will always exist even though they can be reduced by
optimization [20].
A few studies have also been made on more unusual beam shapes. Han and Liou
modelled resulting melt pool shapes for four different laser beam modes [21]. An
analytical modelling approach based on concentric superposition of heat conduction
solutions by an instantaneous ring source [22] was used to model a Gaussian beam,
however, multiplied with the temperature dependent absorptivity (for Au-coated
copper) as a function of time, i.e. enabling in principle to model any rotationally
symmetric beam profile, as well as time dependent variations and finite disc thickness.
The model was applied to analyze and optimize the sensitivity of the melting process.
Almost all of the above mentioned studies are concerned with standard beam shapes.
This paper will present a simplified numerical process model with emphasis on a
tailored non-standard beam irradiance profile. The model only concerns heat
conduction and not convection through fluid flow. It is used in a comparative
manner to illustrate and optimize heat transfer mechanisms which, in turn, can
provide general knowledge and guidelines for DOE design, lowering the barrier for
industrial use. Different indicators of the heat flow contributions will be discussed, to
identify trends and support guidelines. The results obtained will later be incorporated
in a computer design tool for DOEs.
2 Methodology
For the selected laser welding case, the heat flow mechanisms were studied by
numerical simulation with the commercial Finite Element Analysis (FEA) software
COMSOL Multiphysics 4.3b. A desired joint geometry from an industrial application
was translated to a corresponding beam irradiance profile. The result from this beam
irradiance profile did not match the desired joint. To improve the weld shape via the
beam shape, the thermodynamic conditions were then analyzed using three different
approaches. As a first order optimization step, the calculated temperature field for
three more promising beam shapes [9] was studied and compared (denominated Case
2, 3, 4 respectively). Drawing on the additional insights gained from these case
studies, a fifth beam profile, Case 5, was developed which produced a weld joint that
fulfils all criteria and matches the desired shape sufficiently. The three different
approaches for analysis and for optimizing the heat flow and beam shape are presented
and discussed, with the aim of developing guidelines for future studies.
2.1 Case studies
The application addressed in the case studies presented in this paper consists of two
circular steel disks with a thickness of d=0.3 mm each and a diameter of 2rD=7 mm,
see Fig. 1(b). The concentric disks shall be joined in an overlap configuration by
single pulse conduction mode laser welding. The desired joint geometry (the melting
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isotherm at the interface z=d), was initially set to equal the laser beam shape
(denominated Reference Case 1). It is C-shaped with a radius of rL=2.5 mm, a width
of wL=0.3 mm and an angle of ĳL=270º, see Fig.1(c). As an additional criterion, the
maximum weld width was set at 0.45 mm, i.e. defining an envelope domain for the
target weld shape.
The incident laser beam profile I(r, ĳ,z) was initially modelled using a lateral Gaussian
distribution along the C-shape f(ĳ), see also Fig. 1(a):
ܫሺݎǡ ߮ሻ ൌ ܫ ݁ ݔቀെʹ

ሺିಽ ሻమ
௪ಽమ Ȁସ

ቁ ݂ሺ߮ሻ

(1)

(Central peak power density I0 corresponding to the chosen laser beam power
PL=550 W, or a pulse energy of 110 J). The function f(ĳ)=1 for –ĳL  ĳ ĳL, while
having a Gaussian ĳ-decay outside this range.
During the improvement steps, beam profile enhancements were made by
superimposing secondary rotationally symmetric Gaussian distributions at the C-ends.
Two criteria for a successful weld apart from the above mentioned target weld
geometry were defined as: (i) no boiling at the top surface, T(z=0) < Tb, and hence
no melt ejection; (ii) no melting through to the bottom surface, T(z=2d) < Tm.

Fig 1: Case studied: (a) Initial C-shaped laser beam profile, (b) sketch of single pulse C-shaped
laser welding of two overlapping disks, (c) important geometric properties
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Examples for numerical optics simulation of possible C-shaped laser beam power
density distributions generated by suitable DOEs are presented in Fig 2(a) for a tophat profile and in Fig. 2(b) for a laterally Gaussian profile. Note that the DOE-design
and -simulation was facilitated when cutting the C-ends off rather than shaping them
in a round manner as in the present study.

Fig 2: Laser beam power density distribution when simulating a DOE-generated C-profile: (a)
lateral top-hat profile, (b) lateral Gaussian profile
2.2 Heat flow modelling
The comparative study presented here uses a model with the following assumptions
and simplifications: Heat conduction is considered, while convection from fluid flow
in the melt pool and at the surface is neglected. All boundary conditions are governed
by surface-to-ambient radiation. At the top surface z=0 the heat flow q0 by the
absorbed laser radiation is added:
ସ
െ݊ ή ሺെ݇ ή ܶሻ ൌ ݍ െ ߝߪሺܶ ସ െ ܶ
ሻ

(2)

ݍ ൌ  ܣή ܫሺݎǡ ߮ሻ

(3)
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(4)

Thermal conductivity k, specific mass density ȡ and specific heat capacity cp are
considered temperature dependent, while the other material properties are kept
constant (absorptivity A=0.35, surface emissivity İ=0.75); the melting temperature is
Tm=1600 K, the boiling temperature Tb=3000 K and the ambient temperature was
set to Tamb=293 K. The laser pulse duration is fixed to ĲL=0.2 s and the laser beam
power is kept constant during the whole pulse.
Complete modelling of the laser welding process incorporating solid and liquid
phases, of the melt flow (Navier-Stokes equations) and of the moving melt boundary
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is highly complex [13-17], and demands multiple parameter assumptions and
extensive meshing and computation power/time. Melt flow, particularly Marangoni
convection induced by temperature dependent surface tension gradients can alter the
melt pool shape. In order to avoid the according computation efforts but also
corresponding uncertainties, the study was reduced to a heat conduction problem
that can be analyzed in a clearer manner by focusing on the impact of the laser beam
profile and of the disk geometry on the heat flow. Uncertainties from neglecting
Marangoni convection have to be kept in mind, but can be expected to be relatively
low for solely comparison between the cases. Latent heat of melting was initially
taken into account, but proved to have only minor influence. In order to reduce the
computation efforts it was later excluded. To further ease computational effort, the
disc meshing was split in half and symmetry was used by putting a symmetry
condition (no heat flow) on the split plane ĳ=0°/180°. The half-disc was meshed by
tetrahedral elements with a maximum size of 74 m in the beam interaction zone
and 100 m for the remaining volume. This resulted in 176 000 mesh elements. This
mesh was assessed to cause sufficiently accurate calculations, after validation of results
with a finer mesh.
2.3 Heat flow comparisons
In addition to a comparison of the resulting weld shape (melting isotherm, the target)
in the interface between the two disks, the temperature field and heat flow field of
the different cases was compared and analyzed. Three different approaches were
studied, key properties were defined and compared with each other to analyze their
potential to support the beam profile optimization, as indicators. The first approach
was to extract the heat flow across a representative control volume (the volume
between the C-shape of the beam and the interface, i.e. an extruded vertical ‘curtain’,
plus the end-faces) and through the gate of the C-shape, which provided a series of
key properties in terms of power, or when integrated over time, as energy. The
hypothesis was that the radial flow inwards, outwards and through the gate might
significantly differ. The second approach applied as key properties the temperature
gradients (or heat flux components – in radial, azimuthal and vertical directions) at
two representative locations, namely at the end-point of the C-shape centerline (r=rL,
ĳ=±135º) and in the middle of the C-shape (r=rL, ĳ=0). These indicators were
selected from the hypothesis that the local heat flow components particularly at the
C-end (decay) differ significantly for the different beam shapes to be compared. The
third approach directly applied the radial inner position ri and outer position ry of the
melting isotherm in the interface center (j=0, z=d) and the azimuthal angle ĳw of the
isotherm (weld shape). The same properties were also extracted at the surface, z=0.
The sensitivity studies with respect to the five compared laser beam Cases 1-5 then
served to assess the indicators from these three approaches with respect to their
capabilities or limitations as possible guidelines to support the iterative beam and

72

Paper A

Sundqvist

welding optimization. The approaches were discussed and final recommendations
were derived, including generalization and limitations.
3

Results and discussion

In the following, a reference case with an unsatisfactory resulting weld shape will be
presented, followed by two improvement steps for the laser beam shape based on
heat flow analysis and on different approaches for quantitative indicator properties.
3.1 Reference case
A scaled 4 mm diameter of the C-shaped laser beam was also studied and the resulting
joint geometry was a C-shape very similar to the beam. In such situations the weld
shape is highly predictable and easily controlled by the choice of an equal beam shape.
However, when the diameter of the target weld was reduced and the laser beam Cshape then measured just 2.5 mm (which the application demanded), the joint shape
differed significantly from the defined beam shape, as shown in Fig. 3(b). As shown
by an earlier study [9], for certain situations beam tailoring is no longer
straightforward because of complex heat flow mechanisms. The Reference Case,
number 1, shows a much wider melted area than the beam, both at the top surface
and at the weld interface, see Fig. 3(a), (b). The angle of the weld shape becomes
unsatisfactory. Figure 3(c) shows the temperature distribution at the weld joint
interface, while isotherms and the heat flow (arrows) in three dimensions are
illustrated in Fig. 3(d). As can be seen, the heat flow is considerably larger radially
outwards and downwards. Together with Fig. 3(e), which shows the temperature
distribution in the vertical symmetry plane, this explains that the mismatch between
joint and beam shape is caused by heat accumulation in the center of the discs while
the ends of the C-shape have more space to dissipate heat to the colder outer domains
of the work-piece.
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Fig 3: Reference Case 1 (t = 200 ms): (a) top surface melt shape, (b) interface weld shape,
(c) temperature field [K] at the disc-interface, (d) isotherms [K] and heat flow field (arrows), top
view visualized in 3D, (e) temperature field [K] in the cross section (r,z) of the vertical symmetry
plane (ĳ=0 and 180°)
Figure 4(a) depicts the temperature as a function of time in the middle and at the end
of the C-shape. The first approach to identify indicators of the competing heat flow
mechanisms involved evaluating and comparing the overall heat flow across a
representative control volume, for a selected time. As explained in Section 3.3, the
values could not represent the competing heat flow mechanisms sufficiently. The
temperature gradients in different directions around the selected end-point of the Cshape are plotted as a function of time in Fig. 4(b). In the second study, the

74

Paper A

Sundqvist

temperature gradients in different directions (heat flow vector components) for a
selected time (here t=200 ms) were compared between different cases because this is
the location of the largest complexity. Although some gradients provided interesting
information, no common trends which could lead to a fully optimized beam were
identified (see Section 3.3).

Fig 4: Reference Case 1: (a) Temperature as a function of time at selected key locations,
(b) temperature gradient in different directions as a function of time at the C-shape end (marked
by a dot in Fig. 3(a))
Since neither an integrated heat flow balance nor local temperature gradients served
as clear indicators for proper beam optimization, geometrical properties of the
melting temperature isotherm (T=Tm at a certain time t) were studied instead, and
these proved to be suitable indicators.
3.2 Optimization of the heat flow and weld shape
The weld shape of the reference case is unsatisfactory because it is too wide and has
an opening angle which is too small. A logical first order attempt to improve the weld
shape was to emphasize the ends of the C-shaped laser beam, either by enhancing the
power density at the ends, Case 2, by widening the ends, Case 3, or by elongating
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the opening angle of the C-shaped laser beam, Case 4, all by keeping the power
constant and instead lowering the power density (first tried at 10%, later at 20%
difference, as presented above) in the central part of the C-profile. The three beam
shaping approaches Cases 2-4 are illustrated in Fig. 5(b), compared to the reference
Case 1, see Fig. 5(a). The model was formed by superimposing another Gaussian heat
source with the same radius as the C-shape for Case 2 and with double the radius for
Case 3. Case 4 used a C-shape with a larger angle (first by 10%, then by 20%).

Fig 5: Beam shape: (a) reference Case 1, (b) the four modified Cases 2-5 (circles indicate higher
power density); welding experiment with a scanning laser spot to simulate a C-profile: (c) weld
top surface appearance, (d) thermocamera image after the pulse during cooling.
An example of the surface appearance of a C-shaped weld in stainless steel is shown
in Fig. 5(c). Since no DOE for a C-shape was manufactured yet (because first this
optimizing study is carried out), for first experimental trials a galvanometric beam
scanner formed the C-shape instead, sequentially. The small spot diameter (47 m)
of the fiber laser beam (power: 800 W) has led to keyhole mode welding.
Nevertheless, the high travelling speed of 39 m/s has led to quasi-simultaneous
cooling in the far field, as confirmed by the thermocamera image (power 300 W),
see Fig. 5(d), which shows a similar temperature distribution as the model, see Fig.
3(c), i.e. the flat temperature decay around the end of the C-shape, being a key
location. Apart from these qualitative confirmations of trends, no further
experimental validation of the calculated results was carried out because the research
had different, more generic objectives than to accurately predict the results. These
objectives comprise in particular the assessment of possible indicators that compare
different heat flow contributions as well as the derivation of guidelines to optimize
the beam and joint shape. The identification and definition of indicator values
(measurement points, but in the FEA-mesh) for an optimization iteration procedure
is a new, promising approach, at least for welding. Moreover, the calculation results
have the aim to be applied for comparison, i.e. in a relative rather than absolute
manner, showing trends.
For the cases studied, Fig. 6(a) shows the resulting melt pool shape at the top surface
while Fig. 6(b) shows the corresponding weld cross sections at the disc interface, z=d.
As can be seen, in contrast to Reference Case 1 (too short shape), Case 2 and Case 4
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come close to the desired shape. The central heat flow and correspondingly the weld
width were successfully reduced. However, the ends of the C-shape for Case 2 suffer
from strong heating of the top surface that surpasses the boiling temperature of 3000°
K, which is therefore not suitable here. Case 3 with widened C-ends hardly improved
the joint shape because the heat flow to the disc center was still excessive.

Fig 6: Calculated melting isotherm (at t=200 ms) for the five Cases 1-5 (and grey reference
beam shape, equivalent to the target joint shape): (a) top surface z=0, (b) disc interface z=d.
Table 1 shows the key indicators identified from the melting isotherm at the disc
interface for the five cases, and their relative deviation from the respective geometrical
goal property. In addition to exceeding the boiling temperature (Case 2), the Cases
2-4 do not reach certain geometrical goals, and nor did Reference Case 1. Moreover,
the weld width is still very wide and accordingly the inner radius small, which fails
the desired goal of a weld width smaller than 0.45 mm.
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Table 1: Geometrical melt isotherm indicators for the five Cases 1-5 and relative deviation [%]
from the respective goal (X marks properties that do not reach the goal)
Case

Inner radius ri [mm] Outer radius ry
[mm]

Weld width
(ry-ri)

Angle ɔw

1/Ref

0.52 / -51%

1.58 / +12%

1.05 / +350% X

220 / -8% X

2

0.78 / -29%

1.32 / -6% X

0.54 / +180% X

248 / +3%

3

0.62 / -44%

1.48 / +5%

0.86 / +287% X

224 / -7% X

4

0.79 / -28%

1.36 / -3% X

0.57 / +90% X

246 / +3%

5/Opt 1.08 / -2% X

1.46 / +4%

0.38 / +26%

260 / +8%

Goal

>1.40 / 0%

>0.30 / 0%
and <0.45 / 50%

>240 / 0%

<1.10 / 0%

From the calculation results (melt shape and temperature gradients) of the first order
optimization (emphasizing the ends of the C-shape) and from the accompanying
improved understanding of the competing heat flow mechanisms, a second order
optimization of the beam shape was made, Case 5, see Fig. 5(b). The tendency to
accumulate heat in the center was counteracted by increasing the radius rL of the
beam. Another important feature is the thinning of the beam towards the symmetry
plane, further decreasing the heat accumulation in the center. The intensity at the Cshape end was also increased to overcome the tendencies to not produce a melt wide
enough at the ends. This increase was made farther out than for Case 2, here causing
no boiling. High power density at the beam ends turned out to produce very robust
shaping of the weld shape ends, which otherwise was very sensitive, due to the
decaying temperatures into all directions. The resulting melt shape at the top and in
the interface is shown in Fig. 6. Finally, Case 5 very well suits all conditions and
generates a desirable weld shape, see also Table 1. Bearing in mind, that the
calculation is based on several simplifications like neglecting the convection by melt
flow, nevertheless, the developed beam shape is a promising suggestion to
manufacture a DOE in order to carry out experimental verifications.
3.3 Discussion of indicator approaches for optimization
Although the heat flow problem might appear relatively simple at a first glance, the
study has revealed that for at least the here studied design the competitive heat flow
contributions (in particular the heat flow to the center, into depth and from the Cends) are difficult to quantitatively express, capture, predict and optimize.
To more systematically optimize the beam shape via the predicted weld shape, several
approaches were tested thoroughly to quantify the contributions of the key
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mechanisms, i.e. to extract quantitative indicators for optimization, ideally to be
applicable in a more general manner. Three approaches were studied.
During the first approach the heat flow across a control volume was calculated,
consisting of extruded outer boundaries of the desired C-shape joint between top
surface (z=0) and joint interface (z=d), plus the area between the C-shape ends. The
energy flowing through these boundaries was extracted (heat flux integration over
the respective area, integrated over time) for four different beam angles (ɔ = 240°,
270°, 300°, 360°). In these early studies the C-shaped beam had a larger diameter, 4
mm. The resulting power hardly showed any quantitative difference between the
cases. After 200 ms, the laser beam has irradiated 60 J into the disc. Most of the
absorbed laser energy (26 J or 43 %) has flown through the disc interface (inside the
control volume). A large amount of heat (21 J or 33%) also travelled through the
outer C-boundary while only a small portion of the heat (2 J or 3%) escaped the open
gate of the C-shape. The remaining 11 J (20%) have heated the control volume.
The second approach used temperature gradients into six directions at two points of
interest (the two dots in Fig. 3(a) but at depth z=d i.e. at the weld interface), see
Table 2.
This approach provided insight into how different improvement methods influenced
the heat flow. Radially, Case 2 (higher local irradiance) and Case 4 (shifting the
decaying part) cause a much higher temperature gradient than the Reference Case 1.
Four trends can be derived from the second approach; (i) an increased laser beam
angle ɔL narrows the beam, (ii) an increased beam angle ɔL increases the weld angle
ɔW, (iii) higher irradiance IL at the C-ends stabilizes the joint end geometry but
increases the risk of surface boiling, (iv) a wider beam end still promotes center
heating and weld widening. The second approach was partially successful, explaining
certain phenomena and providing indicators, but still is not sufficient as a whole. The
temperature field and gradients at selected locations do not capture all essential heat
flow contributions.
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Table 2: Temperature gradients at the C-shape end point for Cases 1-4 as potential indicators
for beam shape optimization
Case 1/Ref Case 2 Case 3 Case 4
[K/mm]
[K/mm] [K/mm] [K/mm]
Radial +

172

417

183

333

Radial -

678

886

662

710

Azimuthal + 661

859

640

132

Azimuthal -

172

355

116

333

Vertical +

2 210

3 580

2 220

1 990

Vertical -

1 320

2 020

1 350

1 280

Even though interesting results could be discovered both through temperature
gradients at in interesting spots in the geometry and from heat flow curtains around
the joint, no common trend to anticipate a proper beam design could be found.
Instead, geometrical measurements of weld joint area, see Table 1, together with
temperature measurements of maximum temperature at the top and bottom of the
disc proved to give the best approach to provide quantitative indicators that support
the optimization of the laser beam profile. Experimental verification of these
indicators is manageable by comparing the modeled with an experimental weld shape,
particularly at the surface but also the essential shape at the interface. The studied
approaches can be generally relevant for many more laser processing applications or
for other thermodynamic problems and can therefore serve as an example. Other
laser welding applications where these approaches could be relevant includes for
example; line optics where the ends may show the same decreasing trends, ring optics
where heat accumulation in the center may be a problem (or a desired feature to
obtain a wider joint [4]). A general guideline can be as follows: The heat flow across
control volume boundaries and the temperature gradients at selected key locations
provide interesting information, but for optimization of a temperature field (here the
shape of the melting temperature isotherm) geometrical straightforward properties
are preferred quantitative indicators, often complemented by the other indicators
mentioned above.

80

4

Paper A

Sundqvist

Conclusions

(i) In the presented case of rather complex three-dimensional heat flow, the
optimization of the joint geometry through a suitable beam shaping and DOE-design
becomes non-trivial; in particular, the joint shape can have an unexpected geometry
different to the beam shape
(ii) First order beam optimizations paved the way for weld shape optimization but
merely fulfilled some of the target aspects; second order optimization proved
successful to achieve all criteria
(iii) In the C-shape case studied here, the beam shape needs to differ from the desired
weld shape, which was explained by different concurrent heat flow interactions, at
the C-shape ends and radially inwards
(iv) Calculated heat flow across a control volume and local temperature gradients
were only partially suitable as indicators to generally guide the beam shapingoptimization; instead, key properties of the melt pool shape at the top and in the
interface were suitable design indicators
(v) Quantitative indicators of heat flow contributions bear high potential to support
optimization, particularly because they can be easily extracted from FEA results;
however, the definition of indicators is not trivial, requires understanding of the
competing sub-phenomena and a careful choice.
5

Acknowledgements

The authors acknowledge funding by the European Commission, programme ECFP7-SME-2013, project TailorWeld, no. 606046.
6

References

[1] A.F.H. Kaplan, Analysis and modeling of a high power Yb:fibre laser beam,
Optical Engineering 50 (5) (2011) p 054201 (3 p).
[2] M. Kubiak, W. Piekarska, S. Stano, Modelling of laser beam heat source based
on experimental research of Yb:YAG laser power distribution, International Journal
of Heat and Mass Transfer 83 (2015) 679-689.
[3] M.R. Taghizadeh, P. Blair, K. Ballüder, A.J. Waddie, P. Rudman, N. Ross,
Design and fabrication of diffractive elements for laser material processing
applications, Optics and Lasers in Engineering 34 (2000) 289-307.
[4] K. Funck, R. Nett, A. Ostendorf, Tailored beam shaping for laser spot joining
of highly conductive thin foils. Physics Procedia 56 (2014) 750–758.
[5] J.B. Hammond, E.G. Johnson, C. Koehler, J. Stack, T. Suleski, A. Kar, W.
Guo, Diffractive optics for laser welding and bonding, Proceedings of SPIE 3633
(1999) 206–213.

Sundqvist

Paper A

81

[6] J. Kell, J.R. Tyrer, R.L. Higginson, J.C. Jones, S. Noden, Laser weld pool
management through diffractive holographic optics, Materials Science and
Technology 28 (3) (2012) 354–363.
[7] S. Pang, W. Chen, J. Zhou, D. Liao, Self-consistent modeling of keyhole and
weld pool dynamics in tandem dual beam laser welding of aluminum alloy, Journal
of Materials Processing Technology 217 (2015) 131–143.
[8] W.C. Tseng, J.N. Aoh, Simulation study on laser cladding on preplaced powder
layer with a tailored laser heat source, Optics and Laser Technology 48 (2013) 141–
152.
[9] J. Sundqvist, A.F.H. Kaplan, C. Kong, E. Assuncao, L. Quintino, J. Blackburn,
Numerical sensitivity analysis of single pulse laser welding with a C-shaped beam,
Journal of Laser Applications 27 (S2) (2015) S29010 (7 p).
[10] J. Mazumder, W.M. Steen, Heat transfer model for cw laser material
processing, Journal of Applied Physics 51 (1980) 941–947.
[11] A. Paul, T. DebRoy, Free surface flow and heat transfer in conduction mode
laser welding, Metallurgical Transactions B 19 (1988) 851–858.
[12] A.P. Mackwood, R.C. Crafer, Thermal modelling of laser welding and related
processes: a literature review, Optics & Laser Technology 37 (2) (2005) 99–115.
[13] W.I Cho, S.J. Na, C. Thomy, F. Vollertsen, Numerical simulation of molten
pool dynamics in high power disk laser welding, Journal of Materials Processing
Technology 212 (1) (2012) 262–275.
[14] A. Otto, H. Koch, K.H. Leitz, M. Schmidt, Numerical simulations - A
versatile approach for better understanding dynamics in laser material processing,
Physics Procedia 12 (2011) 11–20.
[15] S. Pang, X. Chen, J. Zhou, X. Shao, C. Wang, 3D transient multiphase model
for keyhole, vapor plume, and weld pool dynamics in laser welding including the
ambient pressure effect, Optics and Lasers in Engineering 74 (2015) 47-58.
[16] X. He, P.W. Fuerschbach, T. DebRoy, Heat transfer and fluid flow during
laser spot welding of 304 stainless steel, Journal of Physics D: Applied Physics 36
(2003) 1388–1398.
[17] X. He, J.W. Elmer, T. DebRoy, Heat transfer and fluid flow in laser
microwelding, Journal of Applied Physics 97 (8) (2005) 084909 (9p).

82

Paper A

Sundqvist

[18] S. Bag, A. Trivedi, A. De, Development of a finite element based heat transfer
model for conduction mode laser spot welding process using an adaptive volumetric
heat source, International Journal of Thermal Sciences 48 (10) (2009) 1923–1931.
[19] A. Trivedi, S. Bag, A. De, Three-dimensional transient heat conduction and
thermomechanical analysis for laser spot welding using adaptive heat source,
Science and Technology of Welding and Joining 12 (1) (2007) 24–31.
[20] A. De, T. DebRoy, Improving reliability of heat and fluid flow calculation
during conduction mode laser spot welding by multivariable optimization, Science
and Technology of Welding and Joining 11 (2) (2006) 143–153.
[21] L. Han, F.W. Liou, Numerical investigation of the influence of laser beam
mode on melt pool, International Journal of Heat and Mass Transfer 47 (2004)
4385-4402.
[22] A.F.H. Kaplan, Model of the absorption variation during pulsed laser heating
applied to welding of electronic Au/Ni-coated Cu-leadframes, Applied Surface
Science 241 (2005) 362–370.

Paper B

Analytical heat conduction modelling
for shaped laser beams

Sundqvist

Paper B

87

Analytical heat conduction modelling for shaped laser beams
(Published in Journal of Materials Processing Technology)
Authors: J. Sundqvista*, A. F. H. Kaplana, L. Shachafb and C. Kongc

Dept. of Engineering Sciences and Mathematics, Luleå University of Technology, 971 87
Luleå, Sweden

a

b

Holo/Or Ltd, P.O.B 1051, Rehovot 76114, Israel

c

TWI Ltd, Granta Park, Great Abington, Cambridge CB21 6AL, United Kingdom

*Corresponding author: jesper.sundqvist@ltu.se
Abstract: Conduction mode laser spot welding and laser spot hardening usually
employ Gaussian or top-hat-like beam modes. One main requirement of these
techniques is the avoidance of overheating in the centre of the laser-material
interaction zone. Process flexibility can be improved by spatially and/or temporally
shaping the beam, which can enable higher process quality, robustness or speed. A
desired spatial beam shape can be achieved by a suitably designed diffractive optical
element. However, the prediction of a suitable beam shape for a particular process
can be complex. A simplified analytical heat conduction model has been developed
that can rapidly calculate the temperature field and cooling behaviour for almost any
spatial and temporal beam shape. The potential and limits of the model are
demonstrated and discussed by calculating and analysing temperature profiles for
several cases of multi-spot welding.
Keywords: diffractive optical element, laser welding, laser beam shape, model,
heat conduction

1 Introduction
In this paper an analytical model of material heating with a laser beam is presented
that is suitable for almost any spatial or temporal beam shape. High power laser beams
for materials processing such as welding or hardening usually have a Gaussian-like or
top hat-like beam energy profile. In many cases other beam profiles can be more
suitable with respect to the resulting melt/HAZ geometry, quality, robustness or
manufacturing time.
Non-standard laser beam energy distributions can be obtained by using scanner
mirrors (galvanometer optics) or a Diffractive Optical Element (DOE). DOEs for
industrial laser applications have been available for decades but despite their reported
advantages they are rarely studied or applied. A DOE can for example be used in
hardening by creating several spots from one laser beam, thereby shortening
processing times in comparison to a scanned beam. Chen et al. (2005) demonstrated
laser hardening with a DOE that produced a 5x5 matrix of laser spots. Kell et al.
(2012) used DOEs to create three different power density distributions (Gaussian,
pedestal and two edge peaks) and concluded that DOEs gives more control over the
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process and can be used to create customised fusion zones and melt pools. Hammond
et al. (1999) demonstrated that DOEs are beneficial when welding dissimilar metals
(e.g. aluminium, stainless steel and Inconel 718) by splitting the beam into two spots
with different power densities. The different power densities compensated for the
different thermodynamic properties of the materials, to optimise the melt cross
section. The improved quality of the resulting joints permitted larger tolerances in
joint edge preparation. Pang et al. (2015) studied the weld pool dynamics when using
a tandem beam for welding aluminium alloy 5052, creating a more stable keyhole.
Tseng and Aoh (2013) proposed a heat source model for laser cladding with higher
laser beam modes. The model showed good agreement with experimental results.
One reason why DOEs are not used more frequently is that the optimum beam
distribution for an application is hard to predict because of the scarcity of knowledge
available. Today, empirical beam profile assumptions followed by expensive and time
consuming trial-and-error iteration tests are often the only choice available to the
engineers involved.
An analytical heat conduction model is presented here, in which the laser beam
power distribution can be changed much more easily (e.g. by avoiding numerical
meshing) than techniques involving Finite Element Analysis (FEA). The model
enables fast prediction of the temperature field for a given beam distribution.
Previous work on analytical models has involved a number of simplifications
depending on the complexity of the process, but has offered a high level of flexibility
in complex geometrical situations or when combining multiple physical phenomena.
Certain aspects of keyhole laser welding, laser drilling, laser cutting and laser additive
manufacturing have been modelled with various levels of success. Thermal modelling
work performed on laser welding up to 2002 has been summarised in Mackwood
and Crafer's (2004) comprehensive review. Since then several advances have been
made, especially in numerical modelling where higher available computational power
allows more advanced models. Cho et al. (2012) incorporate computational fluid
dynamics and ray-tracing in their model. One of the findings is that a Gaussian beam
profile and a measured beam profile produces similar results meaning that the
common simplification of using a Gaussian beam in modelling hardly affects the
accuracy of the model. Numerical models of laser spot welding have been developed,
for instance the model by He et al. (2003) on fluid flow for short pulses. Their model
is applied to calculate the power needed to reach the boiling point, and to estimate
the weld pool size. Shibib et al. (2009) use a 2D-axisymmetric model for pulsed laser
spot welding of stainless steel, showing good agreement with experimental results by
thermocouple measurements. Bag et al. (2009) have presented a more advanced
model which uses an adaptive volumetric heat source. Sundqvist et al. (2015a) carried
out a sensitivity analysis of overlap conduction-mode welding by a C-shaped pulsed
laser beam using FEA. A considerable mismatch between beam shape and weld joint
shape was found, demonstrating that beam design optimization can be complex. Song
et al. (2008) investigated by numerical simulation the thermal fatigue on pistons from
thermal loading depending on the profile of concentric ring-shaped laser beams. As
these examples demonstrate, several mathematical models of pulsed laser welding
have been reported but most articles address standard beam shapes and are based on

Sundqvist

Paper B

89

numerical mesh-based calculation methods, making them unsuitable for fast
temperature field prediction.
Besides modelling, optical process monitoring is commonly used to acquire
information on laser welding phenomena. High speed imaging can be employed to
observe the melt flow during the welding process. Tsukamoto et al. (2011) have
provided a review of this technique. Thermal camera imaging was also used by Chen
and Gao (2014) to study the width of the melt pool during welding of stainless steel
304
Earlier work by Kaplan (1997) has modelled laser processing with continuous
irradiation and work piece motion for complex beam shapes (e.g. ring or line
profiles). This was achieved by superimposing Gaussian profiles and their
corresponding temperature field solutions by solving one numerical integral, based
on Green's function.
To transform a solution for semi-infinite material dimensions to finite material
thickness, the concept of vertically employed mirror image sources has been
considered in several models. Woodard and Dryden (1999) presented a heat
conduction model that was applied to calculate the effect of laser transformation
hardening. The equations include only one integral that needs to be solved
numerically, which can also be expanded as a series solution. The model is based on
a 2D axially-symmetric heat conduction solution for a material irradiated by a beam
with Gaussian distribution.
This mathematical solution is applied and further developed in this paper, to describe
conduction mode spot welding for customised beam-shapes. In the following, the
model developed will be described and subsequently applied to the analysis of
conduction mode welding for various laser beam profiles.

2 Methodology
A mathematical model of heat conduction overlap welding by a pulsed laser beam
was developed. The model is based on the integral solution of the temperature field
(Woodard and Dryden 1999) which is extended to consider tailored beam shapes and
finite material thicknesses. If the tailored beam shape is to be created by a DOE its
optical design can be derived by an Inverse Fast Fourier Transform from the intended
irradiation profile. Grewell and Benatar (2007) provide detailed information on
designing, making and applying DOEs, albeit for plastic welding.
Assumptions and simplifications were made to reduce computational cost. The main
simplifications of the model are presented and discussed below;
x Convective heat transfer by melt flow is neglected. For conduction welding,
the predominant melt flow usually arises from Marangoni convection, driven
by temperature dependent surface tension gradients. Marangoni convection
usually widens the weld pool at the top, though opposite eddies can develop
under certain conditions. Here an analytical model is preferred instead of
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numerical simulation to enable fast calculation and to avoid meshing problems.
It is expected that the main trends remain representative and that convective
heat transfer, particularly by Marangoni flow would simply add more detail.
x The phase transformations and in turn the latent heats of melting and
solidification are ignored. This causes somewhat overestimated temperatures
around the melting isotherm (which should consume latent heat) and vice
versa underestimated temperatures around the solidification isotherm. Usually,
the temperature in the central melt pool domain becomes somewhat too high.
x Thermophysical material properties are assumed to be temperature
independent (though suitable mean values can be chosen instead of the values
for ambient temperature).
Figure 1 illustrates an incoming laser beam from a fibre laser that is diffracted through
a DOE to project a tailored beam shape onto an overlap joint. Absorption of the
projected beam will, of course, induce a temperature gradient in the material.

Fig. 1. Sketch of the boundary value problem showing the cross section of the two overlapping
sheets, the incoming laser beam shaped by a DOE (here modelled by two overlapping Gaussian
profiles) the nearest mirror heat source (there are others at 8d and 12d etc. not shown here) and
the resulting temperature profile.
The beam power density profile I(x,y) is modelled by spatially superimposing a
number of Gaussian beams in a suitable manner. Consequently, the temperature field
in space and time T(x,y,z;t) of the different beams can be superimposed. The heat
sources are then mirrored according to the method of images (in the z-direction) to
model a workpiece with a finite thickness 2d. The solution is based on the threedimensional, time dependent, heat conduction equation
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(Cartesian coordinates x,y,z, time t) where Ƚ is the thermal diffusivity which is
described by Ƚ=k/(ɏcp) where k is the thermal conductivity, ɏ is the mass density and
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cp the specific heat. The heat source for a single Gaussian sub-profile of the modelled
beam is a surface heat flux q0 described by
െ݇ ܶൌ ݍ ሺݔǡ ݕǡ  ݖൌ Ͳሻ,

(2)
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where  ݎൌ ඥ ݔଶ   ݕଶ ,
I is the laser beam power density, I0 is the peak power density, A is the absorptivity
and r0 is the beam radius. When introducing non-dimensional units, followed by
Hankel transformation and Laplace transformation, the three-dimensional
temperature field for a certain time t can be calculated (Woodard and Dryden
1999) by
ߠሺܴǡ ܼǡ ߬ሻ ൌ

ఛ
ொ
ܨ ሺݒሻ݀ݒ,
ଶξ గ 

(5)

where , R, Z, Q and ɒ are non-dimensionalised parameters in a cylindrical
coordinate system, =T/Ta, R=r/r0, Z=z/r0, ɒ=4Ƚt/r02 and Q=AP/(kr0Ta). Ta is
the ambient temperature. v is the dimensionless variable for time integration. P is the
power, also related to I0 The integral is described by:
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In order to superimpose a number of N individual heat sources of index i laterally,
their temperature field results in
ߠሺܺǡ ܻǡ ܼǡ ߬ሻ ൌ σே
ୀଵ ߠ ሺܺ െ οܺ ǡ ܻ െ οܻ ǡ ܼ ǡ ݐሻ,

(7)

in relation to the Cartesian coordinate system that takes into account the lateral
displacements ¨Xi, ¨Yi of the heat sources at the surface, relative to the origin.
Temporal pulse shape modelling of laser beams can be included by superimposing
positive and negative step-functions and their solutions in the time domain. This
technique was e. g. used by Rohde et al. (2010) to weld two different aluminium
alloys. Temporal pulse shaping is approximated by superimposing the step-function
based equations Eq. (5), (6) at time steps Ĳj,
ߠሺܴǡ ܼǡ ߬ሻ ൌ σெ
ୀଵ

ொೕ
ఛିఛ
 ೕ ܨሺݒሻ݀ݒ.
ଶξగ ିఛೕ

(8)

In this paper the start time will be denoted by ɒ1 giving ɒ1=0. ɒ2 is the pulse time and
M is the total number of superimposed pulses (step-functions). For pulse shaping only
the composition of the temporal profile, hence power Q and time Ĳ will be varied
while keeping the spatial distribution unchanged. By applying negative terms Qj<0
at later stages, pulse decay and finally pulse termination can be simulated, e.g. to study
the cooling rate after a laser pulse (or several pulses). The simplest temporal pulse
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shape is modelled by starting with one positive step function which at a later time
step is followed by a negative step function of the same magnitude, to cancel the first
one out. A negative heat source has no physical meaning, but mathematically it can
be applied to lower or cancel a positive source. Accordingly, stepwise any pulse shape
can be modelled or approximated in time. The accumulated step functions are not
allowed to become negative. More details of the basic Equations (5), (6) as well as
asymptotic approximations can be found in the paper by Woodard and Dryden
(1999).
The accuracy of the beam profile approximation can be enhanced by increasing the
number of Gaussian profiles involved.
FEA of the heat flow of a pulsed C-shaped laser beam for conduction mode overlap
welding was studied in an earlier paper, Sundqvist et al. (2015b), to optimize the
beam profile. The results were applied for comparison with the analytical model
presented in this paper.
One motivation for the here presented approach is that this kind of model is faster
and simpler than FE-simulation since no meshing is needed and only a few numerical
steps are required. The model is limited to flat, homogeneous sheets. The design of
the model also enables it to be combined with optical DOE design modelling
software, to manufacture DOEs for industrial applications.
3 Results and discussion
Results from the model are demonstrated here by analysing specific phenomena from
different weld cases, including representative industrial applications. Low carbon steel
is used in all cases. A pulse time of Ĳ2=300 ms was chosen. The thickness of one plate
was d=0.3 mm, giving 2d=0.6 mm for the overlap joint, unless stated otherwise.
3.1 Temperature field for multi-spot beams
Tailored energy distributions can be used in a wide variety of different applications.
One interesting group of applications is multi-spot welding where a DOE creates a
pattern of several beams which are located close to each other. Fig. 2(a) shows the
beam configuration for six separate Gaussian beams with r0 = 300 m in a circular (or
hexagonal) arrangement. Despite their separation at the surface, see Fig. 2(a), at the
interface depth d of z=0.1 mm the six temperature fields interact strongly, see Fig.
2(b). Further in depth the temperature field homogenizes, z=0.3 mm, see Fig. 2(c),
z=0.5 mm, see Fig 2(d). For the case of a 3 x 6 matrix of 18 Gaussian laser spots with
r0=300 m and separated 1 mm apart, see Fig 2(e), the interaction is stronger than
the previous example at a depth of z=0.1 mm (see Fig 2(f)), leading to higher
temperatures in the central zone. At z=0.3 mm, the central zones still exhibit higher
temperature, see Fig 2(g) while at z=0.5 mm, see Fig. 2(h), the separate sources are
hardly visible and are connected by rounded isotherms.
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Fig. 2. Multi-spot welding: (a) power density distribution by circular array (radius rc = 1.5 mm)
of N = 6 Gaussian beams (Pi = 100 W, r0 = 300 m, Ptot = 600 W), (b) calculated
horizontal temperature field T(x,y) at z = 0.1 mm; (c) T(x,y) for z = 0.3 mm; (d) T(x,y)
for z = 0.5 mm; (e) power density distribution by 3 x 6 array (radius rc = 1.5 mm) of N =
18 Gaussian beams (Pi = 60 W, r0 = 300 m, Ptot = 1080 W), (f) T(x,y) for z = 0.1 mm
calculated , (g) T(x,y) for z = 0.3 mm; (h) T(x,y) for z = 0.5 mm; (all: t = 300 ms)
3.2 Optimisation of a joint shape
In the field of welding electronic connections, the area of the joint is usually of high
importance due to strength and electrical conductivity requirements. Also, boiling as
a possible cause for blowholes and spatter has to be avoided, T<Tb. Funck et al.
(2014) showed that for circular overlap joints, a ring-shaped beam can be
advantageous compared to a top-hat or Gaussian beam profile. Depending on the
target joint diameter and depth, other beam distributions could be favoured.
The model was used to study an industrial application concerning a 2 x 0.3 mm thick
overlap joint where a large joint area was desired. The iteration to find good
parameters led to a ring-shaped beam with an additional peak in the centre, see
Fig. 3(a), which appeared to be advantageous, avoiding overheating but ensuring
melting in the centre of the temperature field, as shown in Fig. 3(b). For larger areas,
several concentric beams would be a promising option to avoid overheating while
obtaining a large joint area. One aspect to consider is that the resulting interface joint
shape can significantly differ from the beam shape, especially for longer pulses and
deeper welds. For example, an approximately square beam, Fig. 3(c), generates almost
circular temperature fields deeper into the material, see Fig. 3(d).
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Fig. 3. Beam profiles and calculated temperature fields: (a) ring-shaped beam rc=1.25 mm
(modelled by N=18 beams, Pi=40 W, r0=300 m) with an additional beam in the centre
(same parameters, total power Ptot=760 W), (b) T(x,y,z=0.3 mm; t=1 s) the white outline
shows the beam shape, the black outline shows the melt boundary, (c) square contour beam
(modelled by N=28 beams, Pi=25 W, r0=200 m, Ptot=700 W), (d) T(x,y,z=0.3 mm;
t=1 s)
3.3 Spatial temperature field for a ring-shaped beam
A visualization of three isotherms for the 3D-temperature field calculated for a case
with a ring-shaped beam is shown in Fig. 4(a) while Fig. 4(b) shows the isotherms in
the xz-plane for y=0. For a ring-shaped laser beam the temperature field
homogenizes quickly with depth, which is desirable for single pulse conduction mode
welding.
In order to optimize a specific joint case, the calculations can start with a laser beam
shape equal to the intended interface joint shape followed by iterative optimization
through predictions and analysis of the resulting temperature field. Once an optimum
tailored beam shape is identified, it can be applied as the input to calculate the
corresponding design of a DOE. The opposite procedure is also possible; to calculate
the beam shape first and then the temperature field, for a given DOE-design. These
iterative procedures will benefit from the fast analytical model described in this paper.
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Fig. 4. Case of a ring-shaped laser beam (rc=1.25 mm, Pi=50 W, r0=300 m, N=19
t=200 ms Ptot = 950 W): (a) beam intensity profile with normalized intensity (b) calculated
3D-isothermal surfaces for T= 500 °C, 1000 °C, 1500 °C, (c) corresponding cross-section
at y=0
3.4 Cooling rate for a C-shaped beam
Part of the flexibility of the model is the ability to study the time-dependent
temperature field behaviour and to model a temporal pulse shape. The calculation of
cooling rate is of particular interest in order to predict the resulting microstructure
and the hardness of the welded material as well as any residual stress. A C-shaped laser
beam was comprehensibly studied by FEA (Sundqvist et al. 2015a) (without analysing
fluid flow but considering temperature dependent thermo-physical properties and the
latent heat of melting). The analytical model can be validated by comparison with
corresponding FEA-results. In Fig. 5(a) a C-shaped laser beam is shown while Fig.
5(b) shows the derived horizontal spatial distribution of the cooling rate dT/dt in
[°C/s] at a given depth z, and time t (z = 0.1 mm and t = 30 ms in this case).
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Fig. 5 (a) C-shaped laser beam (opening angle of 60°; 32 heat sources, Pi=50 W, r0=300
m, rc=1.5 mm Ptot = 1600 W), (b) calculated spatial cooling rate distribution dT/dt
(horizontal xy-plane, at z=0.1 mm below the surface), at t=30 ms for a laser pulse switched
off at t=20 ms.
3.5 Experimental results
For first indicative comparisons of the model, welding experiments were carried out
with scanner optics. Non-standard beam shapes were created experimentally, using
a galvanometric scanner head to create (by rotation) a quasi-static beam. The circular
beam in Fig. 4 and the C-shaped beam in Fig. 5 were both tested experimentally
(mild steel, 2d=0.6 mm, scanning frequency 1000 Hz, fibre laser power P=300 W,
beam-on time Ĳ2=0.2 ms, weld geometry radius rc=1.25 mm, r0=32 m), Despite
certain coincidences between the calculated and observed temperature field that can
explain certain trends, the results show some significant differences. The thermal
camera used for the experiments was a FLIR Thermovision A320 with a temperature
range up to 1200 °C. The thermal imaging results were used for qualitative
comparison only. Quantitative temperature data are here difficult to obtain from
thermal imaging because of the unknown and varying surface emissivity. Further
limitations are the very small beam dimension and the fast cooling phenomena
compared to the spatial resolution and to the frame rate (5 Hz) of the camera. In
addition, the experimental scanning method only to some extent can simulate
simultaneous irradiation by a DOE. Figure 6 shows the surface temperature field
(measured by thermal imaging) and the weld surface appearance produced by both a
ring-shaped and a C-shaped beam. A comparable modelling result for Figs. 6(e) is
shown in Fig. 4(b),(c). Modelling also shown that the centre of the ring gets
considerably more heated than the centre of the C-shape. This is confirmed by the
thermal camera images and by the weld surface image, where the centre of the ring
has become discoloured as a result of heating.
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Fig. 6: Thermal camera image sequence of a steel surface heated (a)-(c) by a C-shaped laser
beam and (e)-(g) by a circular beam; the third image in each case, (c),(g) was taken after the end
of the laser pulse; images (d) and (h) show the respective weld surface appearance (beam radius
1.25 mm).
3.6 Calculated effect for a misaligned DOE
The sensitivity of misalignment of DOEs was also studied with the model. The DOE
involved was a multi-level axicon lens which produces a ring-shaped beam. The
optical element has to be positioned perpendicular to, and in line with, the optical
axis of the laser beam to generate the intended beam shape, Fig. 7(a). Lateral
misalignment of the lens distorts the beam shape, as shown in Fig. 7(d) (for a DOElaser beam misalignment of 0.3 mm in the x-direction). The beam shape from Fig.
7(a) was modelled by 42 Gaussian beams as in Fig. 7(b). The temperature distribution
for a correctly aligned optic is shown in Fig. 7(c). The beam shape in Fig. 7(d) was
modelled correspondingly, see Fig. 7(e). The resulting asymmetric temperature
distribution (at a depth of 0.3 mm) is shown in in Fig. 7(f). Here the beam shape was
first calculated by Inverse Fast Fourier Transform for a corresponding DOE.
Subsequently the beam shape was applied for the temperature calculation, i.e. two
models were combined.

Fig. 7. (a) Calculated laser irradiation profile for a properly aligned axicon DOE, (b)
approximated beam profile which is used in the model (rc=1.25 mm; Pi=15 W; N=42 Ptot =
630 W) (c) calculated temperature field T (for z=0.3 mm; t=300 ms), (d) calculated laser
irradiation profile for a DOE misaligned 0.3 mm in x, (e) approximated beam profile which is
used in the model, Pi was gradually increased from 10 W to 20 W (rc=1.25 mm, N=42 Ptot
= 630 W) (f) corresponding calculated temperature field T (for z=0.3 mm; t=300 ms).
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4 Conclusions
(i) By spatially and/or temporally superimposing the analytical temperature field
solution for a Gaussian laser heat source, the temperature field for almost any
spatial and temporal beam and pulse shape can be modelled (accepting certain
simplifications).
(ii) For complex beam irradiation profiles, e.g. via DOE, their corresponding
temperature fields can be easily calculated.
(iii) For deeper analysis of microstructure evolution at any location and time the
temperature gradients and cooling rates can be extracted.
(iv) Some beam shapes generate differing joint shapes (e.g. square laser beams can
give circular melt cross-sections), which can be quickly investigated by the
presented model and iteratively optimized, if needed.
(v) The model can also be used to study effects like DOE misalignment and how
potential errors on the optics influence the final weld joint shape.
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Abstract: 11% Cr ferritic stainless steel conforming to EN 1.4003 standard was
surface hardened by a continuous-wave fibre laser beam. Both single-pass and multipass laser hardening was investigated. Different laser parameters were compared and
their influence on hardness, microstructure, geometry of the hardened zone and
sensitisation was investigated, especially for overlapping passes. The experiments
showed that a surface hardness which is double that of the base material hardness was
obtainable via martensitic phase transformation and high cooling rate, in spite of the
low carbon and nitrogen content. This behaviour could be predicted from the
chemical composition using the Kaltenhauser Ferrite Factor. Hardening at higher
power levels gives more coarse-grained lath martensite but does not increase the
hardness. Sensitisation was not a problem in single-pass hardening. However, the
production of overlapping tracks could be detrimental to corrosion resistance in 11%
Cr steel due to the formation of chromium carbides and nitrides.
Keywords: laser surface hardening, ferritic stainless steel, sensitisation
1 Introduction
Ferritic stainless steels are commonly used in mildly corrosive atmospheres, for
example automotive exhaust systems. These steels contain little or no nickel, which
makes them more affordable and less price-volatile than austenitic stainless steels. The
ferritic stainless steel grades usually have higher yield strength, enhanced deepdrawability and machinability over austenitic grades but are also resistant to chlorideinduced stress corrosion cracking, which is a typical problem with austenitic stainless
steels. The low Cr ferritic stainless steels can be partially or fully hardenable so that
high hardness can be obtained with appropriate heat treatments. With higher
hardness, these steels could possibly be used in abrasive environments in place of
overlay welded carbon steels or Hadfield steels. This paper presents an investigation
of laser hardening of 11% Cr ferritic stainless steel. The results show that laser
hardening is possible for this type of steel. The hardening mechanism and the
influence of laser hardening on the corrosion properties of the material are described
in this work.
Laser hardening is used to locally treat materials when only a selected part of the
surface requires increased hardness. Only a small, shallow area of the surface is heated.
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After the laser-material interaction ends, the bulk metal acts as a heat-sink to rapidly
quench the heated area. The heat input in laser hardening is mainly dependent on
laser beam power P and velocity v (line energy P/v), but also on the wavelength of
the laser and the surface conditions since these will affect the absorptance of the laser
beam energy. Cordovilla et al.[1] developed a mathematical model to study how
surface oxidation impacts the laser hardening process and then used the model to
predict the effect of overlapping tracks [2], which in turn alter the absorptance,
demonstrating the complexity in of the process.
Several papers on laser hardening of different stainless steel grades have been published
throughout the years. Mahmoudi et al.[3] investigated pulsed laser hardening of
martensitic stainless AISI 420 with a carbon content of ~0.2%. A hardness of ~490
HV was achieved, which is 90% of the value achieved in conventionally heat treated
samples. The laser hardened samples had better corrosion resistance than as-received
samples but second-pass laser treating was detrimental to the corrosion properties.
The same authors also studied the susceptibility to stress corrosion cracking in the
same steel grade and found that the susceptibility was higher in the laser surface
hardened areas [4]. Jenabali Jahromi et al. [5] studied laser hardening of martensitic
stainless steel with different preheat treatments. In air- and oil-cooled samples laser
treatment softened the material due to martensite tempering while furnace-cooled
samples were hardened from ~190 HV to ~360 HV. Van Ingelgem et al.[6] studied
the corrosion resistance in martensitic stainless steels with regards to laser parameters
and the overlapping of several hardened tracks. Less overlapping gave more
homogenous mechanical properties and better corrosion resistance. Levcocivi et al.
laser hardened austenitic stainless steels by melting the surface and adding hard
particles [7]. Laser hardening of 17-4 PH steel could increase the hardness from ~400
HV to ~450 HV [8]. Bojinovi© et al.[9] developed a numerical model of hardening
50CrV4-steel from 270 HV to 750 HV, with a hardness depth of 1.5 mm. To the
best of the present authors’ knowledge, no papers on laser surface transformation
hardening of low Cr ferritic stainless steel have been published.
However, for welding of ferritic stainless steel hardening was discovered in some
areas of the Heat Affected Zone (HAZ), though this was not studied in detail.
Welding of ferritic stainless steels with 11-12% Cr has been studied extensively in
recent years.[10-17] Sundaresan [18] provides an overview of welding of different
stainless steel grades. The HAZ in welding experiences approximately the same
temperatures as a laser hardened zone does, albeit with different cooling cycles and
heat inputs. In [19] and [20] the hardness increased from ~160 HV in the base metal
up to around ~280 HV in the hardest part of the HAZ, which shows that laser
hardening has the potential to increase the hardness considerably. The increase in
hardness can be explained by the creation of the hard phase martensite during cooling.
(Ferrite transforms into Austenite during heating, but can only return to the
Austenitic state during cooling if it has time to do so. During the rapid cooling
associated with laser surface treatment some or all of the austenite transforms into
Martensite).
When welding ferritic stainless steels it is important to minimise the sensitisation
mechanism which can lead to intergranular corrosion. Amuda and Mridha [21]
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provide an extensive overview of the sensitisation behaviour in ferritic stainless steel
welds. The most common explanation for sensitisation is the chromium depletion
theory, which states that chromium-rich precipitates form and deplete adjacent
regions of chromium if back-diffusion is limited. Four modes of sensitisation have
been identified and are described in short below.
Mode 1: Sensitisation due to welding incorrectly annealed material occurs when the base
material contains untempered martensite before the welding process.
Mode 2: Sensitisation in welds with overlapping heat-affected zones is similar to Mode 1 but
occurs when the untempered martensite is formed by a previous weld pass. Van
Warmelo et al.[22] found that welding of thick gauges of 1.4003 could produce a
Mode 2 sensitisation risk but the critical area is usually not in contact with the surface.
Mode 3: Sensitisation due to continuous cooling after welding at low heat input occurs in the
region close to the fusion line. This mode does not require any previous heat
treatment and is critical for materials where the high temperature HAZ is mostly
ferritic. Mode 3 is best avoided by employing heat input levels above 0.5 kJ/mm and
using materials with a high austenite potential.
Mode 4: Sensitisation when welding with an excessivly high heat input can occur during
slow cooling when high heat input welding has been performed. Here sensitisation
takes place between the HTHAZ and LTHAZ (high/low temperature HAZ), being
the least common type of sensitisation. Du Toit and Naudé [23] state that a heat input
level below 1.5 kJ/mm should be used to avoid Mode 4 sensitisation.
The guideline of keeping the heat input level between 0.5-1.5 kJ/mm is general and
will depend on plate thickness and chemical composition. For example, 0.3 kJ/mm
is considered an apporpriate limit for a 3 mm plate. Sensitisation can be reduced or
avoided by using different techniques, ie. by controlling the material composition or
the heat input and cooling rate. Using stabilisation elements such as niobium and
titanium has proved effective [24]. Carbon and nitrogen levels should be low to avoid
precipitation [21].
The Kaltenhauser Ferrite Factor (KFF) [24] is used to predict the amount of ferrite
and martensite produced by taking into the account the chemical composition of the
material. It has been reported that a fully martensitic structure is immune to
sensitisation. Controlling the alloying elements through assessment of their
contribution by the KFF can be used to avoid sensitisation completely [20].
This work presents the results of single- and multi-pass laser surface hardening of the
ferritic stainless steel grade 1.4003 which usually contains 11% or 12 % Cr. The
hardening experiments were evaluated with regards to surface hardness,
microstructure and sensitisation, accompanied by calculations of the thermal cycle.
2 Methodology
Sheets of stainless steel EN 1.4003, 200 x 100 x 4 mm in size were laser hardened
with a 15 kW Yb:fibre laser from IPG Photonics (YLR-15000, wavelength 1070
nm). The output fibre had a diameter of 0.4 mm. A collimator of 150 mm and a
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focussing optic of 250 mm focal length were used. This setup produces a beam spot
which is 0.67 mm in diameter. The laser beam was defocussed +100 mm to produce
an 8.8 mm diameter spot on the material surface which, at the parameters used here,
generated a heat affected zone 5.6mm wide. Three hardened tracks (A, B, and C)
were created. The centre lines of tracks A and B were separated by a distance of 4.5
mm and thus these tracks overlapped by approximately 1 mm. Track C was created
as a single track without overlap. A continuous wave laser beam was used. The laser
beam power was 1850 W for the three tracks. A separate fourth Track D was made
at 1950 W, for comparison. The velocity for all tracks was 0.7 m/min.
Correspondingly, the line energy was 159 J/mm and 167 J/mm. The time for cooling
from 800°C to 500°C t8/5 was 1.6 s and 2 s. The length of the tracks was 70 mm.
The plates were left at room temperature to cool down between the different tracks.
No shielding gas was applied. The chemical composition for the ferritic stainless steel,
produced by Outokumpu Oy, can be found in Table 1. The steel surfaces were used
as delivered.
Table 1. Chemical composition [wt.-%] of the studied stainless steel 1.4003
C
0.007

Si
Mn Cr
Ni Cu N
0.26 1.41 11.3 0.4 0.2 0.016

Fe
Bal.

The KFF is generally used in welding but can also be useful for surface treatment. A
modified version of KFF that also takes the stabilising elements niobium and titanium
into account was used:

ܨܨܭௗ ൌ  ݎܥ ܵ݅  ͺܶ݅  Ͷ ܯ ʹ ݈ܣ Ͷܾܰ െ ͶͲሺ ܥ ܰሻ െ ʹ ݊ܯെ Ͷܰ݅

(1)

The phase equilibrium diagram, from ThermoCalc software, shown in Fig. 1 makes
it clear that the 1.4003 steel is fully austenitic between 800 and 1180 °C. The carbide
M23C6 (M is a metallic chemical element, commonly Cr) and nitride Cr2N may form
at temperatures below the austenite transformation temperature.

Fig. 1. Equilibrium phase prediction (ThermoCalc software) of the microstructure of the ferritic
stainless steel 1.4003 as a function of the temperature.
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After treatment the specimens were cut, ground, polished and etched and the
microstructure of the cross-sections of the hardened samples was examined. Viellas
reagent was used as an etchant for the micrographs. The microstructure was evaluated
with an optical microscope. Vickers microhardness testing was performed with a
force of 300 gf and a load time of 10 s. Sensitisation corrosion tests were performed
electrolytically in 10% oxalic acid according to Practice W in the ASTM A 763-15
standard, which is a screening test to determine if a ferritic stainless steel is susceptible
to intergranular corrosion. In laser surface hardening with one pass, Mode 3
sensitisation could be a risk due to the low heat input. In multi-pass laser surface
hardening there is also a risk of Mode 2 sensitisation since the hardened zones
generally overlap in order to avoid soft areas.
For complementary analysis, numerical simulation of the heat flow was performed
with the commercial software code COMSOL Multiphysics 5.1, using the Finite
Element Method (FEM). A transient model was used. The absorptivity of technical
surfaces as a function of temperature has not been fully explored. Therefore the model
was trimmed by experimentally identifying the power threshold for melting and by
adjusting the absorptivity (0.75, or 0.37 when using Ar-shielding gas) in the model,
to just reach the melting temperature.
3 Results and discussion
Figure 2(a) presents the measured hardness across the Tracks A, B, C, at depths of
0.25 and 0.5mm, while the hardness profile of Track D for increased beam power
can be seen in Fig. 2(b).

Fig. 2. (a) Measured hardness across the three laser hardened Tracks A,B,C, at two different
depths. (b) Hardness across the single Track D, performed with increased power
The laser treatment produced a maximum hardness of almost 350 HV, which is
around twice the base material hardness (170-180 HV). Different process parameters
than the ones presented were also tested, which confirmed a similar maximum
hardness, around 330-350 HV. This indicates that the process is robust and a change
in process parameters will mostly affect the geometry of the hardened zone. The
hardness at a depth of 0.5 mm was still high in comparison with the base material.
No notable softening from tempering by subsequent laser passes was found.
The modified Kaltenhauser Ferrite Factor value KFFmod for the material used in this
study is 7.6. This means that the sufficiently heated material domains should become
fully martensitic since KFFmod < 8. Equation (1) along with the material composition
in Table 1 reveals that the ferrite promoting elements are mainly Cr (11.3 wt.%) and
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Si (6Si = 1.56). Mn (2Mn = 2.82) and Ni (4Ni = 1.6) are the main austenite formers.
Carbon and nitrogen are the austenite formers with the largest relative impact but
they constitute only 240 ppm by mass of the material and thus the contribution from
these elements to the equation is low: 40(C+N) = 0.96. The impact from the other
chemical elements is low and was neglected in this study.
Figures 3(a), (d) show macrograph cross sections of the tracks while Figs. 3(b), (c),
(e) show magnified microstructure details. The lower hardness, at 0.5 mm depth,
between Tracks A and B is the fourth point from the right in Fig. 3(a), which is just
outside the hardened zone (note that Fig. 3(a) does not show all measurement points
of Fig. 2). The higher power used to harden Track D did not achieve increased
hardness in comparison to the other tracks. Hardness measurement was also carried
out at a depth closer to the surface (0.15 mm) for Track D, where the average
hardness was 324 HV.

Fig. 3. Microscopy images of cross sections of (a) the three hardening Tracks A, B, C, with the
measurement points for Fig. 2 approximately marked, (b) the base material, (c) the hardened
zone, (d) the hardened Track D with higher power, (e) the hardened zone of Track D.
Figure 3(b) shows the microstructure of the base material, which is fully ferritic with
fine grains. The martensitic upper part of the hardened zone can be seen in Fig. 3(c).
This microstructure is more fine-grained than the one created by the higher beam
power used for Track D, which is shown in Fig. 3(e). The small increase in power
from 1850W to 1950W changes the microstructure considerably but does not
change the hardness achieved, as mentioned above. The higher power does however
yield a wider and deeper hard zone, as can be seen when comparing Fig. 3(d) with
Fig. 3(a). Track B is almost the same size as the higher power Track D and thereby
larger than A and C. One possible explanation is that Track A has modified (e.g.
oxidized) the surface conditions and absorptance for the subsequently overlapping
Track B.
Sensitisation screening tests according to ASTM A 763-15 Practice W were
performed on tracks A, B, C. Track C, which is separate from the other two, did not
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show any signs of sensitisation. Therefore Mode 3 sensitisation was not a feature of
this material for the parameters used. Greef and Du Toit tested three different welding
heat inputs: 34 J/mm, 154 J/mm and 432 J/mm which had a t15/8 of 0.22 s, 2.08 s
and 18.4 s.[15] The 34 J/mm sample was sensitised in ferrite-ferrite grain boundaries
while the 154 J/mm sample had a discontinuous network of ditched ferrite-ferrite
grain boundaries and the higher heat input showed no ditched grain boundaries. The
hardening tracks in this paper were never subjected to temperatures up to 1500°C so
instead the time above 800°C is of interest for comparison, which was 0.9 s for track
A, B, C. The experiments conducted in this paper produced a high amount of
martensite due to the low KFF and keeping the temperature below 1200°C which is
where the delta-ferrite starts forming according to Fig. 1.
Track A was influenced by the thermal cycle from Track B and evidence of corrosion
was found in a narrow band where the two overlap, as can be seen in Fig. 4.
Overlapping tracks therefore induce a Mode 2 sensitisation risk even though the time
for the temperature decrease from 764°C to 500°C for the overlapping track at the
sensitised position was 0.9s, 764°C was the highest calculated temperature at the
investigated point. It should be noted that the screening test is designed to determine
if the steel is not susceptible to intergranular corrosion, meaning that the steel can fail
the Practice W test but still have sufficient corrosion resistance.

Fig. 4. (a) Cross-section of the sensitisation tested overlapping track; only the band that was
subjected to two heating cycles was attacked, (b) magnification of the area, (c) further
magnification of the attacked band showing corrosion around grain boundaries.
Numerical simulations were used to determine the heating cycles for the critical band
in Fig. 4. Figure 5(a) shows the temperature cycle for a relevant point on the surface,
marked in Fig. 5(b). The first cycle quickly heats the material to around 1200 °C and
then it cools down to 300 °C in a matter of seconds. After further quenching, the
second cycle heats the material to almost 800 °C and then cools in a similar way. This
temperature is just below the austenite formation temperature, see Fig. 1. Figure 5(b)
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shows the temperature field across the first pass, Track A, in colour while two relevant
sensitisation isotherms for 800 °C and 600 °C of the second pass, Track B, are marked
with black lines.

Fig. 5. (a) Temperature vs. time for the first Track A and subsequent second Track B at a
surface location (circle in (b)) in the sensitisation critical zone, (b) temperature field of a cross
section (at the laser beam axis) for Track A in colour, and two relevant isotherms, 800 °C and
600 °C (solid black curves), of the second Track B.
Double thermal cycles are an instigator for sensitisation, particularly for martensite
formation followed by subsequent heating to a temperature just below the
austenitising temperature. The Kaltenhauser Ferrite Factor and the four modes of
sensitisation were primarily developed for welding. However, it has been shown here
that they are also good indicators for laser surface hardening since the temperature
cycle of the HAZ in welding resembles the heating cycle for laser surface hardening.
4 Conclusions
(1) Despite the low carbon and nitrogen content, laser surface hardening of 11%
Cr ferritic stainless steel has the potential to increase the hardness two-fold
from 175 HV to 350 HV by the formation of austenite at higher temperatures
which transforms into martensite during rapid cooling.
(2) No sensitisation was discovered for single-track laser hardening. High cooling
rate can induce sensitisation at ferrite-ferrite grain boundaries for lowchromium ferritic stainless steels but the high austenite potential of the
investigated steel lowers the risk of sensitisation from rapid cooling.
(3) Overlapping tracks are at risk of sensitisation, where the tempering region
reaches around 600-800 °C for the first hardening track, due to the creation
of chromium-rich precipitates. This depletes the adjacent regions of
chromium, making the material prone to inter-granular corrosion. A cooling
time of 0.9 s from 764 °C to 500 °C was not enough to prevent sensitisation
(4) The area at risk of sensitisation can be predicted by numerical modelling of
the temperature field and temperature history of the material.
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Abstract: Low chromium ferritic stainless steels are at risk for sensitisation from
certain sequences of thermal cycles. A recently developed laser-driven dropdeposition technique was suitable to build three adjacent tracks on a substrate sheet,
which have the same material composition. The microstructurally evaluated tracks
were also tested for hardness and sensitisation. The process was recorded by highspeed imaging to understand the drop-deposition mechanisms. For a temperature
peak just below austenitisation, the thermal cycle from a subsequent track affects
the former through tempering. Etching reveals a continuous region of ditched grain
boundaries around the interface between the melted and heat affected zones, which
is theoretically discussed. In the melted zone, the network becomes discontinuous
approaching the surface, meaning that the specimen was immune to sensitisation.
Additive manufacturing can induce manifold sequences of thermal cycles, but from
the generalized knowledge strategies against sensitisation can be derived.
Keywords: laser additive manufacturing; drop-deposition; stainless steel;
sensitisation
1 Introduction
Low-chromium ferritic stainless steel is a promising steel grade but bears the risk of
sensitisation when experiencing multiple heating cycles during thermal
manufacturing processes. A new technique of laser-driven drop deposition enables
the study of this type of steel for additive manufacturing, with respect to sensitisation
behaviour of overlapping tracks.
The steel grade EN 1.4003 which is a 11% Cr ferritic stainless steel was investigated.
This alloy is commonly used in mildly corrosive environments such as automotive
exhaust systems. This steel contains little to no nickel and thus has a lower price
than austenitic stainless steels. Ferritic stainless steel grades also have the
advantages of higher yield strength, better machinability, and a higher resistance to
chloride-induced cracking when compared to austenitic stainless steel. Welding of
low-chromium ferritic stainless steels has been studied extensively in recent years
due to a development in alloy compositions and increased use in industry.
Pekkarinen and Kujanpää [1] showed that the microstructure of EN 1.4003 becomes
fully martensitic for a range of different laser welding parameters as well as for
GTA-welding. When laser welding 12 mm thick 12% Cr stainless steel plates, Taban
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et al.[2] identified grain coarsening in the high-temperature heat affected zone,
HAZ, as a main drawback, since it can reduce the impact toughness. Different filler
materials for welding of EN 1.4003 stainless steel were analysed by Anttila et al.[3]
The consumable 409LNb led to a dual-phase structure with a ferrite matrix and
martensite in between the ferrite grains, while the HAZ was entirely martensitic.
The steel grade EN 1.4003 is prone to sensitisation, which was observed as an
accompanying effect for welding for certain heating cycles and alloy compositions
but never directly investigated for hardening or additive manufacturing. The ASTM
A 763-15 standard is applicable to investigate the susceptibility to intergranular
attack. According to the standard one or more grains need to be completely
surrounded by ditches to be susceptible for intergranular corrosion.[4] For laser
welding of EN 1.4003 sheets that were either hardened before or after welding,
Dahmen et al. [5] investigated the sensitisation behaviour. Etching of pre-hardened
welded sheets showed a ditched structure in the HAZ while the post-hardened
samples showed no ditching. The cause for sensitisation is the mechanism of
chromium depletion, which occurs under certain conditions when chromium
carbides and nitrides, typically M23C6 and Cr2N, are formed (M are metallic
elements where usually Cr is present); these precipitations deplete the adjacent
region of chromium, lowering the corrosion resistance of this region. Different
measures can impede the formation of chromium precipitates. One route is to keep
the carbon and nitrogen content low, while another way is to stabilise the steel with
chemical elements like Nb and/or Ti, due to their higher affinity than Cr to form
carbides and nitrides, hence maintaining its corrosion resistance. To stabilise ferritic
stainless steel, the proportion of Nb and Ti compared to C and N is of major
importance. Amuda and Mridha [6] present three different equations relating to
balancing the stabilising elements. A review of research on the sensitisation
dynamics is given in [6]. If the composition of the alloying elements cannot be
controlled, sensitisation must be avoided by controlling the heating cycle.
During welding studies, four different modes of sensitisation have been
identified:[7]
Mode 1: Sensitisation due to welding incorrectly annealed material, which occurs
when the base material is not annealed and contains untempered martensite before
welding.
Mode 2: Sensitisation in welds with overlapping heat-affected zones , which has the
same mechanism as Mode 1 but occurs when the untempered martensite is formed
by a previous weld pass, usually in the HAZ. Van Warmelo et al.[8] found that
welding of thick gauges of EN 1.4003 bears a Mode 2 sensitisation risk; however,
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the critical area is usually not in contact with the surface, hence the intergranular
corrosion does not have a starting point.
Mode 3: Sensitisation due to continuous cooling after welding at low heat input that
occurs in the region close to the fusion line. This mode does not require any previous
heat treatment and is critical for materials where the high temperature HAZ is mostly
ferritic. Mode 3 is generally reported to be avoided by employing heat input levels
above 0.5 kJ/mm and using materials with a high austenite potential; however, this
heat input level depends on alloy composition, material thickness and welding
method.
Mode 4: Sensitisation when welding with an excessively high heat input can occur
during its slow cooling cycle. Here sensitisation takes place between the hightemperature HAZ and low-temperature HAZ, being the least common type of
sensitisation. A heat input level below 1.5 kJ/mm is recommended to avoid Mode 4
sensitisation, as an indicative value.
Understanding of the behaviour of ferritic stainless steels like EN 1.4003 when
applied for additive manufacturing, AM, is of strong interest, particularly with
respect to risk of sensitisation because of the superposition of heat cycles resulting
from the many generated tracks and layers. AM has seen a growing interest both in
industry and research in recent years. AM is based on powder or wire feeding, but
the choice of metal grades is very limited, including only a few stainless steel grades.
Samarjy and Kaplan [9] recently presented a new technique where material is
transferred from a feeding sheet to the workpiece through molten droplets. This
technique enables to feed AM with literally any metal grade that is available as solid
sheet.
Quasi-steady state laser-induced melting and boiling causes a controlled melt flow
down the sheet thickness. The ejected melt generates a drop jet as the tool that feeds
additive manufacturing, on a closely located substrate or part. The technique can be
carried out by a variety of methods. For the initial feasibility study, the droplets were
produced by laser remote fusion cutting, RFC, of the upper feeding sheet and then
dropwise deposited on the lower substrate sheet. RFC is deemed more suitable than
the more established gas-assisted laser cutting since the melt is then driven by the
ablation pressure [10-12] instead of having a high pressure gas jet which can disturb
the deposition on the substrate sheet. This drop deposition technique is also capable
of efficient direct recycling with a laser beam, of waste or surplus metal to additive
manufacturing of a new part, for which it was termed CYCLAM. [13] This LAMtechnique turned out to be highly suitable to apply and study 11% Cr ferritic stainless
steel EN1.4003 from sheet metal, due to this alloy composition not being available
as wire or powder
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The material supply in the drop deposition technique differs from the traditional wire
and powder techniques like powder bed fusion, PBF, or direct energy deposition,
DED where melting of the material takes place close to the substrate and under
influence of the laser beam. Instead, the technique has more similarities with gas
metal arc additive manufacturing, GMAAM, where material is deposited dropwise
during arc-pulsing. Luo et al. [14] measured the impact energy from the droplets
entering the melt pool by acoustic emissions and found that the impact energy
decreased with higher pulse frequency. Chen et al. [15] investigated the
microstructure and mechanical properties of 316L-samples generated by GMAAM.
The tensile properties at room temperature fulfilled industry requirements. Another
technique that utilises material deposition through drops is drop-on-demand, DOD,
which is mainly used for polymers where drops are deposited through a nozzle.[16]
DOD techniques can also be laser-based like laser droplet generation where the end
of a feeding wire is melted before it detaches, through gravity, and then lands on the
substrate sheet. [17,18]
Among the limited powder material choices commonly used in LAM are Ti-6Al-4V
[19], Ni-alloys [20] and maraging steels[21], mainly driven by aerospace, gas
turbine and dental applications. Gorsse et al [22] states that there is around 50 alloys
commercially available as powder for additive manufacturing. Specifically for
stainless steel, 17-4 PH [23] and AISI 316L [24] is highlighted which is deemed to
have a technology readiness level (TRL) of 7-9. Other stainless steels that have been
used in AM of metal alloys that are include austenitic stainless steel AISI 304L[25],
martensitic stainless steel AISI 420 [26] and duplex stainless steel S32750.[27]
For overlapping tracks after laser hardening of unstabilised EN1.4003, the authors
have recently revealed the risk of sensitisation from the second thermal cycle.
During the reheating cycles, for the isotherm that just reached about 800 °C,
intergranular precipitation has taken place and made the track susceptible to
intergranular corrosion. While this was the case for the never liquefied state, here
the impact from thermal cycles from overlapping deposited molten tracks is studied,
with respect to precipitation and sensitisation risk, despite the low carbon and
nitrogen content.
2 Methodology
To study the sensitisation behaviour of 11% Cr ferritic stainless steel EN1.4003 in
additive manufacturing, owing to the lack of commercial powder or wire, the
recently developed laser-induced drop transfer technique was applied, generating
overlapping tracks from steel sheets.
Drop deposition is studied for two laser power levels and evaluated with regard to
sensitisation behaviour according to Practice W in the ASTM A 763-15 standard,
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which is a screening test to determine if a ferritic stainless steel is susceptible to
intergranular corrosion. Apart from high speed imaging of the process, the analysis
addresses the resulting microstructure and hardness.
Additive manufacturing fed by drop deposition from laser remote fusion cutting,
RFC, requires feeding material and a substrate. A sketch of the setup of the process
can be seen in Fig. 1.

Fig. 1. Schematic image of the here applied drop deposition technique, side view.
Laser RFC was performed through the feeding sheet with a laser beam that is
inclined 8.5° to the sheet normal, to avoid back reflections into the laser fibre The
cutting process was performed in sticking mode. Both sheets had a thickness of 4
mm and were positioned with a distance of 8 mm between them. Argon shielding
gas with a gas flow of 18 l/min was flushed between the sheets. The laser source
was a 15 kW Yb:fibre laser (IPG YLR-15000, beam parameter product 10.3
mm·mrad, feeding fibre diameter 200 μm, wavelength 1070 nm). The beam was
delivered to the optics through a 400 μm output fibre (beam parameter product
14.6 mm·mrad beyond a beam switch) and then projected on the sheet through a
telescope with collimating and focusing lenses, of focal length 250 mm and 150 mm,
respectively. This produces a focussed beam with a diameter of 667 μm
(magnification 1.67). The focal plane was positioned 1.5 mm into the feeding sheet.
A velocity of 3 m/min was used, same for the feeding and substrate sheets, for the
sake of simplicity. Different sheet velocities are an option to alter the thermal cycle.
Laser beam power levels (continuous wave, cw) between 7-11 kW were studied, all
producing a cut in the feeding sheet. For the here presented samples a laser beam
power of 8 kW and 10 kW was applied, for comparison. The RFC technique was
operated in the pushing mode, which means that the melt exiting the cut kerf is
pushed in front of the laser-material interaction zone, in the cutting direction. The
droplets are incorporated to the track melt pool and substrate ahead of the laser
beam. The excess portion of the laser beam passes the feeding sheet through the cut
kerf and hits the long molten pool, delivering additional energy which can cause
local boiling. Quenching of the material takes place mainly through heat conduction
to the bulk material. For the samples studied for 10 kW power the tracks were
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overlapped with an offset of 3 mm. For the 8 kW samples the tracks were overlapped
2 mm (due to narrower clad tracks).
High Speed Imaging (HSI) was performed with a Photron FASTCAM Mini UX100
with a 200 mm Micro Nikkor lens. The recorded area was illuminated with a
continuous wave 810 nm wavelength Cavilux HF diode laser operating at 25 W. The
aperture had an f-number of 11. Recording was carried out at a frame rate of 4000
fps, with a shutter time of 5 μs. The resolution was set at 1280 x 1024 pixels.
Both, the feeding and substrate sheets are 11% Cr ferritic stainless steel EN1.4003,
with the chemical composition shown in Table 1. Figure 2 shows the corresponding
equilibrium phase diagram, calculated by the software Thermocalc.
Table 1. Chemical composition (wt.-%) of 11% Cr ferritic stainless steel EN1.4003
C
0.007

Ni
Si
Mn Cr
0.26 1.41 11.3 0.4

Cu N
0.2 0.016

Fe
Bal.

Fig. 2. Metallurgical phase equilibrium diagram for 11% Cr ferritic stainless steel
EN 1.4003 (FCC - Face Centred Cubic, BCC - Body Centred Cubic, SIGMA - sigma
phase)
The ferrite and martensite content in ferritic stainless steel depends on the alloying
elements and can be predicted by different methods. Here the microstructure is
predicted through the Kaltenhauser Ferrite Factor (KFF), applying a modified
version which takes the stabilising elements niobium and titanium into account
(chemical elements in wt.-%):
ܨܨܭௗ ൌ  ݎܥ ܵ݅  ͺܶ݅  Ͷ ܯ ʹ ݈ܣ Ͷܾܰ െ ͶͲሺ ܥ ܰሻ െ ʹ ݊ܯെ Ͷܰ݅. (1)
For the here studied alloy EN1.4003, the KFF results to 7.6. This means that the
material becomes fully martensitic, owing to the limit of KFF < 8. This can also be
seen in the calculated phase equilibrium diagram in Fig. 2 which predicts the
material to be fully austenitic between 800°C-1180°C.
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Microstructural analysis was carried out by standard metallographic polishing
techniques and then etching with Vilella’s reagent. For microstructural analysis a
Nikon Eclipse MA200 microscope was used. Microhardness tests were conducted.
Sensitisation screening was made according to ASTM A-763 Practice W, which
means that the samples were electrolytically etched in 10% oxalic acid for 1.5
minutes, applying an electric current of 1 A/cm2.
3 Results and discussion
The generated tracks confirmed that the drop deposition was robust in terms of laser
power, in the range of 7-11 kW, producing a cut in the feeding sheet and a
discernible deposited layer on the substrate sheet. The main observed differences
were the geometry of the clad track. Lower power creates a narrower track and a
more undulated height profile. For higher power the track is wider and smoother but
causes more substrate dilution. This behaviour could be explained through HSI; high
power samples show more regular melt detachment; moreover, higher transmitted
laser energy strikes the melt pool and influences the flow of the molten metal. At
this location it was clearly observed from HSI that boiling was achieved. The
ablation pressure initiates a shallow keyhole-like valley that contributes to deeper
melting and dilution. Figure 3 shows two sequences of frames (0.5 ms apart), for a
laser beam power of PL=10 kW and 8 kW, respectively. The HSI images show larger
droplets for the 8 kW-samples that also separate later from the feeding sheet. It can
be noted that all tested parameters produced some amount of spatter, which probably
could be reduced by parameter optimisation but was not in the centre of this study.
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Fig. 3 Sequence (time steps: 0.5 ms) of HSI of the laser-driven drop transfer process
from feeding to substrate sheet (side view); (a)-(c) laser beam power PL=10 kW,
(d)-(f) PL=8 kW.
The macrostructures from oxalic acid etching, see Fig. 4, show differing geometry
of the deposited tracks and their substrate dilution. For 10 kW laser beam power,
Fig. 4(a), a deep zone of remelting can be clearly seen, bordering on keyhole
formation, as explained above. Oxidation of the track surfaces took place, visible
between the melt tracks, due to insufficient protection by shielding gas, particularly
because of the long melt pool and long cooling duration. The geometry of the tracks
for 8 kW, Fig. 4(d), has a higher height to width aspect ratio than for 10 kW, Fig.
4(a). The first track, I, and the second track, II show dark bands, where chromium
precipitates have been formed, which depleted the nearby region from chromium,
thus potentially lowering the corrosion resistance. Figure 4(b) shows, for 10 kW,
this region magnified close to the the top surface of track II. A network of ditched
grain boundaries can be found but no grain is completely surrounded by ditches.
Figure 4(c) shows the transition between the remelted region and the HAZ in the
base material. The HAZ shows clear signs of sensitisation with completely
surrounded grains. Some surrounded grains are also seen in the remelted area but
the network of ditched grains reduces towards the surface. The sensitised region
thereby never connects with the surface. Therefore, the 10 kW samples are not at
risk for sensitisation induced intergranular corrosion. Figure 4(d) shows a macro-
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image of the three 8 kW-tracks. These tracks seem to mostly have bonded to the
base material through the energy content from the molten droplets, which is very
different from the 10 kW samples where there is a higher degree of laser-material
interaction on the substrate sheet. A similar attacked band can be found in tracks I,
II of the 8 kW samples. The band in the top region (this part is outside the Fig. 4(d)
image) is shown in Fig. 4(e), while Fig. 4(f) shows the root region. These regions
are further magnified in Figs. 4(g),(h). Figure 4(g) shows that the transition region
between melt and HAZ is considerably ditched while the top region, Fig. 4(h) shows
some ditching but does not surround a single grain. For comparison, an image from
previously performed multi-pass laser transformation hardening shows the
appearance when the sensitised region connects to the surface, Fig. 4(i), in the
absence of melting. The sensitised HAZ in the melt track samples shows similar
characteristics as in the laser surface hardened samples.
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Fig. 4 Cross section macro- and micrographs of the generated tracks, etched with
oxalic acid to detect sensitisation: (a) three overlapping tracks, denoted I-III in
chronological order, with the area for the magnifications (b) and (c) marked, (b)
ditched discontinuous network of attacked grain boundaries adjacent to the surface,
(c) ditched continuous network, transition domain melt-HAZ (all: PL=10 kW), (d)
macro-image for 8 kW, again three overlapping tracks, denoted I-III in
chronological order, (e) micrograph of the top area, PL=8 kW, with the area for (g)
marked, (f) micrograph of the domain melt-HAZ, PL=8 kW, with the area for (h)
marked, (g) top region further magnified, PL=8 kW, (h) domain melt-HAZ further
magnified, PL=10 kW, (i) micrograph of the surface region for a hardened track
without melting (PL=1.85 kW, velocity 0.7 m/min).
Figure 5(a) shows the fine-grained fully ferritic microstructure in the base material
of the samples. Figure 5(b) shows the typical microstructure in the deposited and
remelted material that consists of coarse-grained lath martensite. In Fig. 5(c) the
transition from coarse-grained martensite to more fine grained martensite can be
seen. This region, which is further magnified in Fig. 5(d), corresponds to the
attacked region in Fig. 4(c). Comparing Fig. 4 (c), the Figs. 5(c),(d) indicate that the
unmelted fine-grained area precipitates more chromium and is more prone to
sensitisation.
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Fig. 5 Microstructure from etching with Vilellas reagent: (a) base material EN
1.4003, (b) deposited material in the middle of track I, for PL=10 kW, representative
for all deposited regions, (c) transition melt-HAZ, ref. Fig. 4(c); (d) magnification
of the transition zone.
The thermal history for ferritic stainless steel EN 1.4003 is critical to avoid
sensitisation since the combination of cycles can influence the sensitisation
behaviour considerably. Figure 6(a) illustrates schematically a thermal cycle for
which the first cycle exceeds the liquidus temperature, TL, while three possible
secondary heating cycles are shown. If the second cycle does not exceed a certain
temperature T1 (curve A), which according to numerical simulations is about 600
°C, no chromium precipitation takes place, probably because of insufficient energy.
If the second thermal cycle exceeds TA (curve C), the material will start to austenitise
again, meaning no chromium precipitates either. Critical for Cr-precipitation and
sensitisation are additional thermal cycles with a peak between T1 and TA (curve B).
Such cycle is the cause for the experimentally observed intergranular network and
ditching. As explained above, there is only a low degree of ditching and sensitisation
does not happen for the parameters used here. In Fig. 6(b), the same secondary
heating cycle scenarios are presented but here the first cycle only reaches around
~1200 °C, i.e. austenitisation takes place but no melting. Again, for second thermal
cycle peaks in the ranges of curves A and C the material will not show any sign of
sensitisation. Cycles like the blue curve B on the other hand can cause full
sensitisation, which was shown for the HAZ, Figs. 5(c),(h),(i).
Figure 6(c) illustrates in principle how a sequence of heating cycles can look like at
one location during laser additive manufacturing, which is based on many tracks and
superimposing heating cycles. Here the critical temperature range can be reached
multiple times or even held for an extended period of time. The solid blue curve
starts with the thermal cycle when depositing the track, followed by thermal cycles
from other tracks, which can be in quite arbitrary order, distance, timing and
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orientation. Risk management of sensitisation can be considered through track order
strategy. In the here presented example, after the building track melting cycle, the
solid blue curve enters the critical chromium carbide precipitation region and is
subsequently reheated to a temperature below T1, causing no changes. The dashed
curves present four different scenarios of the temperature regions that can be entered
afterwards. These cycles can take place several times and in complex order. The
peak of curve A stays below T1 and should always be a safe temperature cycle, B
reaches the critical region for chromium carbide precipitation, the peak of B causes
austenitisation while D melts the material. The different combinations of thermal
cycles could affect the sensitisation resistance, for example when the critical
temperature region is entered multiple times or when the material is heated into the
austenitising region again and then followed by temperature cycles into the critical
region. When building multiple layers, this behaviour would need to be studied
further and controlled so that a critical region is never induced on the final product
surface. The presented results give evidence for the here described phenomena but
generalisation with respect to the risk of sensitisation and intergranular corrosion
requires broader mapping and deeper studies.

Fig. 6 Principle illustration of thermal cycle scenarios T(t) to describe their link to
the risk of sensitization, depending on the critical temperature range between T1 and
TA: (a) three scenarios A,B,C of the second cycle when the first cycle caused melting,
T>TL, corresponding to the presented experiments, where ditching was found, (b)
same second cycle scenarios, but only austenitisation during the first cycle, as for
the HAZ, (c) example of more complex combination of thermal cycles that can
superimpose in LAM, with four scenarios A,B,C,D of late cycles that can repeat
further.
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4 Conclusions
The promising 11% Cr ferritic stainless steel grade EN 1.4003 was studied with
respect to sensitisation when experiencing melting.
(i)

(ii)

(iii)

(iv)

(v)

(vi)

EN1.4003 was for the first time used and studied as supply material in
additive manufacturing, which was enabled by the new technique of
laser-induced drop transfer.
Sensitisation screening according to ASTM A 763-15 Practice W showed
a discontinuous network of ditched grain boundaries in the added
material. The added material was then not at risk for sensitisation.
The HAZ in the substrate showed a continuous network of ditched grain
boundaries but the ditches do not connect with the surface; therefore
intergranular corrosion should not be an issue; melting causes less
ditched intergranular networks and can therefore be a measure to avoid
sensitisation.
The microstructure in the added material consists of martensite and
achieved a hardness of 320 HV, compared to 175 HV for the fully ferritic
base material.
The melt flow during the technique of laser-induced drop transfer is
strongly dependent on the laser beam power. For low power close to the
cutting limit, the deposition rate and drop interval will dictate the shape
of the built layer. For higher power and same velocity, the extra laser
beam energy passes through the feeding sheet and causes a boiling and
ablation pressure impact on the additive molten pool, altering the thermal
cycle and developing a smoother track.
The many tracks during AM can generate manifold combinations of
thermal cycles; for EN 1.4003 some of them are prone to sensitisation,
particularly when the first cycle exceeds the austenitisation temperature
but not the melting temperature, forming tempered martensite, and the
second cycle reaches a temperature interval between about 600 to 800
°C, where enough energy for precipitation is provided but new
austenitisation avoided.
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Abstract: Friction stir welding, FSW, of harder metal alloys is difficult to perform,
like here dissimilar welding of titanium alloy to stainless steel in butt joint
configuration. One limitation is tool wear. A preheating laser beam can lower the
forces on the tool. A mathematical model to calculate the tool forces during FSW
was developed further. The calculations show an enlarged domain of elevated
temperature around the tool with correspondingly lower yield strength, owing to its
strong decay with temperature. The laser beam reduces forces at the pin and shoulder
of the FSW-tool, accompanied by reduced heat generation through the tool. Within
its operating limits, the process has low sensitivity on the lateral position of the leading
laser beam. For thicker sheet gauges the vertical heat flow contribution needs to be
optimized. The model supports the understanding and optimization of the complex
interaction zone of forces and heat around the FSW-tool.
Keywords: friction stir welding; laser beam; dissimilar metals; tool force; wear
1 Introduction
For friction stir welding, FSW, preheating by a laser beam can support the process,
so called laser-assisted friction stir welding, LAFSW. This paper investigates the
process through mathematical modelling, for dissimilar materials by the welding of
stainless steel with Ti-alloy in butt weld configuration. FSW is a solid-state welding
technique that is typically used for materials that are difficult to join with fusion
welding techniques, through the application of a tool that is in contact with the base
materials. FSW has initially been used to join aluminium alloys but is nowadays also
used to join tougher materials [1] and to produce joints between dissimilar material
combinations [2]. The tool used in FSW consists of a shoulder that is pressing on the
surface of the specimens and a pin, which is positioned in the interface between the
plates in case of butt welding. The tool has large influence on the welding process
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[3]: The geometrical design of the tool affects the material flow while the tool
material is important to reduce wear and to avoid breakage. FSW of tougher materials
puts higher demands on the tool material as it will be subjected to higher load and
temperature. Brassington and Colegrove recently investigated FSW of Ti-6Al-4V
alloy and concluded that the technology is still not mature enough for the European
space industry. Tool pin material is one limiting factor due to tool life and costs. They
mention that preheating with a gas tungsten arc (GTA) source is one potential
method to improve FSW of Ti-alloys [4]. LAFSW could be another option [5-7]. A
preheating source can also benefit the process when welding dissimilar materials.
Bang et al. [8] used a GTA welding source when joining Ti-6Al-4V to Al-6061T6
[9] and also when welding Al-6061T6 to AISI 304 stainless steel.
Welding of dissimilar materials is gaining increasing attention because of the
possibility to tailor product properties, e.g. according to local load conditions, to
reduce weight. Joining Ti-6Al-4V to stainless steel alloy is a material combination
with potential applications in aerospace and nuclear industry but is challenging for
welding. Shanmugarajan and Padmanahab [10] concluded that autogenous fusion
welding of titanium to stainless steel is not feasible. Fusion welding using different
interlayer materials has led to improved results [11, 12]. FSW can be beneficial
compared to fusion welding techniques for welding dissimilar materials in that FSW
joins the materials in solid state, thus having lower temperatures which avoid
problems occurring at higher temperatures, such as large presence of intermetallic
compounds. FSW of titanium to stainless steel has previously been investigated for
lap joint configuration. Fazel-Najafabadi et al. welded commercially pure titanium to
AISI 304, with titanium as top material [13] and vice versa AISI 304 as top material
[14]. Ishida et al. [15] and Campo et al. [16] used titanium as the upper sheet, the
latter for Ti-6Al-4V instead of pure Ti. Buffa et al. did both an experimental and
numerical analysis of welding Ti-6Al-4V to AISI 304 and found that using Ti-alloy
as the upper sheet produces more sound joints. [17]
Butt joint welding of Ti-6Al-4V to AISI 304L has to the authors’ knowledge not
been reported in literature. These materials are prone to producing intermetallic
compounds which are detrimental to the structural integrity of the joint. In addition,
for tough metals issues with tool wear and breakage were reported by Brassington
and Colegrove [4]. Tougher tool materials are in general more expensive and
identification of proper parameters can become very costly due to the fast wear of
the tool.
Tool wear and breakage are a key limitation for FSW, particularly with respect to
harder materials than Al-alloys. Forces and torques on the tool are occasionally
measured but usually, apart from plain reporting and some empirical trends, this topic
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and the mechanisms behind are hardly addressed in literature. One reason might be
that detailed measurement and modelling of the mechanisms in and around the tool
are very difficult. An exception are Arora et al.[18], who identified the tool pin as
the main point of failure during FSW and presented a model to calculate the shear
stress distribution on the tool with the resulting forces and torques. For modelling of
fractional tool slip and friction, a model was transferred from a rolling technique.
Trends like increasing force towards the root of the tool pin were calculated, as well
as the influence of pin length and diameter. [18] It is also important to discuss the
context of decreasing shear strength for increasing temperature during FSW,
facilitating the process, which is relevant to the use of preheating.
In general, mathematical models are useful to predict and explain different behaviours
in the FSW-process such as heat flow, residual stress formation and material mixing.
Most common is thermal modelling as the base for other mechanisms in FSW which
vary in complexity. While some models consider the viscoplastic flow [19] others are
purely analytical [20, 21]. Schmidt and Hattel proposed a thermal model (termed
thermal pseudo mechanical, TPM) that calculates heat generation from the yield stress
of the material [22]. The main benefit with this approach is that it provides fast
calculation and requires little input data.
In the present study, the TPM-model is adopted for LAFSW of dissimilar metals of
Ti-6Al-4V to AISI 304L in butt joint configuration. The model is paired with Arora’s
approach for calculating the forces on the tool. Many of the early experiments
conducted on these alloys led to tool breakage which is a major problem that needs
to be overcome before aiming at sound joints between the materials. The model is
applied to estimate the effect of the laser beam parameters on the LAFSW-process,
in terms of heat generation and forces on the tool.
2 Methodology
Laser-assisted FSW of dissimilar metals Ti-6Al-4V and stainless steel AISI 304L is
studied with a 3D numerical Eulerian model. Calculation of the heat conduction is
combined with modelling of the forces on the FSW-tool. The model is applied for
estimation and analysis of the impact of laser preheating on the tool forces during
FSW, accompanied by temperature measurements during experiments.
The two sheets are 3 mm thick (300 mm wide and 500 mm long). The FSW-tool is
located at the weld joint interface, see Fig. 1(a). The tool, shown in Fig. 1(c), is made
of WC-Co12. Its shape is part of the model boundary, according to its dimensions as
shown in Fig. 1(b). A second case of 6 mm thick sheets was calculated as well, with
a longer tool pin, 5.8 mm in height, for the same tool diameters.
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Fig. 1 (a) Schematic set-up (top view) of dissimilar laser-assisted FSW, (b) cross-section with
dimensions of the FSW-tool (for 3 mm sheets), (c) FSW-tool
The traverse force FT on the tool is calculated by adding the shoulder force, FS, and
the pin force, FP.
FS  FP

FT

(1)

The shoulder force is obtained [18] by an integral over the shoulder contact area

³³

FS

AS

GPpdA

(2)

where Ɂ is the fractional slip,  is the friction coefficient and p is the normal pressure.
The pin force
FS

³³ VdA
AP

(3)

is calculated by integrating the yield strength ɐ over the contact area of the pin, AP.
Fractional slip, Ɂ, and coefficient of friction, , can be approximated [18] by:
G
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where ɘ =2ʌn is the angular velocity, here for n=300 rpm, and R is the radius of the
tool pin. These equations are valid for ɘr values of 0.1-1.6 m/s, including the present
case of approximately 0.1 m/s. The heat flux generated by FSW can be calculated
[22] by
qFSW

Zrt TT

(6)

Where ɒ is the shear strength, derived from yield strength by ɒ=ɐ/sqrt(3), that is
dependent on the temperature TT at the interface tool-workpiece. Another equation
[23] for the generated heat is presented below, taking into account pressure and
fractional slip. By combining (6) and (7), the pressure and subsequently the shoulder
force can be calculated.
Zr >GW yield TT  1  G Pp @

q FSW

(7)

The surface heat flux from the absorbed laser beam, qL, is prescribed by
qL

r

K

§
2 PL
r2 ·
¨
¸,

exp
2
¨
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©

x  d LF

2

 y  d LY

(8)
2

,

where Ʉ is the surface absorptance, assumed 0.35 for both materials in this study, PL
is the laser beam power and r0 is the beam radius at the surface. The radial coordinate
r considers the distance dLF from the laser beam axis to the tool shoulder and a lateral
displacement dLY of the laser beam to optionally promote heating of one material.
For joining Ti with stainless steel (SS) it is aimed to keep the temperature sufficiently
low to avoid formation of intermetallic compounds. Melting was avoided.
The welding velocity was u=0.8 mm/s for both experiments and simulations.
Rotation of the FSW-tool was counter-clockwise, with Ti on the advancing side,
see Fig. 1(a). An Nd:YAG-laser beam (wavelength 1.064 m) was operated at PL=600
W (continuous wave), with r0=2.5 mm at the surface. Seven simulation cases are
presented here, to study the influence of parameters: Cases 1-5 are for 3 mm sheet
thickness (pin height 2.8 mm), Cases 6 and 7 are for a thickness of 6 mm (pin height
5.8 mm). Cases 1 and 6 are without laser beam, as reference. For the other cases the
laser beam is positioned as follows: Case 2: dLF=10 mm, dLY=0 mm; Case 3: dLF =10
mm, dLY=4.5 mm (into Ti). Case 4: dLF=10 mm, dLY=-4.5 mm (into SS); Case 5:
dLF=5 mm, dLY=0 mm. Case 7: dLF =10 mm, dLY=0 mm. Meshing was done with
approximately 110 000 elements. Simulations were carried out with COMSOL
Multiphysics software. Temperature-dependent material properties were used.
Mixing of the materials and its inherent complex properties were neglected. The
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convection from the movement of the metal dragged around the tool is simulated in
the model by a shear layer [22] that is assumed to be 0.5 mm thick. A velocity profile
(horizontal vortex) is prescribed that decreases linearly from the tool velocity to zero.
From the simulations, conclusions on the process behaviour, process limits and
sensitivity from laser preheating were derived.
For basic comparison, experiments were conducted with the same parameters as in
Case 2. The sheet edges were milled, enabling zero gap. A prehole for the FSW-tool
was machined to decrease the wear during the plunging phase and Ar-shielding gas
was used to protect the workpiece during welding. 2 mm deep holes were drilled for
the placement of thermocouples, to compare temperature cycles. The thermocouples
were placed on both sheets 12, 15 and 18 mm from the weld line, see Fig. 1(a).
During the experiments a plunge depth of 0.2 mm and a tilt angle of 2° for the tool
were used. This was neglected in simulations.
3 Results and discussion
Acceptable welds were produced, without tool breakage. Previous experiments
without laser preheating failed due to wear and breakage of the tool. The weld cross
section in Fig. 2(a) shows merging between Ti and SS, and a slight surface depression
according to the plunging depth. Figure 2(b) shows a corresponding (Case 2) cross
section of the calculated temperature field in the tool centre-line, x=0. Figure 2(c),(d)
show the calculated temperature field at the pin-workpiece interface at the tool front
and rear side, respectively. The temperature is slightly higher at the Ti-side due to
being the advancing side and the alloy causing lower heat dissipation.

Fig 2 (a) Cross-section from dissimilar laser-assisted FSW, (b) calculated temperature
distribution T(x=0,y,z), (c) calculated temperature field across the FSW-tool pin surface (pin
height 2.8 mm), front side, (d) rear side (all: Case 2)
Thermocouple measurements, shown in Fig. 3(a), can be compared to the
simulated thermal cycles, see Fig. 3(b). The results have similar qualitative behaviour
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but differ quantitatively. The accuracy of the model is limited because of several
uncertainties (e.g. laser beam absorptivity, material properties as a function of
temperature) and simplifications (FSW-tool interaction model) but the model serves
well for various analyses like relative sensitivity of parameters and mechanisms.

Fig. 3 Temperature history T(x;t) at three locations y, in the two metal sheets, Ti and SS, see
Fig. 1(a), (a) measured by thermocouples, (b) calculated (Case 2)
The shear strength and thus the yield strength of the work-piece material is an
essential factor, both, on the generation of heat in FSW and on the forces which the
tool will be subjected to, according to the above equations. In Fig. 4 the yield strength
is plotted (from various sources) for the two materials, on a semi-logarithmic scale
(because of strong variations), as a function of temperature. The curves show that a
stronger decline in yield strength occurs beyond 700-800°C for both materials, which
can be regarded as a threshold value to facilitate material deformation, as is the case
during FSW. The highest calculated temperature at the tool pin surface, 984°C, is
marked in the graph. The variation of the calculated temperature at the tool pin
surface is very little. However, even small temperature changes strongly alter the yield
strength and in turn the shear strength and the tool forces.

Fig. 4 Yield strength of both metal alloys as a function of temperature (process temperature and
melting points indicated)
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Fig. 5 shows the calculated temperature field for the seven cases. Compared to
ordinary FSW, Case 1 in Fig. 5(a), preheating by a laser beam in Fig. 5(b) widens and
slightly enhances the temperature field, causing a reduction of the force on the tool
by 327 N or 20%, quite equally at both the shoulder and pin, see Table 1 and Fig. 6.
It is noteworthy that laser preheating reduces the heat generated by the FSW-tool by
119 W or 21%. For comparison, the absorbed laser beam power was ȘPL=210 W.
The process is robust to offsetting the laser beam in lateral direction, by dLy, as for
Case 3 into Ti, see Fig. 5(c), and for Case 4 into SS, see Fig. 5(d), causing only slight
alterations of the tool forces and generated power. Moving the laser beam 5 mm
closer to the FSW-tool, as in Case 5, Fig. 5(e), slightly reduce the forces on the tool.
For double the workpiece thickness, Cases 6 and 7 in Fig. 5(f),(g), the impact of the
heat flow in depth becomes more attenuated, both, from the tool shoulder and laser
beam, while more heat dissipates. Here, the laser beam mainly reduces the pin forces
(by 19%) while it has small influence (6%) on the shoulder force. This is an example
where the model can be suitable for optimization of preheating by the laser beam
along with the identification of its limits.
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Fig. 5 Temperature distribution T(x,y,z) at the top surface, z=0 (left), and between the plates,
y=0 (right), for the seven different Cases 1-7, corresponding to (a)-(g)
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Table 1. Calculated tool force FT and heat generated by the tool, PFSW, each split into shoulder
and pin contribution, and into the two material contributions (force) for the seven cases studied
Case

Remark

PFSW=pin+shoulder
[W]
3 mm, laser off 560=43+517

FP = SS+Ti
[N]
824=316+508

FS = SS+Ti
[N]
799=370+429

FT=FP+FS
[N]
1623

665=241+424

631=266+365

1296

3

Laser
on, 441=35+406
centred
Laser into Ti
443=35+408

670=243+427

635=274+361

1305

4

Laser into SS

676=246+430

641=269+372

1317

5

647=233+414

612=254+358

1259

6

Laser 5 mm 427=34+393
closer
6 mm, laser off 772=109+663

2287=810+1377

1015=504+511

3302

7

6 mm, laser on 645=94+551

1853=709+1144

954=396+458

2807

1
2

447=35+412

Fig. 6 Calculated tool force F and heat generated by the tool, PFSW, each split into shoulder
and pin contribution, for the seven cases studied
Laser preheating considerably lowers the forces on the FSW tool and can thereby
enable welding of tougher materials. Laser preheating may also influence the process
in other ways, such as material flow by widening the soft zone and altering the
microstructure. Studying these phenomena as well as optimising the joint strength
can be a next step when adequate tool life can be obtained.
4 Conclusions
Laser-assisted friction-stir welding of dissimilar metals, Ti-6Al-4V with stainless steel
AISI 304L, was analysed by developing a mathematical process model further,
concluding as follows:
(i)
The TPM heat source model by Schmidt et al, which was developed further
in a simplifying manner, is highly suitable to analyse dissimilar welding and
preheating, for FSW
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(ii)
(iii)

(iv)

(v)

(vi)
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Laser beam preheating substantially lowers acting forces on the tool pin and
shoulder.
The process is robust against asymmetric heating by the laser beam, laterally
into either material. Limitations are the placement of the laser beam too close
to the tool, or too high beam power that causes melting.
The laser beam can induce a wider environment of high temperature around
the tool, enabling more robust conditions against disturbances; support by
heat distribution into depth is more difficult to optimize, for thicker sheets.
The yield strength of both studied metals strongly decreases for increasing
temperature, hence even minute temperature variations strongly affect the
process; Ti experiences stronger forces than SS.
Laser preheating leads to a lowering of FSW heat generation, i.e. the overall
process experiences a complex reaction between laser beam- and FSWheating.
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During laser welding, residual stresses are thermally induced. They can have strong impact on the
fatigue behavior and fatigue life. A standardized measurement method for the fatigue crack growth
rate was expanded to identify residual stress along the cracking path. The second derivative of the
measured crack opening and in turn the crack acceleration corresponded well with distinct
acceleration maxima and minima and accordingly with tensile and compressive stress, as was basically
proven by numerical simulation. The method is simple and extendable. It provides valuable
information, as was demonstrated for various situations. © 2015 Laser Institute of America.
[http://dx.doi.org/10.2351/1.4923472]
Key words: laser welding, fatigue, crack propagation, residual stress, crack growth

I. INTRODUCTION
For many products the propagation of fatigue
cracks determines their lifetime until fracture. While
the lifetime itself often can be predicted by
standardized testing methods1 that have led to a vast
amount of empirical data, particularly SN-curves (S
is the mechanical load amplitude, N is the number of
cycles), the propagation behaviour during fatigue
cracking through a laser weld is only partially
understood, also owing to the lack of measurement
methods. Compared to a plain metal sheet, the
mechanisms become more complex and in turn more
difficult to understand and identify when the fatigue
crack propagates through a weld or close to it.
Laser welded components are often designed
and optimized for fatigue load scenarios because of
their complex nature and the risk of severe
consequences of a fatigue failure. Laser welding
causes several changes on the workpiece, in particular
with respect to surface geometry, microstructure and
the introduction of residual stresses2. Fatigue cracking
can be divided into three phases: crack initiation,
crack propagation and finally failure through fracture.
Under certain conditions the fatigue lifetime is
determined by the crack initiation, via stress raisers
like surface weld imperfections or unfavourable
geometries3 in combination with residual stress,

while in other situations the crack propagation is the
essential contribution4, e.g. influenced by residual
stress along the crack path. The microstructure
usually has a negligible effect on the fatigue life in
welds, with few exceptions where retardation was
reported, particularly by zig-zag propagation along
the steel grains instead of a straight path5.
The measuring method presented here is an
expansion of the crack-opening compliance method
used for destructive testing in the fatigue crack
growth rate (FCGR) method6. The crack-opening
compliance method was developed for measuring the
crack length in fracture mechanics and fatigue of the
base material, i.e. not welded. The method was later
advanced into the crack compliance method for
residual stress measurement7. When using this
method during fatigue testing of a welded sample, the
fatigue crack growth rate will vary through the
residual stress field and thereby presenting an
indicative result of the residual stress distribution and
how it is affected by the weld. The fatigue crack
growth method and the crack- compliance method
are both used by Biallas8 where also redistribution of
residual stresses is illustrated. The method has its
origins in Paris’ law9 where the crack growth is said
to be largely independent of microstructure in its
linear regime “Region II” thus making the
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measurements in this paper mostly dependent on
residual stress10.
The FCGR method is an accepted method for
base metals that is standardized. It can be carried out
by applying the compliance method or by measuring
the electrical conductivity across the crack, as in the
standard, or by observing the crack length growth
with a camera. A few researchers have applied the
compliance method to welds, usually with constant
load to derive standardized material properties of the
Paris law5,11. Tsay showed a first curve where instead
the stress intensity factor, K1, was kept constant when
investigating the residual stress through a laser
annealed zone 12.
There exist several methods to determine the
residual stresses after welding, for example hole
drilling13,14, neutron diffraction15, x ray16 and the
crack compliance method (measuring the crack
opening width or the strain during many short steps
of sawing the sample)5. Finite Element Analysis,
FEA, is often used to predict and optimize residual
stresses17,18. Neutron diffraction and the x ray
technique have the advantage of being nondestructive but their usage is limited by measuring
range, complexity and time7.
In this study, the standardized compliance
method is applied to measure the acceleration of a
fatigue crack that propagates through a welded metal
plate, to provide information on the residual stress
field distribution and its variation during cracking.
The method gives valuable data and information on
the crack propagation, particularly for residual stress.
For analysis and demonstration, the method is applied
to laser welded high strength steel samples.

II. METHODOLOGY
A. Methodological approach
Fatigue cracks propagate at constant rate
through homogeneous metal sheets. When the
cracks are crossing welds, the weld metallurgy and
the induced residual stress can alter the propagation
rate. Here a method is presented to measure the
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changes in growth rate of fatigue cracks propagating
across welded metal sheets.
We postulate a research hypothesis that any
change in cracking rate mainly originates from
transversal residual stress components induced by
welding. Crack acceleration will correspondingly
identify domains of tensile (transversal) residual stress
while deceleration will be associated to compressive
stress. In particular, the measurement would take into
account transient alteration of the residual stress field
by the propagation of the crack.
Note that here the transversal stress component
is defined relative to the cracking direction, i.e.
longitudinal to the welding direction. An alternative
for speed changes are spatial variations in the weld
metallurgy, which we initially studied but have
proven (because of contradictory locations) to be of
minor or no influence.
Figure 1 shows the methodological approach
for the research presented in this paper. During laser
welding of a sample, residual stress is generated,
beside modified surface geometry and metallurgy. To
eliminate the impact of stress raisers from the surface
geometry, the upper and root surfaces are machined
flat. Instead, a tailored stress raising notch is machined
that will decide the initiation of fatigue cracking. The
crack propagation is then influenced almost
exclusively by residual stress since propagation
happens in the linear regime of Paris Law10. From
measurement of the compliance, the crack length as
a function of number of cycles is obtained and from
this data the growth rate and acceleration can be
derived. The latter is related to the residual stress
distribution along the crack, in particular to the stress
component perpendicular to the cracking direction.
To obtain complementary information, the residual
stress (after welding) was measured by the holedrilling method and the three-dimensional residual
stress field generated during welding was calculated
by FEA.
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.
FIG. 1. Schematic description of the applied methodological approach to measure the acceleration of the crack
propagation, related to the residual stress distribution, plus methods for complementary information. Thick arrows
show the process flow sequence of welding and cracking; thinner arrows represent the influencing mechanisms while
methods of analysis are shown by dashed lines.

B. Preparation
samples

of

laser

welded

Fourteen samples exhibiting residual stress were
generated by laser beam welding, designated A-N.
For comparison and to demonstrate and discuss the
general applicability of the method, two different
grades of high strength steel, namely Domex 420MC
and Optim 960QC, see Table 1, were welded, with
different welding parameters according to Table 2.
The steels studied had yield strengths of 420 MPa and
960 MPa respectively.
The steel sample size was between 200 x 100
and 150 x 150 mm and was after welding
mechanically cut to 140 x 30 mm, to remove the
weld start and stop domains and to be suitable for
fatigue testing. The surface irregularities generated by
the welding operation were removed by machining
(Domex: 1 mm deep layer removed, final thickness
8 mm, Optim: just bead and root grinded) at the top
and at the bottom plate surface, to avoid the
influence of geometrical stress raisers on the fatigue
crack propagation testing. The Domex steel was also
tested for different welding parameters, moreover for
crack propagations across two parallel welds (at ypositions 10 mm and 20 mm), samples J,K, and for
TABLE I. Chemical composition (wt. %) of the steels used.

TABLE II. Properties and laser welding parameters for
the 14 samples A-N together with the weld orientation
according to Fig. 3.

cracking along the weld (oriented in y-direction,
notch at weld end-face), samples L-N. All specimens
were fixed at two points on a single side during
welding.
The Domex steel samples were post weld heat
treated, PWHT, according to the supplier’s
recommendation (30 minutes in a furnace at 535° C)
to initiate fatigue cracking at a lower load level. The
procedure lowers the residual stresses quantitatively
but not qualitatively. This increases the time in
propagation mode and thus higher measurement
accuracy is obtained. The Optim steel was not heat
treated since the supplier does not recommend heat
treatment at high temperatures for their ultra-high
strength steels and also the lower heat input, which
can be seen in Table 2, gives lower residual stresses
compared to the Domex samples.
The Domex steel samples A-F and J-N were
welded with a 15 kW Yb:fibre laser (YLR 15000,
manufacturer IPG Laser GmbH, wavelength 1070
nm, beam parameter product 10.4 mm mrad). Argon
was used as the shielding gas. The beam was delivered
by a fibre of 200 m diameter, followed by a 150 mm
collimator lens and a 300 mm focussing lens,
generating a beam with a focal spot diameter of 400
m and a Rayleigh length of ±4 mm.
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The focal plane was positioned 1 mm into the
material. The Optim steel samples G-I were welded
with a 4 kW disk laser (Trumpf HLD 4002,
wavelength 1030 nm, beam parameter product 8
mm·mrad) with the same sizes of fibre and focussing
lens but with a 200 mm collimator, hence generating
a focal spot diameter of 300 m. The different plate
thickness d, laser power P and welding speed v for
the samples is given in Table 2, together with the line
energy P/v. In addition it is shown whether the
sample was post weld heat treated, PWHT, or not.
Typical weld cross sections for grinded Domex and
Optim steels are shown in Fig. 2.
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and Y is a geometry dependent, dimensionless
parameter.
For a case with constant load amplitude the
fracture takes place quite fast which gradually lowers
the temporal resolution of the measurement. To
minimize this, here the system was operated under
constant ¨K conditions, to keep the variation in stress
intensity factor constant. This is achieved by a control
program which during testing continuously corrects
(i.e. lowers) the load with regards to the crack length.
The chosen value for ¨K were 25 MPa·m1/2 for
the Domex 420 MC steel and 42 MPa·m1/2 for the
Optim 960 QC steel. The magnitudes were chosen
by increasing the load until a crack started. The tests
were run until the crack had grown to about 67 % of
the specimen width. The R-value used is 0.1 which
means that the minimum load during one cycle is
10% of the maximum load. The geometry of the
samples for fatigue testing is shown in Fig. 3(b). The
samples were cut to an appropriate size and a 3 mm
notch was machined for controlled crack initiation,
two grooves for positioning of the clip gage pins
were also machined, as can be seen in Fig. 3(b).
Figure 3(a) shows the clip gage applied that measure
the crack-opening-displacement, the crack length
can then be derived from the compliance19. A
measurement was taken every 25th cycle and the load
was corrected with regards to ¨K with the same
interval.

FIG. 2. Typical laser weld cross section (after grinding):
(a) Domex-sample D and (b) Optim-sample H.

C. Crack growth measurement
during fatigue testing
Figure 3(a) shows the experimental setup of the
fatigue bending tests. The fatigue testing machine
used is an Instron 1272 with a maximum load of 20
kN and the machine was operated at 25 Hz. Usually
fatigue testing is carried out for constant load
amplitude, which causes a continuous increase of the
stress intensity factor as the crack grows. The range
of the stress intensity factor is calculated with the
equations below.
ο ܭൌ ܭ௫ െ ܭ
and K is obtained from:
 ܭൌ ߪܻξߨܽ

(1)

(2)

where ı is the tensile stress perpendicular to the crack

FIG. 3. (a) Experimental setup of the fatigue testing
equipment, showing also the welded sample and the
measurement clip gage and (b) according laser welded
sample prepared for fatigue testing, including a notch and
the horizontal laser weld (orientation x).

D. Derivation of cracking properties
The FCGR method is based upon
measurement of the length of the crack as a function
of the number of cycles, a(N). After numerical
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differentiation, Eq. (3), the increase in crack length
per cycle is obtained, i.e. the cracking speed.
 ܴܩܥܨൌ

ௗ
ௗே

(3)

Residual stresses present in the test specimen
will affect the FCGR by aiding or hindering the
applied stress. If the residual stress is tensile, the
material just in front of the crack tip will experience
a higher total stress and the crack will open more, as
residual stress increase, crack propagation will
accelerate. In this study, a second differentiation step
is proposed in order to obtain the acceleration of the
crack, here called FCGA, Eq. (4).
 ܣܩܥܨൌ

ௗమ
ௗேమ

(4)

The acceleration is a quantitative measurement
and is mainly related to the residual stress distribution,
i.e. it is likely to have the same qualitative distribution
and behaviour. The properties can be either given as
a function of the number of cycles f(N), time f(t) or
crack length f(a).

E. Numerical simulation of
generation of residual stress

the

Part of the here presented approach is the
option to provide information and data
complementary to the measured crack growth
acceleration, Eq. (4). By numerical simulation of the
stress field generated during welding, the resulting
residual stress field can be calculated, although with
uncertainties from the simulation, like material
properties, melt pool and heat flow conditions and
clamping constraints. For qualitative comparison and
as example we here present the residual stress field
calculated for a relatively similar situation17 that,
despite certain differences, enables additional
discussion and conclusions. FE thermal stress analysis
was carried out for 20 mm thick steel (yield strength
420 MPa, welded sample size 600 x 200 mm) by heat
sources for double-sided simultaneous laser-arc
hybrid welding (welding speed 0.5 m/min, total line
energy 1.9 kJ/mm). The computation was carried
out in WeldSim S, with eight-node 3D continuum
elements of type C3D8, composing a mesh of
123120 elements. More details on the simulation can
be found in Ren et al18. In literature various results
on computed residual stress fields after laser welding
can be found. They usually lead to a similar
qualitative trend, owing to comparable conditions.
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Hence the here presented results from a similar study
shows the common trend and are expected to be
qualitatively representative of a typical laser weld.
The FEA results demonstrate how the measured
crack acceleration is in accordance with the lateral
residual stress component along the crack
propagation path. These results are shown in Fig. 9
together with FCGA.

F. Measurement of generated
residual stress by hole drilling
Hole-drilling residual stress measurements of
welded Domex-samples with the same parameters as
A, B and C were performed to compare with FCGA
and numerical results. Strain gage rosettes were glued
to the samples in the centre of the weld, 2 mm
outside the weld and 4 mm outside the weld. The
method measures the released strains in three
directions when a hole is drilled in incremental steps.
The hole-drilling was performed in accordance with
the equipment supplier’s guidelines20.

III. RESULTS AND DISCUSSION
In the following, a variety of results is presented
and discussed with respect to the potential and limits
of the here proposed methodological approach to
acquire information about the residual stress field
induced by welding and its impact on fatigue
cracking.

A. Results from fatigue testing
One example for the resulting fatigue crack
path across a laser welded Domex-steel sample is
depicted in Fig 4. The image shows one side of the
sample put as a semi-transparent layer on the other
side, i.e. the crack is shown from both sides of the
plate.
The measuring method used during the fatigue
crack propagation test gives the crack length a at a
specific number of cycles.
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FIG. 4. Fatigue crack path in Domex 420MC steel, starting
from the notch and traversing the laser weld; the image
shows a comparison of the crack path between the surfaces
of the two sides of the plate.

The crack length is then plotted against the
number of cycles, a(N), to visualise the behaviour and
see how far the crack has grown at different stages,
see Fig. 5. As expected, the base material shows a
linear crack growth. The most noticeable difference
between base material and welded samples are their
total life before failure which is much longer for a
welded sample. This is largely due to much lower
cracking speed for the welded samples in the
beginning of the fatigue life.
A difference in behaviour when comparing the
two different steel grades can be seen although they
have the same tendency. The difference can depend
on the stress intensity factor chosen, on PWHT and
on the different material thickness. The Optim
960QC samples have a longer starting period but
when the crack increases in speed it reaches failure
more abrupt than the Domex 420MC samples.
Sample A in Fig. 5(a) has first been fatigue tested
without heat treatment, causing no initiation. Its
behaviour after PWHT is therefore plotted again as a
dashed line. Interestingly, it behaves more like
samples D, E and F instead of B and C which share
its welding parameters. One explanation can be
relaxation and redistribution of residual stress caused
by the first ~200 000 cycles in which no crack had
started.
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FIG. 5. Measured crack length a as a function of the
number of cycles N for (a) Domex 420MC steel and (b)
Optim 960QC (base material, BM vs welded samples, AI).

The FCGR as a function of the crack length (or
cycles, or time) was then obtained by differentiating
a(N) as in Eq.(4). The resulting curves are shown in
Fig. 6. The results are filtered with a moving average
to reduce noise and improve readability of the
figures; this was done stepwise to ensure that data was
not lost in the process. The crack growth rate of the
base material is almost constant. The welded samples
of Optim 960QC and Domex 420MC show similar
trends with a decrease of the growth rate in front of
the weld zone and an increase in the weld zone. This
trend is more pronounced in the Domex-steel
because of the chosen stress intensity factor, as
mentioned above.
The acceleration of the crack, i.e. the second
derivative, Eq. (5), is shown in Fig. 7. Results were
once again filtered in the same way as for Fig. 6. The
applied method is based on the hypothesis that the
acceleration of a crack qualitatively corresponds to
the residual stress in the test piece. Clear regimes of
deceleration (before the weld) and acceleration (in
the weld zone) can be distinguished.

Sundqvist

Paper F

FIG. 6. Derived FCGR vs crack length a for (a) Domex
420MC steel and (b) Optim 960QC.

FIG. 7. Acceleration of the fatigue crack growth as a
function of the crack length, FCGA(a), for (a) Domex
420MC steel and (b) Optim 960QC.

If they correlate with tensile or compressive
lateral residual stress, respectively, (along the crack
propagation) the method enables in an easy manner
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to identify the residual stress distribution that is
responsible for the crack growth behaviour and in
turn for the fatigue life. As can be seen in Fig. 7 the
acceleration is higher for the Optim-steel. Distinct
maxima, associated with tensile stress, and minima
associated with compressive stress can be seen in Fig.
7 and are numbered. 1a and 1b represents the
compressive region for the Domex welds with
different heat input and 2 represents the tensile
region similarly for all samples of the two steels.
Although this information is also contained in the
crack length history, Fig. 5, and FCGR, Fig. 6, it
becomes much clearer and expressed in quantitative
terms of acceleration FCGA in Fig. 7, directly related
to residual stress as the main cause.
The applicability of the method was also
demonstrated for the case where two parallel welds
were crossed by the fatigue cracking path, see Fig.
8(a) and when fatigue cracking was oriented along
the weld instead of perpendicular to it, see Fig. 8(b).
Again valuable information can be easily acquired,
e.g. that the acceleration characteristics and in turn
the residual stress distribution remains similar but
repeated for the two welds or that for cracking along
the weld the FCGR and in turn the transverse
residual stress component remains quite constant.

FIG. 8. Measured (a) FCGA across two parallel welds
10mm apart from each other (samples J and K) and (b)
FCGA along the weld (samples L-N).

160

Paper F

Sundqvist

B. Comparison with residual stress
calculation and measurement
To demonstrate the correlation between FCGA
and residual stress, four numerical analyses (three
from literature17,21-22, one performed by the authors18)
and four experimental analyses of residual stress (three
from literature22-24, one conducted by the authors) is
presented and compared to FCGA measurements in
Fig. 9. The numerical analysis from Ferro et al21 is on
electron beam welding which creates a similar
temperature field as laser welding. All other analyses
presented are on laser beam welding. Figure 9(a)
shows the eight studies on residual as splined curves
with their absolute values. Their behaviour is
naturally differing from each other because of
different weld parameters, material thicknesses, and
also resolution of measurements. In Figure 9(b), the
curves have been normalized to intersect the x- and
y-axis at the same values where a common trend in
tensile and compressive regions becomes clearer. The
tensile region has been circled and marked 1 while
the compressive region is marked 2. Figure 9(c)
shows the FCGA until the weld centre for samples
A, B, C which are welded with the same parameters.
Fig 9(d) shows the average and standard deviation of
the same curves. The FCGA curves show the same
trend as the typical residual stress curves. The main
acceleration region, marked 1, and the deceleration
region, marked 2, represents tensile and compressive
stress. In contrast to the values plotted in Fig. 9(a) and
(b), the FCGA curves will have a run-in period in
the beginning of the cracking before stabilizing, but
will also take into account stress redistribution and
relaxation induced by the fatigue load and during
crack growth.
As mentioned earlier measurements were taken
in the centre of the weld and at positions 2 mm and
4 mm outside of the weld respectively. The
measurements were taken on both sides of the weld
and an average was computed. The residual stresses
are thus plotted symmetrical around the weld, see
Fig. 9. The measured stresses are presented to give an
indication of how the residual stress is distributed. As
can be seen, the measured stresses are quantitatively
different but the trends are the same qualitatively.

FIG. 9. (a) Experimentally measured and FEA-predicted
residual stress gathered from literature (Refs. 17, and 21–
24) and by own studies (Ref. 18) (and hole drilling), (b)
normalization of the above mentioned curves with respect
to axis intersection points, (c) measured FCGA for samples
A-C, and (d) average value and standard deviation of
FCGA for samples A-C (tensile and compressive regions
are marked 1 and 2, respectively).

C. Discussion
The presented method to measure the fatigue
crack growth acceleration, FCGA, turned out to be
an easily applicable method that provides very
valuable additional information that is likely to
correspond to the essential residual stress distribution
parallel to the weld, namely the lateral residual stress
along
the
cracking
path.
In

FIG. 10. Variation of the stress component
ıxx(x,y=0,z=0) along the welding path x.
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particular, the changes of the residual stress during the
cracking process can be identified. Additional FEanalysis of the residual stress field can provide very
valuable complementary information that enables to
optimize the fatigue life of a product e.g. through
optimized welding parameters, optimized clamping
or optimized product design. More studies are
desirable to further confirm the correlation between
the measured acceleration and the residual stress and
to further interpret and consequently to optimize the
behaviour. A calibration or conversion method from
the measured acceleration to residual stress would be
useful to end up in a direct quantitative residual stress
measurement, although this type of generalization
would bear much more complexity. Moreover, a
standardized method and definition should be aimed
at, to provide generally applicable guidelines and
limits for residual stress management.

IV. CONCLUSIONS
(i)

(ii)

(iii)

(iv)

(v)

The measurement method identifies in-situ
crack propagation behaviour during fatigue
load of welds.
The first and second derivative of the
measured crack length provides information
about crack propagation speed and
acceleration.
The acceleration corresponds mainly to insitu residual stress in good correlation with
numerical simulation results and conventional
residual stress measurement.
Strong acceleration and deceleration
sequences were measured, corresponding to
tensile and compressive stress domains
induced by welding, that can have impact on
the overall fatigue life.
The wider applicability of the method was
demonstrated for different steel grades and
weld situations that showed similar qualitative
residual stress trends but significant
quantitative differences.
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