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“There are two things everyone loves, cats and lasers” 
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II. Abstract 

Since the invention of the laser in 1960, its use has been growing steadily. New 
laser sources with high beam power and high beam quality provide potential for 
further growth. High quality beams can be shaped by optical tools, such as scanners 
or Diffractive Optical Elements, DOE, to almost any beam profile, enabling 
innovative laser process solutions. For welding, a tailored laser beam could control 
the melt pool and optimise the temperature field and cycle. For example, joining of 
electrical components like battery cells becomes more common due to the shift to 
electrical vehicles. This is a field of applications where laser welding with a tailored 
beam has high potential because of the need for tightly controlled design tolerances 
or processing temperatures and in turn electrical and mechanical properties.  

The research presented in the thesis encompasses the heat flow generated from 
tailored laser beams, the thermal effects on the weld shape and on other quality 
criteria, the generated residual stress and its influence on fatigue crack propagation. 
For sake of simplicity, melt flow was not considered in the calculations, which is 
discussed, too. The first three papers apply predictive mathematical modelling of 
the temperature field while the fourth paper experimentally derives the thermally 
induced residual stress distribution back from measured fatigue crack propagation. 

Papers I contains a FEM-based numerical heat flow study of a conduction mode 
laser welding case where a C-shaped overlap joint is desired. The quality criteria 
demand the welding process to be tightly controlled in terms of laser power and 
pulse time. Contrary to expectations, the joint geometry can significantly deviate 
from the laser beam C-shape. As a continuation, in Paper II various quantitative 
indicators were derived and studied as part of the numerical simulation, in order to 
identify a suitable beam shape and in turn a DOE-design. 

Paper III presents a semi-analytical mathematical model that was developed for the 
heat flow in pulsed conduction mode welding for spatially and temporally shaped 
laser beams. As an alternative to FEM, the model is fast due to its analytical nature, 
which enables iterative beam shape optimization and DOE-design. By studying 
different beam shapes and the induced temperature fields, the potential and limits of 
the model are demonstrated and discussed.  

Paper IV is a study on residual stress that is thermally induced during the heating 
and cooling cycle of laser keyhole welding. Acceleration measurement of the crack 
propagating across the weld during fatigue testing turned out to be a suitable 
method to derive the residual stress distribution along the crack, including its 
alteration during the cracking. Comparisons with FEM-based stress analysis provide 
a link back to the temperature field induced by the laser, which enables 
optimization, e.g. by beam shaping.  
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1 Organisation of the thesis 
The here presented thesis is composed of a general introduction followed by four 
scientific journal manuscripts, Paper I-IV.  

The introduction describes the paramount context between the four 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 four papers are extracted too 
(Section 5). In addition, the introduction describes the organisation of the thesis 
(Section 1) and presents a general introduction to the subject at hand (Section 4), 
accompanied by a list of references (Section 8).  

The general introduction to the subject comprises laser welding in general, 
mathematical modelling of the heat transfer in laser welding, moreover fatigue 
issues of laser welded joints. Beside a general description of the background, in 
Section 4 the State-of-the-Art is briefly highlighted. In particular, the State-of-the-
Art of fatigue cracking of welds has been elaborated from a publication at the 
NOLAMP14 conference in Gothenburg, Sweden. 

A survey on the thematic profile of the four Papers I-IV is given in Table 1. All 
papers address laser beam welding. Papers I-III focus on the heat transfer 
mechanism itself while Paper IV goes one step further. It deals with residual stress, 
which is generated by the heat transfer, and its impact on fatigue cracking. 

Paper I, entitled “Numerical sensitivity analysis of single pulse laser welding with a 
C-shaped beam”, shows the complexity of optimizing beam shape design from the 
point of view of an industrial application. Mesh-based numerical modelling is used 
to optimize the beam designed. The heat transfer problems during conduction-
mode single pulse laser welding are highlighted. 

Paper II, “Numerical optimization approaches of single-pulse conduction laser 
welding by beam shape tailoring”, is a successor to Paper I, where, for same case as 
in Paper I, general rules and guidelines for the beam design are studied. The results 
show the complexity in properly designing a beam shape and in defining indicators 
and guidelines. A geometrical approach turned out to be the best design indicator. 

Paper III, “Analytical heat conduction modelling for shaped laser beams”, presents 
a semi-analytical model for fast analysis of heat conduction in conduction-mode 
spot welding with tailored beam shapes. Compared to FE-models as in Papers I,II, 
the model is proved to be easy, fast and flexible for both spatial and temporal beam 
shape tailoring. Selected beam shapes are shown to demonstrate the model 
applicability. 
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Paper IV, “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. The fatigue crack growth 
rate method is extended to using the fatigue crack growth acceleration instead. 
Acceleration is shown to correspond to residual stress, which is measured by hole 
drilling and calculated by FEA.  

Because of a different project behind, Paper IV differs from the other three papers. 
Yet, for all papers heat conduction effects during laser welding are in the centre, 
and optimization as e.g. beam shaping is a common link.   

Table 1. Thematic profile of the four papers that is comprised in this thesis. X means a main 
theme of the paper while x denotes a partial theme. 

 Paper  
I 

Paper 
II 

Paper 
III 

Paper 
IV 

Keyhole mode welding (continuous)    X 
Conduction mode welding (single pulse) X X X  
Heat conduction modelling X X X x 
Finite Elemental Analysis X X  x 
Analytical modelling   X  
Laser beam shaping X X X  
Analysis of temperature effects X X x x 
Fatigue crack growth rate    X 
Temperature field, weld shape X X X x 
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ICALEO conference: Proceedings of 32nd International Congress on Applications 
of Lasers and Electro-Optics, October 6th-10th 2013 Miami, FL, USA 



Sundqvist Introduction 3 
 

 
 

Heat conduction modelling to optimize the laser beam profile for pulsed 
conduction mode welding 
J. Sundqvist, A. F. H. Kaplan, C. Kong, J. Blackburn, E. Assuncao and L. Quintino  
Proceedings of LAMP2015: The 7th International Congress on Laser Advanced 
Materials Processing, May 26th-29th 2015, Kitakyushu, Japan 

 

Co-author: 

The influence of shielding gas on the properties of laser welded stainless 
steel 
M. Keskitalo, K. Mäntyjärvi, J. Sundqvist, I. Eriksson and A. F. H. Kaplan 
14th NOLAMP Conference: The 14th Nordic Laser Materials Processing 
Conference, August 26th – 28th 2013, Gothenburg, Sweden 

Laser welding of duplex stainless steel with nitrogen as shielding gas 
M. Keskitalo, K. Mäntyjärvi, J. Sundqvist, J. Powell and A. F. H. Kaplan 
Journal of Materials Processing Technology 216, 381–3844 (2015) 

The influence of shielding gas and heat input on the mechanical 
properties of laser welds in ferritic stainless steel 
M. Keskitalo, J. Sundqvist, K. Mäntyjärvi, J. Powell and A. F. H. Kaplan 
15th NOLAMP Conference: The 15th Nordic Laser Materials Processing 
Conference, August 25th – 27th 2015, Lappeenranta, Finland 

 

  



4 Introduction Sundqvist 
 

 
 

2 Motivation of the research 
The thesis addresses the entire manufacturing industry, particularly metal products. 
Almost all products require joining, often welding. A weld disturbs the mechanical 
properties of the original metal and is therefore highly critical for the strength of a 
product, beside other properties. One promising and increasingly applied tool for 
welding is laser beams. One of the advantages of laser beams is their high 
controllability. In the EU FP7-project TailorWeld, the option to spatially shape the 
laser beam has been studied. Two SMEs with different electronic applications 
desired a mathematical model to calculate, analyse and optimise the heat flow in 
conduction mode welding with a single laser pulse. This is correspondingly 
addressed in Papers I, II and III which supports the optimisation of beam shaping. 
In particular researchers and companies will benefit from a fast model that can be 
applied with a Graphical User Interface, GUI.  

Another application in the project for nuclear and aerospace industry requires 
different modelling of the heat flow and beam shaping to optimise the metallurgy in 
continuous keyhole mode laser welding. This welding technique was also studied in 
the EU Interreg IVA-project PROLAS and in Paper IV with respect to the 
thermally induced residual stress. The fatigue life of a product is often essential and 
can be significantly altered by residual stress. From fatigue testing, a method was 
derived to identify the residual stress distribution which in turn is linked back to 
heat flow and possible beam shaping.      
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3 Methodological approach 
Heat transfer effects were studied in all four papers to increase the knowledge on its 
influence in laser welding. In Paper I and II (numerical) and Paper III (semi-
analytical) modelling is used to study complex heat conduction phenomena which 
can arise for non-standard laser beam shapes when applied to single pulse 
conduction mode welding. One method to shape laser beams are DOEs, which also 
can be predicted by modelling, as done by a partner company.  Paper I includes a 
FEM-based case study from an industrial application. A few basic experiments were 
carried out, including high speed and thermocamera imaging. In Paper II, for this 
case thermodynamic indicators for the essential heat flow contributions were 
studied and finally optimized through beam shaping. The results are generalised to 
give guidelines for beam shape design. Paper II showed that beam design can be 
more complex than it looks at first glance which calls for a simple and fast model 
and in turn design tool. In light of this, Paper III presents a fast semi-analytical 
model, hence avoiding meshing and commercial FE-codes, for single pulse 
conduction mode welding where the laser beam can be shaped both spatially and 
temporally. The applicability of the model is demonstrated by showing and 
analysing several cases. 

In Paper IV, numerical modelling of the heat flow and the resulting residual stress 
field was applied to a minor extent. It served as a complement to a new method to 
experimentally determine the residual stress effect on the fatigue crack propagation. 
The method is easily performed as integrated part of a classic bending fatigue test. 
In contrast to most other methods the redistribution and relaxation of stresses 
during fatigue cracking are also captured. From the stress field, interpretations back 
to the heat flow and its optimization can be made.  
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4 Introduction to laser beam welding 
4.1 Background 

The fundamental theory for Light Amplification by Stimulated Emission of Radiation, 
LASER, was first partially described by Einstein in 1917 [1] when he published the 
theory for stimulated emission by radiation. Then it took more than 40 years before 
feasibility of the first laser, constructed by Theodor Maiman in the USA in 1960. 
The laser then got widespread recognition in the 1964 movie Goldfinger where the 
main villain is trying to cut James Bond in two pieces. In reality the first laser 
cutting operation was demonstrated in UK in 1967. Development of the laser 
welding process on the other hand strongly grew in the 1980s, primarily driven by 
the automotive industry and has continued to grow since then. The main industrial 
high power laser type from the beginning was the CO2-laser. Later as an alternative 
the Nd:YAG laser came up, offering because of its 10 times shorter wavelength 
beam guidance by optical fibres and advantages like higher absorption in metals. 
Manufacturing with lasers is still a niche technology, despite steady annual growth 
of the order of 15% for decades. Most established is laser cutting as a reliable, robust 
technique while laser welding has higher demands on the technology, the overall 
concept and the achievable mechanical quality. Other laser techniques encompass 
additive manufacturing (3D-printing), surface treatment, drilling, micromaching 
and marking. Research and industrial implementation in laser materials processing 
started in Sweden in 1979/1980, including the inauguration of the laser laboratory 
at LTU, see Fig. 1. The present thesis addresses progresses in laser beam welding. 

 

Fig. 1. His majesty, Swedish King Carl Gustav XVI and Queen Silvia, watching cutting 
by LTU's first high power laser during inauguration of LTU's laser laboratory in 1980. 
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4.2 High power lasers 

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. In recent years, direct diode lasers are 
gaining more attention 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 and from an ordinary (filament) 
lamp, see Fig. 2, are that laser light is bundled, monochromatic and coherent. These 
special properties enable elegant guidance of the laser beam and 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. 2. Illustration of the differences between filament lamp light and laser light 

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. 3(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. Fig. 3(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. 3(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. 3(b).   
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Fig. 3. Beam profile and propagation of the most common high power laser beams: 
(a) free-running 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 spot can be created. In 
practice an ideal beam is impossible to obtain so the quality of beams is commonly 
described by a quality factor M2 (optionally K=1/M2 or BPP, including the 
wavelength). Single-mode lasers are very close to M2=1 which is the ideal case 
while multimode lasers have a higher M2 value. The beam quality (M2) will have 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 is the same property, but expressed in absolute values, including the laser 
wavelength. It is the multiplication of beam divergence with spot size, measured in 
[mm·mrad]. Fig. 4 plots the minimum beam quality in BPP commercially available 
as a function of the laser power. The higher the power the more difficult to achieve 
a high beam quality (low BPP). The figure is from 2014 and permanently improves 
due to developments of high power lasers. The most important laser types are 



Sundqvist Introduction 9 
 

 
 

shown, namely CO2-lasers (wavelength 10.6 m), disc and fibre lasers (wavelength 
1030-1070 nm, similarly Nd:YAG-lasers, 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. 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. 4. Minimum Beam Parameter Product (BPP, beam quality, focusability) achievable 
(2014) as a function of laser beam power for the most important high power laser types 

4.3 Laser beam shaping by diffractive optics 

While above standard high power laser beams and their focusing was explained, in 
the following possible non-standard shaping of laser beams is addressed. 

Among the interaction mechanisms laser-matter, three different means can be 
applied to redirect light, namely reflection, refraction and diffraction, see Fig. 5. 
Refraction takes place when light travels through different medium at an angle 
larger than zero and less than the angle for total internal 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, diffraction governs the 
minimum spot size and divergence of the laser beam, as described above.  
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Fig. 5. Mechanisms of interaction of light with matter (adsorption same as absorption) 

Diffraction limits the spatial resolution of lights, e.g. for laser beams, for mask 
projection or in microscopes. This limitation is illustrated in Fig. 6 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 high resolution, e.g. very high 
resolutions or small beams this edge diffraction mechanism becomes essential, as for 
the ideal laser beam. Accordingly beam shaping, addressed by 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.  

 
Fig. 6. 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. 3, shaping of laser beams can e.g. be 
achieved by Diffractive Optical Elements, DOE, scanners, prisms or beam splitters. 
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Although the results of the thesis are more widely applicable, they focus on DOEs 
according to the EU-FP7 research project TailorWeld behind.  

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. 

A DOE can have many different designs and contains several sub groups. The most 
common ones used for welding are: 

- Beam shapers; they are suitable to produce simple shapes such as ring-shapes 
and have a 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 [2], laser plastic welding [3], laser 
conduction-mode welding of steel [4] and laser spot welding [5]. DOEs 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. 7(a)-(e). Fig. 7(e) shows two calculated beam profiles 
calculated by a DOE design tool by the company Holo/Or, Israel. Fig. 7(f) shows a 
multifocal lens as an example of a DOE. 
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Fig. 7. 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 top-
hat profile (left half) or Gaussian profile (right half), (f) multifocal lens as an example for a 

DOE 

4.4 Interaction laser-matter 

The basic interaction mechanisms laser-matter was already illustrated in Fig. 5. For 
laser welding as the technique studied here absorption is essential. Absorption is the 
mechanism to convert part of incident photonic energy into heat and absorptivity is 
the corresponding property quantifying the percentage of conversion.  

For absorption, the laser wavelength is an important processing parameter since 
different wavelengths is absorbed differently in different materials. A general graph 
of absorption of important metals as a function of the laser wavelength can be seen 
in Fig. 8, including the wavelength ranges of important high power lasers. 
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Absorption will also depend on alloying elements, surface chemistry, temperature, 
surface roughness and inclination angle of the laser beam [6]. 

 

Fig. 8. Absorption or Absorptivity A [1.00 is 100%] for different metals as a function of the 
wavelength; important high power wavelength regimes are highlighted. 

4.5 Laser beam welding 

Welding joins two metal sheets by melting their edges and after solidification they 
form a joint. Many joining techniques exist. 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 is carried out by illuminating a material with a laser beam of high intensity, 
or power density. [7] Depending on mainly the intensity I, two different welding 
modes can be obtained, see Fig. 9, 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 [8]). Moreover, continuous seam 
welds and single pulse spot welds can be distinguished. Paper I-III address single 
spot conduction mode welds while Paper IV studies continuous keyhole mode 
seam welds.  
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Fig. 9. Modes of laser welding: (a) continuous conduction mode laser welding, (b) continuous 
keyhole mode laser welding (Paper IV), (c) single pulse conduction mode laser welding (Papers 
I-III), (d) high speed image of the weld pool surface during conduction mode laser spot 
welding. 

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 aspect ratio, kind of semi-circular or 
semi-spherical. The material is heated above its melting temperature but below the 
vaporisation temperature. Besides heat conduction there will still be thermal 
convection, particularly due to Marangoni flow and, in case of seam welds by 
moving of the workpiece. 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 the melt is pushed up along the keyhole wall by ablation 
(recoil) pressure. 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 [9]. 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 [10]. Above the keyhole a 
vapour plume will form which can create a thermal lensing effect and cause a focus 
shift. In CO2 welding it is especially important to minimize the vapour plume 
because it highly absorbs the laser radiation above the keyhole (quadratic to the 
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wavelength, i.e. CO2-lasers experience a 100 times higher plasma absorption than 
the other laser types). 

A successful laser weld is characterised by its high quality. Quality aspects can be: 

no inner imperfections (pores, inclusions, brittle phases, cracks, lack of 
fusion, etc.) 
no surface imperfections (notches, etc.) 

Obtaining a good quality joint usually requires optimisation. Some of the important 
process parameters are [7]: 

Welding speed 
Laser power 
Welding mode 
Focussing, focal plane and beam parameters 
Irradiance profile of laser 
Joint design and workpiece surface preparation 
Chemical composition of the material(s) 
Shielding gas 
Possible filler metal 
Thermal cycle of the weld and nearby zones 
Pre- or post-heating, if necessary 
etc. 

Welding of dissimilar materials is a particularly challenging combination that 
requires more consideration such as solubility, thermal properties of the material 
and weld thermal cycles usually needs 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, applied in Papers I-III, is a 
powerful method to efficiently gain knowledge in a deep manner while lowering 
the number of experiment. High Speed Imaging, HSI, provides evidence of 
phenomena particularly at the weld pool surface [11]. Eriksson et al. [12] 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. Monitoring equipment can be used together with 
process control in order to optimise welding in industry [13].  
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4.6 Modelling of laser welding 

Modelling and simulation of processes are used to obtain information about the 
studied process which is difficult or very time-consuming to obtain in real 
experiments. In laser welding models, the physical mechanism are expressed by 
mathematical equations. 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. Fig. 
10 illustrates important mechanisms in the complex process of keyhole mode laser 
welding. 

 

Fig. 10. Illustration of important mechanisms of laser keyhole welding: (a) view towards the 
front of the keyhole [35], (b) long section of the weld pool and keyhole. 

 

 



Sundqvist Introduction 17 
 

 
 

The simplest models of laser welding usually only consider heat conduction 
equation, which can be written in its general form as: 

     (1) 

where  is the thermal diffusivity which is described by =k/( cp), k is the thermal 
conductivity,  is 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, making them 
slower and requiring meshing and often commercial codes but often providing 
higher accuracy. In this thesis, models are described as either analytical or numerical 
even though some of the analytical solutions involve integrals which demand 
numerical calculation, then denominated semi-analytical modelling [14].  

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 mechanism usually requires more complexity, assumptions 
and uncertainties which 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 Carslaw and Jaeger [15]. Many of the early models 
are based on Rosenthal [16], like the Swift-Hook and Gick-model [17]. 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 [18] presented a model to estimate the temperature rise from a steady-
state stationary Gaussian beam while Cline and Anthony [19] 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 [20][21]. 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 [22-26]. 
Despite their doubtless advantages in accuracy and complexity, numerical models 
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are limited as soon as certain sub-phenomena or material properties are not 
precisely known, inducing uncertainties and risks. Paper III presents an analytical 
model. 

Numerical modelling 

Numerical models have become more widely used and more advanced in recent 
decades due to the increase in in computational power available, according 
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 computation, Computational Fluid 
Dynamics (CFD) is a common term, often based on the Navier-Stokes equation. 
Mazumder and Steen [27] presented one of the first numerical models on laser 
welding which used the FDM technique. Paul and DebRoy [28] 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. [29-32] 
Figure 11 shows CFD-simulation results and weld cross sections on 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. 11. Conduction-mode spot welding: (a) FE-simulation of the melt flow and heat 
conduction, (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. 
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The 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 [33-35]. The 
temperature field from a CFD-simulation for laser keyhole welding is shown in Fig. 
12, here for a tandem employment of two laser beams [34]. Papers I and II are 
based on numerical models, while Papers III and IV are partially validated through a 
numerical model. 

 

Fig. 12. Numerical CFD-simulation of keyhole mode welding with dual tandem laser 
beams, side view [34] 

4.7 Factors influencing fatigue life of weld joints 

The following description is a condensed version of a presentation and manuscript 
of the NOLAMP 14-conference in Gothenburg, Sweden, in 2013.  

Decades ago, high-strength steel (HSS) was introduced in the automotive industry 
because of higher safety and fuel requirements. Figure 13 describes the strength 
properties of the different HSS.  

 

Fig. 13. Elongation as function of tensile strength for different high strength steel grades[36] 
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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 
martensite, bainite and austenite in both single-phase and multi-phase 
configurations while ordinary HSS mainly consists of single-phase ferrite [36].  

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 14: 

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. 14. 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), fig. 15. 
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Fig. 15. Effects of the heat source on the welded specimen 

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 transition between base metal and the weld, see figure 16. The stress 
concentration is not caused by the weld itself but by the change in geometry. 

 

Fig. 16.  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. [37] 

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 
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the fatigue life since the crack will start propagating from early loading cycles. 
Figure 17 shows examples of common weld defects. 

 

 

Fig. 17. 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. 

Residual stresses induced by laser welding is commonly predicted through FEA 
[38][39] or measured by different destructible or non-destructible methods. One 
destructible method is for example hole drilling [40] while X-ray diffraction is non-
destructible [41] 

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. [42] 

There exist three kinds of surface displacement cracking, figure 18, where mode I is 
the most common and therefore will be the only one treated here. 
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Fig. 18. Surface displacement modes 

The stress intensity factor (K) can then be calculated with 

      (2) 

Where Y = Geometry dependent function 

 = Stress acting on crack, usually calculated with nominal or hot-spot 
approach 

The fatigue crack growth can be calculated by the “Paris” law [43]: 

     (3) 

Where  a = Crack size 
N = Number of cycles 

K = Stress intensity factor range 
C0, m = Material constants 

The above description of the influence of the weld quality, including residual stress, 
can be regarded as the last contribution in the technically relevant sequence of 
welding, namely joint edge preparation - welding process - resulting weld quality    
(- possible post-processing) - possible failure in service (either fast fracture or fatigue 
crack growth). The different aspects of the research presented here can be found in 
this picture of context. 
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5 Summary of the papers 
Paper I: Numerical sensitivity analysis of single pulse laser welding with a C-
shaped beam 

Abstract:  
Even though Gaussian and top-hat beam profiles are suitable for most laser welding 
applications, for certain cases other beam distributions can be favored in terms of 
weld quality or performance. One promising method to generate a tailored beam 
shape is diffractive optical elements. A numerical model on the temperature field 
generated by specific beam shapes is therefore under development to iteratively 
identify desired beam shapes for specific applications. The present study is based on 
two thin steel sheets that are conduction welded in a lap joint mode by a C-shaped 
single laser pulse. The main aim is to ensure a specified weld width along the C-
weld shape at the overlap interface between the two sheets in a robust manner. The 
sensitivity of main criteria like the interface weld width and phase changes at the 
workpiece top and bottom is studied and discussed in a systematic manner by 
applying a numerical heat transfer model for various parameters and conditions. 

Conclusions: 

(i) Heat transfer of a C-shaped laser beam corresponding to a DOE-beam 
projection was successfully modelled. Models with different parameters were tested, 
and the sensitivity was discussed. 
 
(ii) Parameters that fulfil the criteria of the weld application were found, but so far 
the process window for a flat-top beam is very narrow; robustness of real welds will 
be on risk. 
 
(iii) The C-shape causes interesting heat flow phenomena which give a weld shape 
that is different from the beam shape. Approaches to get the desired weld joint 
shape are proposed and corresponding further simulations will be carried out. 
 
(iv) Experiments showed that the complexity of simulating a static beam by a 
scanning beam is high; parameters for successful welds were found, albeit in 
keyhole mode. 
 
(v) The trapping of heat in the centre was experienced experimentally for a ring-
shaped weld. 
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Paper II: 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 C-shaped 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 shaping-
optimization; 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 III: 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. Main requirements 
during processing are usually to avoid overheating in the centre of the beam 
interaction zone, e.g. to keep below melting or boiling temperature, respectively, 
and to control 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 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 limited to flat, homogeneous 
sheets. 
 
(iii) It was demonstrated that for complex beam irradiation profiles, which can be 
realized by DOEs and other beam shaping equipment, their corresponding 
temperature fields can be easily calculated. 
 
(iv) For deeper analysis, at any location and time the temperature gradients and 
cooling rates can be extracted. 
  
(v) Some beam shapes can generate unexpected joint shapes, which can be quickly 
investigated by the presented model and iteratively optimized, if needed. 
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Paper IV: 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 
Heat conduction effects during laser beam welding have been studied. 
 
(i) The research confirmed that heat transfer in laser welding is not only important 
but in certain situation also complex demanding detailed understanding. Tailored 
beam shapes offer high potential to control and optimize the heat flow and the 
resulting weld quality. 
 
(ii)  Despite high computational power available for numerical models, analytical 
models based on superposition of thermodynamic solutions are still useful for fast 
calculation and analysis of certain phenomena. Mesh-based numerical simulations 
offer higher precision but can also involve additional uncertainties. 

 
(iii) Modelling showed that certain beam shapes can cause unexpected joint 
geometries. For complex competing heat flow contributions, quantitative capturing 
of indicators to optimize the beam shaping and in turn the thermal management 
would be desirable. However, defining such indicators was difficult. Nonetheless, 
analytical models were useful to iteratively optimize the applications. 

 
(iv) One trend is temperature homogenisation along with rounder isotherms in 
deeper regions and for longer time spans.      

 
(v) During fatigue testing across welded specimen, information on the residual stress 
distribution can be identified with relative ease. The stress is in turn related to heat 
flow and can be influenced by beam shaping. 
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7 Future outlook 

Lasers with good beam quality at high powers are becoming more common 
today. This provides an opportunity for more advanced beam shaping. 

Besides heat conduction effects, fluid flow characteristics arising from both 
keyhole mode and conduction mode welding would be interesting to study 

Tailored beam shapes could be beneficial in dissimilar welding to control 
temperature profile and mixing behaviour. This could maybe help to 
minimise the formation of intermetallic compounds 

There is a trend toward more electrical vehicles. Laser beam welding has 
potential to join electrical components. Beam shaping could then be useful 
to control the weld joint. 

The model developed in Paper III is now being incorporated into a GUI 
together with a keyhole model. The GUI can then be used to predict the 
trends for temperature distributions in most laser weld applications as well as 
in laser hardening applications. 

Residual stresses are an effect of the temperature cycle of the metal during 
and after welding. Spatial beam shaping should then be able to alter the 
resulting residual stress by incorporating pre- or post-heat treatment of the 
weld.  

Besides welding and hardening, other laser applications could probably use 
beam shaping to optimize the process, for example Laser Additive 
Manufacturing, i.e. 3D-printing. 
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Even though Gaussian and top-hat beam profiles are suitable for most laser welding applications, 
for certain cases other beam distributions can be favored in terms of weld quality or performance. 
One promising method to generate a tailored beam shape is diffractive optical elements. A 
numerical model on the temperature field generated by specific beam shapes is therefore under 
development to iteratively identify desired beam shapes for specific applications. The present 
study is based on two thin steel sheets that are conduction welded in a lap joint mode by a C-
shaped single laser pulse. The main aim is to ensure a specified weld width along the C-weld 
shape at the overlap interface between the two sheets in a robust manner. The sensitivity of main 
criteria like the interface weld width and phase changes at the workpiece top and bottom is 
studied and discussed in a systematic manner by applying a numerical heat transfer model for 
various parameters and conditions. © 2015 Laser Institute of America. 
[http://dx.doi.org/10.2351/1.4906466] 
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I. INTRODUCTION 
 

Gaussian- and top-hatlike beam profiles are 
usually suitable for most laser welding applications. 
However, a tailored power density distribution can be 
beneficial in some cases to produce better weld quality 
and joint performance. These tailored energy 
distributions can be produced with different types of 
optics (e.g., line optics or beam splitters), by rapidly 
moving (e.g., oscillating) the beam, or by combining 
several laser beams. One promising method to generate 
a tailored beam shape is diffractive optical elements, 
DOEs. They provide robustness owing to the absence 
of moving parts. DOEs are however seldom used 
because of the challenge to well predict a desired 
energy distri- bution before manufacturing the DOE. A 
numerical model on the temperature field and 
accompanying mechanisms generated by specific beam 
shapes is therefore under development to iteratively 
identify desired beam shapes for specific applications, 
prior to manufacturing and applying the DOE. 
For the case study in this paper, a beam profile 
generated 
from a DOE is simulated with respect to heat flow by 
apply- ing the commercial software code COMSOL. 
The final aim of the study is to develop a tool which 

can predict the opti- mum energy distribution for 
certain cases and translate it to how the optics should 
be designed. 
Laser welding processes have been numerically 
modeled for a long time, ranging from Mazumder and 
Steen’s work1, using a finite differences scheme, to 
more recent multiphysical approaches using volume of 
fluids (VOF) 2 or finite elemental method (FEM).3 
Keyhole laser welding is more extensively studied than 
conduction mode laser welding but a lot of modeling 
work on conduction mode welding is also presented in 
early work by Paul and DebRoy4  using finite 
differences. Newer models on microwelding5  and 
conduction spot weld- ing6,7  have also been reported. A 
challenge for conduction welding is to keep temperature 
below the boiling temperature to avoid strong ablation 
(recoil) pressure on the melt, melt ejection, and keyhole 
drilling that can cause defects like spat- ter and 
blowholes. The welding mode is influenced by several 
parameters at the same time which makes it hard to 
predict where the transition takes place.8 

Beam shaping has been considered an attractive 
method for optimizing weld performance for the last 
25 years, and there exist several methods to shape a 
laser beam.9,10 The DOEs can be manufactured to 
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produce a wide range of different beam shapes 
suitable for many different industrial applications but 
they are rarely used and only few articles reported 
utilization of DOEs in welding applications. Some 
articles use DOEs for plastic welding11,12 while 
others are for metal joining.10,13 The purpose of the 
DOE varies from multispot production to power 
splitting in welding of dissimilar metals and weld-
pool management. Gruhlke et al. investigate the 
fabrication errors of a DOE.14 All the DOE articles 
referenced here are experimental while no relevant 
publications on numerical analysis were found. The 
application studied in this paper is conduction mode 
lap welding of thin steel sheets by a single pulse. The 
weld application is studied by using finite elemental 
modeling of heat transfer in the application. Earlier 
weld tests of the application have shown that a C-
shaped or ring-shaped beam is desired for this 
application because of its joint strength. 

A sensitivity analysis was conducted to explore 
the influence of different beam widths, diameters of 
the C-shape, and the angle of the C-shape.  In 
particular, the heat transfer effect of the closing of the 
C-shape is discussed. 

The results presented here are part of a more 
extensive study on how DOEs can be tailored to 
achieve an optimum beam profile. In order to obtain 
experimental data without having to produce a DOE, a 
galvanometer scanner is used to simulate a quasistatic 
beam. 
 

II. METHODOLOGY 
Numerical simulation of the heat conduction in the 
workpiece was carried out, for boundary conditions 
corresponding   to   a   DOE-shaped   single   pulse   
beam.   The DOE-shape that is used in the paper is not 
a calculated beam distribution but instead an idealized 
flat-top (top-hat) distribution, future work will study a 
Gaussian lateral beam distribution and a beam 
distribution calculated by the DOE manufacturer.  The 
numerical simulation was performed using the 
commercial code COMSOL Multiphysics 4.3 b. 
COMSOL consists of several modules with different  
 
TABLE I. Constant material properties used in the model (low C 
steel). 

  

FIG. 1. Heat flux (W/m2) on surface from top-hat C-shape laser 
irradiance 
 
incorporated physics, in this paper the Heat Transfer in 
Solids module was used for modeling. The beam was 
represented as a C-shaped flat-top beam (top-hat) with 
heat flux as a boundary condition on top of the plates. 
Heat flux (irradiance profile) is illustrated in Fig. 1. 
The laser irradiance is constant over time, since the 
laser is considered switched on with constant effect 
during the entire simulation. Only heat conduction and 
surface-to-ambient radiation was treated in the study, 
to reduce computation time. The aim was a sensitivity 
analysis.  Therefore, the results are comparative to each 
other in relative figures, can- celling out various 
simplifications. 

For the heat flux as the boundary condition of the 
absorbed laser beam, the following relationship is used: 

 
  (1) 

where n is the normal vector of the boundary, k is the 
thermal conductivity, T is the temperature, and q0  

is the heat flux. The heat flux q0 is in turn calculated 
by: 
 

   (2) 

where P is the power of the laser beam, g is the 
absorptivity, and A is the area of the beam, 
applicable to the respective heat flux boundary 
element. The constant material properties can be seen 
in Table I. 

The thermal conductivity, specific mass density, 
and heat capacity are set as function of temperature 
according to Fig. 2.  
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FIG. 2. Thermal conductivity, heat capacity and density (low C-steel) 
as a function of temperature, relative to their maximum values (kmax  
=  65 W/m·K, Cpmax = 1078 J/kg·K, max = 7856 kg/m3) 
 

 
FIG. 3. The two disks and the C-shaped boundary condition which act 
as the laser beam. 
 

The application consists of two 0.3 mm thick low 
carbon steel disks as overlap joint, see Fig. 3, which 
were welded by one single pulse. The diameter of the 
disks is 7 mm, and the diameter of the C-shape is 2.5 
mm. The beam width of the C-shape was varied in 
this study. In the model the disk was split in half to 
reduce computation time. Since the geometry is 
symmetrical on both sides of the symmetry plane, 
thermal insulation is applied on this boundary. 

 
 

 
FIG 4. (a) Meshing of the two disks (b) cross section of the weld 
across the C-shape, and criteria (TV  and TM  are the vaporization and 
melting tempera- ture, d1 is the thickness of one disk, and w is the 
width of the weld). 
 

TABLE II. Computational parameters and data from the numerical 
simulation. 

 
Meshing, see Fig. 4(a), was performed with swept 

triangular boundary elements with high density of mesh 
elements in the laser interaction zone (around 300 
boundary elements in the case depicted) and lower 
density when getting further out toward the edges (a 
total of 1100 boundary elements). Table II contains 
more information about the numerical calculation 
parameters. 

A cross section of the weld and its points of interest 
in analyzing the results are shown in Fig. 4(b). Three 
criteria were defined: (i) The weld width in the interface 
shall exceed a minimum width, 0.3 mm (the thickness 
of one plate), (ii) no boiling (hence no melt ejection) 
at the top surface, and (iii) no melting-through to the 
bottom. 

The results were compared with each other in 
regards to the temperature field. Of particular interest is 
whether the melting or boiling temperature is reached at 
the top, middle and bottom, as limiting criteria, and the 
temperature decay toward the ends of the C-shape. A 
process window can then be identified and guidelines can 
be derived, particularly for the optimum beam shaping 
and DOE-design, by reverse engineering. 

Only heat transfer is studied in the model. Fluid 
dynamics is neglected in order to keep the model 
inexpensive to compute. The boundary conditions used 
was: (i) thermal insulation on half-disk boundary (to 
simulate full disk), (ii) surface radiation on all other 
boundaries, (iii) inward heat flux on C-shape boundary, 

  
FIG. 5. Experimental welding setup with a scanner. 

and (iv) initial temperature of 293.15 K. Some 
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simplifications are also used; particularly the absorption 
(and surface emissivity) does not change with 
temperature. The temperature dependent parameters, 
Fig. 2, are simplified to constant values when they reach 
higher temperatures. Modeled results are presented as 
isotherms or graphs of the critical locations to visualize 
the heat transfer. 

For the C-shape, DOEs can be manufactured to 
produce both flat-top and Gaussian distribution. In this 
paper, the flat- top distribution is studied. 

Initial experimental test runs were conducted 
using a galvanometric scanner to simulate a 
quasisimultaneous beam through fast beam rotation. 
The laser source used for the experiments was an IPG 
YLS-1000 single mode 1 kW fiber laser. The scanner 
used was an ARGES 3D Elephant. The setup is 
shown in Fig. 5. For analysis, macrographs from the 
top and bottom of the weld were made. 

 
III. RESULT AND DISCUSSION 
 

For the results presented here, the temperature 
field was computed for a variety of different 
parameters with variance in power density, time and 
width of the C-shape. A case (case 1) that fulfils all 
criteria was first iteratively identified. Subsequently, 
cases with different parameters were system- atically 
tested to investigate the sensitivity. From the series of 
results, the cases selected for this paper are shown 
in Table III. 

In case 1, the disk was exposed to the laser 
beam for 0.3 s. This resulted in melting through to the 
bottom of the disk which is not allowed in the 
application. Figure 6 illus- trates the temperature at 
the three critical points, see Fig. 4(b), as a function of 
time. It shows the process window in time for the 
parameters used. The top never reaches the criti- cal  
vaporization  temperature  (3000 K),  the  middle  
starts melting  at  0.19 s,  and  the  bottom  stars  
melting  at  0.25 s which means the process window is 
between 0.19 and 0.25 s. 

To illustrate the sensitivity of the pulse lengths, 
case 1 compared two different beam exposure times 
0.25 and 0.30 s, see Fig. 7. At the top, boiling was not 
achieved, but it was found that the long pulse length 

  
TABLE III. Computed weld cases. 

 
 

 
FIG. 6. Temperature as a function of time at top middle and bottom 
of case 1, temperature is measured in the hottest part of the C-shape. 
The horizontal line at 1600 K represents melting temperature and 
the lower line at 300 K represents ambient temperature. 
 
heats the surface further. In the middle corresponding 
to the joint width much larger melt area was observed 
for the longer pulse length. Noticeably, the joint never 
even reaches a half circle but instead the temperature 
widens the joint toward the center- point of the C-
shape. 

At the bottom, the longer pulse length created a 
noticeable melt area while the shorter pulse length did 
not melt. 

Case 2 used a smaller beam width and higher power 
density for comparison with case 1, see Fig. 8. The 
higher power density in case 2 induces higher surface 
temperatures than for case 1, and vaporization was 
observed after 0.1 s. Even though case 2 reaches 
vaporization temperature on the surface rapidly there 
was no joining of the disks. The heating gets more 
localized and there is also less heat in the center- point 
of the C-shape. It can be concluded that the power den- 
sity is too high for case 2 but with lower power density 
and longer pulse time welding could probably be 
achieved.  

A cross section of the disk along the symmetry 
plane, see Fig. 9, showed that more heat was  

 
FIG. 6. Temperature as a function of time at top middle and bottom 
of case 1, temperature is measured in the hottest part of the C-shape. 
The horizontal line at 1600 K represents melting temperature and 
the lower line at 300 K represents ambient temperature. 
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FIG. 7. Case 1 at two different times (left, right); top: 
temperature field(laser beam shape drawn) middle, bottom: 
melt isotherm shape. 
 
accumulated toward the centerpoint of the C-shape It 
can be concluded that the power density is too high for 
case 2 but with lower power density and longer pulse 
time welding could probably be achieved. 

A cross section of the disk along the symmetry 
plane, see Fig. 9, showed that more heat was 
accumulated toward the center of the C-shape. The 
reason is that the heat from the C-shape flows 

 
 

FIG. 8. Comparison between case 2 (left) and case 1 (right); top: 
temperature field and beam shape; middle: melting isotherm 

 
FIG. 9. Cross section along the plane of symmetry, for case 1 at 0.25 
s. 
 
toward the center point. If the beam is ring-shaped the 
heat would trap inside the ring and the temperature 
would increase further, as is the trend when  gets 
closer to 360o . The opening of the C-shape enables 
heat to flow out. These competitive heat flows are an 
important DOE-design criterion. 

The horizontal heat flow behavior is visualized 
in Fig. 10 which shows the heat flux direction and also 
the temperature as colored iso-surfaces. As expected, 
the heat flow becomes more radially symmetric the 
further away from the C-shape. The central region 
experiences lower temperature variations owing to the 
accumulated heat. 

In Fig. 7, it was shown that the produced joint 
angle did not correspond to =240° for the beam. To 
illustrate this further, the calculated azimuthal 
temperature decay from =180° to 240°, is shown for 
case 1 for the top, middle, and bottom locations (in 
the center of the C-shape width) in Fig. 11. At =180° 
(arc position 0), the middle is very close to being melted 
but no joint is produced. The temperature decreases 

 
 
FIG. 10. Calculated heat flux directions and isotherms (K) at the top 
surface, for case 1 at time t =0.25 s. 
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FIG. 11. Calculated decay of temperature toward the end of the C-
shape, from = 180° - 240° (0–600 μm, in the center of the C-shape 
width); Case 1, t=0.25 s. 
 
rapidly toward the end of the C-shape (~600 μm) and 
the difference between the three layers diminishes. 

In order to achieve a C-shaped weld joint with a 
larger angle than 180°, several approaches are proposed 
and discussed: 

Increase u, for example, 270o or 300o; this 
will however cause higher heat accumulation in 
the center-point. 
Lower  power  density  along  with  longer  
pulse  length; lower power density lowers the 
risk of top surface boiling but increases the risk 
of central heat accumulation; more- over, the 
temperature difference between middle and bot- 
tom layer may become too small. 
Manufacturing a DOE which will produce 
wider ends of the C-shape. 
Manufacturing a DOE which has a higher 
power density at the ends of the C-shape. 

 
The last two of the above approaches will 

manufacture a DOE that could produce better weld 
with more predictable process window. However, the 
challenge is to design suitable DOE that can fulfill the 
requirements. Simulations for the above proposed 
improvements will enable better prediction of the 
optimum DOE-design desired. 

Experiments using a galvanometric beam scanner 
were performed, as a complement to the numerical 
modeling. The purpose of the scanner was to simulate a 

 

 
FIG. 12. Macrograph of a C-shaped laser weld made by a scanner; 
(a) top surface and (b) bottom surface 

 
 
FIG. 13. Macrograph of the top surface of a ring-shaped weld. 
 
static beam by scanning the C-shape at a high velocity 
of 40 m/s The beam diameter used was 47 μm (i.e., 
focal plane at top surface). Figure 12 shows a 
macrograph of the top and bottom surface for a weld in 
which the power was 800 W and the joint con- 
figuration the same as in the model. A larger plate was 
used. Therefore, the heat could spread to larger volume 
than in the model. 

The figure shows that the high power together with 
the small spot size induced keyhole welding instead of 
conduction welding. Since the scanner was running at 
maximum speed and achieved only partial penetration 
on the bottom, simulation of a conduction welding case 
with a static beam turned out to become very complex, 
while keyhole welding was achieved. In particular, for 
such high speed, the ramping up and down of the 
scanner and beam pulse are difficult to control and 
measure. Risks like fluid flow impact remain. 

Despite the deficiencies of the experiments and the 
difficulties to directly compare them to the modeled 
results, they give a good insight into the heat transfer of 
the C-shape. Figure 13 shows a ring-shaped weld in 
which heat has been trapped inside the ring (annealing 
colors). 
 
IV. CONCLUSIONS 
 

Heat transfer of a C-shaped laser beam 
corresponding to a DOE-beam projection was 
successfully modeled. Models with different 
parameters were tested, and the sensitivity was 
discussed. 
Parameters that fulfill the criteria of the weld 
application were found, but so far the process 
window for a flat-top beam is very narrow; 
robustness of real welds will be on risk. 
The C-shape causes interesting heat flow 
phenomena which give a weld shape that is 
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different from the beam shape. Approaches to get 
the desired weld joint shape are proposed and 
corresponding further simulations will be carried 
out. 
Experiments showed that the complexity of 
simulating a static beam by a scanning beam is 
high; parameters for successful welds were found, 
albeit in keyhole mode. 
The trapping of heat in the center was 
experienced experimentally for a ring-shaped 
weld. 
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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 C-shaped 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 trial-and-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 
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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 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 
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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 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 
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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 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 L=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, ,z) was initially modelled using a lateral Gaussian 

distribution along the C-shape f( ), see also Fig. 1(a):  

    (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( )=1 for – L   L, while having a 

Gaussian -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. 
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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 

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 top-hat 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. 
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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: 

  (2) 

  (3) 

  (4) 

Thermal conductivity k, specific mass density  and specific heat capacity cp are 

considered temperature dependent, while the other material properties are kept constant 

(absorptivity A=0.35, surface emissivity =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 L=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 is highly 

complex [13-17], and demands multiple parameter assumptions and extensive meshing 
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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 =0°/180°. The half-disc 

was meshed by tetrahedral elements with a maximum size of 74 μm in the beam 

interaction zone and 100 μm 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, =±135º) and in the middle of the C-shape (r=rL, =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 
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angle w 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 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 C-shape 

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 ( =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 
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gradients in different directions around the selected end-point of the C-shape are plotted 

as a function of time in Fig. 4(b). In the second study, the 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.   
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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 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 μm) 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 
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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 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. 
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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. 

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 Weld width (ry-ri) Angle w 

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 <1.10 / 0% >1.40 / 0% >0.30 / 0%         

and <0.45 / 50%  

>240 / 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 C-shape 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 
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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 C-ends) 

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 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 (  = 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 L narrows 

the beam, (ii) an increased beam angle L increases the weld angle W, (iii) higher 

irradiance IL at the C-ends stabilizes the joint end geometry but increases the risk of 
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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. 

 

Table 2: Temperature gradients at the C-shape end point for Cases 1-4 as potential 

indicators for beam shape optimization 

 Case 1/Ref 
[K/mm] 

Case 2 
[K/mm] 

Case 3 
[K/mm] 

Case 4 
[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 
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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.    

4. 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 shaping-

optimization; 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. 
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Abstract: Conduction mode laser spot welding and laser spot hardening are well-
established techniques when using Gaussian or top-hat like beam shapes. Main 
requirements during processing are usually to avoid overheating in the centre of the beam 
interaction zone, e.g. to keep below melting or boiling temperature, respectively, and to 
control 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.  

Keywords: diffractive optical element, laser welding, laser beam shape, model, heat 
conduction 

1 Introduction 
High power laser beams for laser materials processing, like welding or hardening, usually 
propagate with a Gaussian-like beam irradiance profile. In contrast to free-running beams, 
fibre guided laser beams transform around the focus region from a Gaussian to a top-hat-
like profile and back. Particularly for techniques where the laser beam is absorbed at the 
flat workpiece surface, like in conduction mode welding or in hardening, other beam 
profiles can be more suitable in terms of resulting geometry, quality or manufacturing 
time. Non-standard beam distributions can for example be obtained by scanner mirrors 
(galvanometer optics) or by a Diffractive Optical Element, DOE. The option of DOEs for 
industrial laser applications has been available for decades but despite their reported 
advantages they are rarely studied or applied.  A DOE can for example be used in multi-
spot hardening to create several spots from one laser beam and thereby shortening 
processing time in comparison to a scanned beam [1].  Kell et al. [2] used DOEs to create 
three different power density distributions and concluded that DOEs can create 
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customised fusion zones and melt pools. Hammond et al. [3] demonstrated that DOEs are 
beneficial when welding dissimilar metals (aluminium, stainless steel and Inconel 718 in 
different configurations) by splitting the beam into two spots with different intensity. The 
different intensities compensated for different thermodynamic properties to ensure equal 
energy input. The more robust quality of the resulting joints permitted larger tolerances in 
joint edge preparation. Tseng and Aoh [4] proposed a heat source model for laser 
cladding with higher laser beam modes. The model showed good agreement with 
experiments. Chen et al. [1] applied a DOE-generated array of 5 x 5 laser spots to 
homogenize surface hardening. The array enabled tailoring of the microstructure, 
optimizing the strength and toughness of the surface layer.  

One reason why DOEs are not used more frequently is that the optimum beam 
distribution for an application is hard to predict beforehand because of the scarce 
knowledge available along with the complexity in materials processing with non-standard 
beam shapes. Today empirical beam profile assumptions followed by a trial-and-error 
approach are often the only but cost and time consuming choice, bearing in mind the 
design (optics calculation) and manufacturing efforts for DOEs.  

A semi-analytical heat conduction model is here presented in which the laser beam power 
distribution can be easily changed, e.g. compared to FEA by avoiding meshing and 
commercial codes. The model enables better prediction of a suitable beam distribution 
and it is actually incorporated into a DOE design tool under development. Analytical and 
semi-analytical models (the latter involving a limited extent of numerics or discretization) 
lead to several simplifications depending on the complexity of the process but they often 
offer higher flexibility in certain geometrical aspects or when combining phenomena. 
Successful modelling approaches include e.g. certain aspects of keyhole laser welding, 
laser drilling, laser cutting or laser additive manufacturing. 

The thermal modelling work performed on laser welding until 2002 is summarised in 
Mackwood and Crafer's comprehensive review [6]. Since then several advances have 
been made especially in numerical modelling. Numerical models of laser spot welding 
including its transient nature exist, for instance the model by He et al. [7][8] that provides 
a comprehensive study of the heat transfer and 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 [9] uses a 2D-axisymmetric model for pulsed laser spot welding of 
stainless steel. Theoretical results are shown to be in good coincidence with experimental 
results obtained through thermo-couple measurement. Bag et al. [10] present a more 
advanced model which uses an adaptive volumetric heat source. Sundqvist et al. [11] 
carried out a sensitivity analysis of overlap welding by a C-shaped pulsed laser beam by 
FEA. A considerable mismatch between beam shape and weld joint shape was found, 
demonstrating that beam design optimization can be unexpected and complex. Song et al. 
[12] investigated by numerical simulations the thermal fatigue on pistons from thermal 
loading depending on the profile of concentric ring-shaped laser beams. As these 
examples demonstrate, several numerical models of pulsed laser welding have been 
reported but most articles address standard beam shapes and are based on numerical 
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mesh-based calculation methods, making them less suitable for fast temperature 
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 [13][14] and thermal imaging to study the temperature 
distribution or to control the process input. [15][16]  

Woodard and Dryden [17] presented a heat conduction model that was applied to 
calculate 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 axi-symmetrical heat conduction solution for a material irradiated 
by a Gaussian heat source distribution. The mathematical solution is in the here presented 
model applied and further developed, to describe conduction mode spot welding for a 
custom beam-shape. For continuous irradiation and workpiece motion, complex beam 
shapes were modelled [18] by superimposing Gaussian profiles and their corresponding 
temperature field solution, there also 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 was considered in 
several models. 

FEA of the heat flow of a pulsed C-shaped laser beam for conduction mode overlap 
welding was studied in [19] to optimize the beam profile. The results were applied to 
validate the semi-analytical model presented in this paper. Pulse shape modelling of laser 
beams can be included by superimposing positive and negative step-functions and their 
solutions in the time domain.[20] 

In the following, the model developed will be described and subsequently applied for 
analysis of conduction mode welding by 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 in [17] 
that is extended to consider finite thickness and tailored beam shapes. The tailored beam 
shape is assumed to be created by a DOE for which the optical design can be derived by 
the Inverse Fast Fourier Transform from the intended irradiation profile, hence combining 
two models. Detailed information on designing, making and applying DOEs can be found 
in, [21] albeit for plastic welding. Figure 1 illustrates an incoming Gaussian laser beam 
from a fibre laser that is diffracted through a DOE to project a tailored beam shape on the 
workpiece. Absorption of the projected beam will induce a temperature gradient as the 
boundary condition at the upper workpiece surface. The beam intensity 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 
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to model a workpiece with finite thickness (z-direction). The solution is based on the 
three-dimensional time dependent heat conduction equation 

,     (1) 

(Cartesian coordinates x,y,z, time t) where  is the thermal diffusivity which is described 
by =k/( cp) where k is the thermal conductivity,  is the mass density and cp the specific 
heat. The heat source for a single Gaussian sub-profile of the modelled beam is a 
Gaussian surface heat flux q0 described by 

,     (2) 

 ,    (3) 

,     (4) 

where ,  

I is the laser beam intensity, I0 the peak intensity, A is the absorptivity and r0 is the beam 
radius. By introducing non-dimensional units, followed by Hankel transformation and 
Laplace transformation, the three-dimensional temperature field for a certain time t can be 
calculated [17] by 

,    (5) 

where , R, Z, Q and  are non-dimensionalised parameters in a cylindrical coordinate 
system, =T/Ta, R=r/r0, Z=z/r0 =4 t/r0

2 and Q=AP/(k r0Ta). Ta is the ambient 
temperature. The integral is described by: 

.   (6) 

In order to superimpose a number of N individual heat sources of index i laterally, their 
temperature field results to 

,   (7) 

back 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 shaping is approximated by correspondingly superimposing the step 
function Eq. (5),(6) at time steps j, 

.    (8) 

1=0 and M is the total number of superimposed pulses (step-functions). For practical 
reasons, only the power/intensity Q of the pulse should be changed and not the 
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geometrical configuration since a sudden change in beam irradiation profile would be 
unrealistic. By applying negative terms Qi<0 at later stages, pulse steps downward and 
finally pulse termination can be simulated, to study the cooling behaviour after a laser 
pulse (plus the option for subsequent pulses). More details of the basic Equation (5),(6) as 
well as asymptotic approximations can be found in [17]. 

Simplifications of the model are particularly the neglected convective heat transfer by 
melt flow, no consideration of the latent heat of melting (shifts the isotherms somewhat, 
can optionally be considered when expressing the formulations in terms of enthalpy) and 
the use of constant, temperature independent thermophysical properties (though suitable 
chosen mean values, i.e. not for ambient temperature). For conduction welding, melt flow 
usually arises from Marangoni convection, driven by surface tension gradients. 
Marangoni convection usually widens the weld pool, though opposite eddies can develop 
under certain conditions. Here an analytical model is preferred instead of numerical 
simulation to enable fast calculation and to avoid meshing. It is expected that the main 
trends remain representative and that convective heat transfer particularly by Marangoni 
flow would add on. The accuracy of approximating the beam profile aimed at can be 
enhanced by increasing the number of Gaussian profiles to compose it, meaning a trade-
off between efforts and accuracy. 

 

Fig. 1. Sketch of the boundary value problem with cross section of the two overlapping 
sheets, incoming laser beam shaped by a DOE, here modelled by two overlapping Gauss-
profiles, nearest mirror heat sources and resulting temperature profile.  

3 Results and discussion 
Results by the model are demonstrated by showing and analysing specific phenomena 
from different weld cases, including representative industrial applications. Low carbon 
steel is applied in all cases. A pulse time of 2=300 ms is chosen. The thickness of one 
plate is d=0.3 mm, hence 2d=0.6 mm for the overlap joint, unless stated otherwise. 
Tailored energy distributions can be used in a wide variety of different applications. One 
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interesting group of applications is multi-spot welding where several beams are located 
close to each other, as typical for DOEs. Fig. 2(a) shows the beam configuration for six 
separate Gaussian beams with r0=300 μm in a circular arrangement (or hexagonal). 
Despite their separations, at a depth of z=0.3 mm the temperature profiles begin already 
strongly to interact, see Fig. 2 (b). For the case of a 3 x 6 matrix of N=18 Gaussian laser 
spots with r0=300 μm, clear interaction can be seen at a depth of z=0.1 mm, see Fig. 2(c), 
leading to higher temperatures in the central part. At z=0.5 mm, see Fig. 2 (d), the 
separate sources are hardly visible and connected though rounded isotherms are obtained.   

 

 

Fig. 2. Multispot welding: (a) power density distribution by circular employment (radius 
R=1.5 mm) of N=6 Gaussian beams (Pi=100 W, r0=300 μm, resulting in I0=7·104 W/cm2), 
(b) calculated horizontal temperature field T(x,y,z=0.3 mm; t=300 ms), (c) T(x,y,z=0.1 
mm; t=300 ms) calculated for a 3 x 6 array (distance D=1 mm) of N=18 identical beams 
(Pi=10 W, r0=300 μm) and (d) T(x,y,z=0.5 mm; t=300 ms) 

In welding of electronics devices, the area of the joint is usually of high importance due 
to strength but also electrical conductivity requirements. Simultaneously, vaporisation as 
a possible cause for blowholes and spatter has to be avoided, T<Tv. Funck [22] showed 
for circular overlap joints that a ring-shaped beam can be advantageous compared to top-
hat like or Gaussian-like beam profiles. Depending on joint diameter and joint depth, 
other beam distributions could be optimal. For a thickness of the sheets of 2d=0.6 mm, 
the model was applied. From the studies, a ring-shaped beam with an additional peak in 
the centre, see Fig. 3(a), turned out to be advantageous, since avoiding overheating but 
ensuring melting even 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 important finding was that the resulting joint shape 
can significantly differ from the beam shape, especially for longer pulses and deeper 
welds. From a quadratic beam, Fig 3 (c), deeper into the material circle-like joint shapes 
can gradually be obtained, see Fig. 3(d).   



Sundqvist Paper III 75 
 

 
 

 

 

Fig. 3. Beam profiles and calculated temperature fields: (a) ring-shaped beam R=1.25 mm 
(modelled by N=18 beams, Pi=40 W, r0=300 μm) 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), (c) square contour 
beam (modelled by N=28 beams, Pi=25 W, r0=200 μm, Ptot=700 W), (d) T(x,y,z=0.3 mm; 
t=1 s) 

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 circular laser beam the temperature homogenizes quickly in 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 target joint shape followed by iterative optimization through 
predictions and analysis of the resulting temperature field. Once an optimally tailored 
beam shape is identified, it can subsequently be applied as input to calculate the 
corresponding design of a DOE by the DOE-design calculation code (developed earlier). 
Also the opposite procedure is possible, to calculate for a given DOE-design first the 
beam shape and then the temperature field. The iterative procedures will benefit from the 
here presented fast semi-analytical model. The feasibility of reverse engineering needs to 
be investigated, particularly with respect to the possible existence of ambiguous solutions.  
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Fig. 4. Case of a ring-shaped laser beam with additional central peak (R=1.25 mm, Pi=50 
W, r0=300 μm, N=19): (a) calculated 3D-isothermal surfaces for T= 500 °C, 1000 °C, 
1500 °C, (b) corresponding cross-section at y=0 

Part of the flexibility of the model is the ability to study the time-dependent temperature 
field behaviour and to model even a temporal pulse shape. Calculation of the cooling 
behaviour is of particular interest to derive the resulting microstructure, phase changes 
and hardness of the subjected material as well as residual stresses. A C-shaped laser beam 
was comprehensibly studied by FEA in [11][19] (without fluid flow but considering 
temperature dependent thermophysical properties and latent heat of melting). The here 
presented model was applied for the same case, which has led to successful validation 
through FEA-comparison. In Fig. 5(a) a C-shaped laser beam is shown while Fig. 5(b) 
shows the derived horizontal distribution of the cooling rate dT/dt in [°C/s] at a certain 
depth z and time t.  

 

Fig. 5 (a) C-shaped laser beam (32 heat sources, Pi=50 W, r0=300 μm, R=1.5 mm), 
(b) calculated horizontal cooling rate distribution dT/dt(x,y;z=0.1 mm) below the surface, 
at t=30 ms for a laser pulse switched off at t=20 ms. 

The here presented model is highly suitable for combination with calculation of beam 
shaping by DOEs. The sensitivity of misalignment of DOEs was studied through the 
model. The studied DOE was a multi-level axicon lens that 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. 6(a). Lateral misalignment of 
the lens distorts the beam shape, as shown in Fig. 6(c) for a misalignment of 0.3 mm in x-
direction. As shown in Figs. 6(b),(d), respectively, accordingly an asymmetric 
temperature distribution results, here for a depth of z=0.3 mm.  
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Fig. 6. (a) Calculated laser irradiation profile for a properly aligned axicon DOE, (b) 
calculated temperature field T(x,y,z=0.3 mm; t=300 ms), (c) laser irradiation profile for a 
DOE misaligned 0.3 mm in x, (d) corresponding calculated temperature field T(x,y,z=0.3 
mm; t=300 ms). 

4 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 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 limited to flat, homogeneous sheets. 

(iii) It was demonstrated that for complex beam irradiation profiles, which can be 
realized by DOEs and other beam shaping equipment, their corresponding 
temperature fields can be easily calculated. 

(iv) For deeper analysis, at any location and time the temperature gradients and cooling 
rates can be extracted.  

(v) Some beam shapes can generate unexpected joint shapes, which can be quickly 
investigated by the presented model and iteratively optimized, if needed. 
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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. 
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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 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 non-
destructive 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 
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 hole-
drilling 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 of laser welded 
samples

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 y-positions 10 mm and 20 
mm), samples J,K, and for 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 μm diameter, followed 
by a 150 mm collimator lens and a 300 mm 
focussing lens, generating a beam with a focal spot 
diameter of 400 μm and a Rayleigh length of ±4 
mm. 

 
TABLE I. Chemical composition (wt. %) of the steels used.
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TABLE II. Properties and laser welding parameters for 
the 14 samples A-N together with the weld orientation 
according to Fig. 3. 

 

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 μm. 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.  

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. 

 
   (1) 

 
and K is obtained from: 

  (2) 
 

where  is the tensile stress perpendicular to the 
crack 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. 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). 
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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 differentiation, Eq. (3), the increase in 
crack length per cycle is obtained, i.e. the cracking 
speed.  

 
  (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).  

 

  (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 the 
generation of residual stress 

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. 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.  

 

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, A-
I). 
 

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. 
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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 

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). 
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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 

xx(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 
FE-analysis 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) 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. 

 
V. ACKNOWLEDGEMENTS 

The authors gratefully acknowledge funding 
by the EU-programme Interreg IVA Nord, project 
PROLAS, no.304-58-11. The authors also would 
like to thank Dr. Andreas Lundbäck at the Material 
Mechanics research subject at Luleå University of 

Technology for providing equipment and support 
for the hole-drilling measurements. 
 
1ASTM E 739-10 “Standard practice for statistical 
analysis of linear or linearized stress-life (S-N) and 
strain-life (e-N) fatigue data,” 2010. 
2A. Hobbacher, IIW Recommendations for Fatigue 
Design of Welded Joints and Components (Abington 
Publ., Great Abington, Cambridge UK, 2008). 
3M. M. Alam, “Laser welding and cladding: The effects 
of defects on fatigue behavior,” Ph.D. thesis (Lulea° 
University of Technology, Sweden, 
2012). 
4J. Sundqvist, I. Eriksson, A. F. H. Kaplan, M. Keskitalo, 
K. Mäntyjärvi, J. Granström, and K-G. Sundin, 
“Measuring the influence of laser welding on fatigue 
crack propagation in high strength steel,” in Proceedings 
of 32nd ICALEO (LIA, Miami, FL, 2013), pp. 647–654. 
5L. W. Tsay, C. S. Chung, and C. Chen, “Fatigue crack 
propagation of D6AC laser welds,” Int. J. Fatigue 19, 
25–31 (1997). 
6ISO 12108:2012 “Metallic materials—Fatigue testing—
Fatigue crack growth,” 2012. 
7M. B. Prime, “Residual stress measurement by 
successive extension of a slot: The crack compliance 
method,” Appl. Mech. Rev. 52, 75–96 (1999). 
8G. Biallas, “Effect of welding residual stresses on 
fatigue crack growth thresholds,” Int. J. Fatigue 50, 10–
17 (2013). 
9N. Pugno, M. Ciavarella, P. Cornetti, and A. Carpinteri, 
“A generalized Paris’ law for fatigue crack growth,” J. 
Mech. Phys. Solids 54, 1333–1349 (2006). 
10T. L. Anderson, Fracture Mechanics: Fundamentals and 
Applications, 3rd ed. (Taylor & Francis, Boca Raton, FL, 
2005). 
11M. Beghini, L. Bertini, and E. Vitale, “Fatigue crack 
growth in residua  
stress fields: Experimental results and modelling,” 
Fatigue Fract. Eng. Mater. Struct. 17, 1433–1444 (1994). 
12L. W. Tsay, M. C. Young, F. Y. Chou, and R. K. Shiue, 
“The effect of residual thermal stresses on the fatigue 
crack growth of laser annealed 304 stainless steels,” 
Mater. Chem. Phys. 88, 348–352 (2004). 
13G. S. Schajer, “Advances in hole-drilling residual stress 
measurements,” Exp. Mech. 50, 159–168 (2010). 
14ASTM E 837-08 “Standard test method for determining 
residual stresses by the hole-drilling strain-gage method,” 
2008. 
15P. J. Withers, “Mapping residual and internal stress in 
materials by neutron diffraction,” C. R. Phys. 8, 806–820 
(2007). 
16P. J. Webster, L. Djapic Oosterkamp, P. A. Browne, D. 
J. Hughes, W. P. Kang, P. J. Withers, and G. B. M. 
Vaughan, “Synchotron x-ray residual strain scanning of a 
friction stir weld,” J. Strain Anal. Eng. Des. 36, 61–70 
(2001). 
17C. Carmignani, R. Mares, and G. Toselli, “Transient 
finite element analysis of deep penetration laser welding 
process in a singlepass butt-welded thick steel plate,” 
Comput. Methods Appl. Mech. Eng. 179, 197–214 
(1999). 
18X. B. Ren, O. M. Akselsen, S. K. Ås, and A. F. H. 
Kaplan, “Residual stresses of hybrid laser-arc welding 
for arctic application,” in Proceedings of 14th NOLAMP 
(LTU, Sweden, 2013), pp. 183–192. 



92 Paper IV Sundqvist 
 

 
 

19G. V. Guinea, J. Y. Pastor, J. Planas, and M. Elices, 
“Stress intensity factor, compliance and CMOD for a 
general three-point-bend beam,” Int. J. Fracture 89, 103–
116 (1998). 
20Vishay Measurements Group, “Measurement of 
residual stresses by the hole drilling strain gage method” 
Vishay Measurements Group Technical Note TN-503, 
Raleigh, NC, 1993. 
21P. Ferro, A. Zambon, and F. Bonollo, “Investigation of 
electron-beam welding in wrought Inconel 706—
Experimental and numerical analysis,” Mater. Sci. Eng., 
A 392, 94–105 (2005). 
22Q. Yan, H. Chen, J. Chen, and X. Xue, “Study on joint 
residual stress induced by laser beam welding of high 
strength automobile thin sheet,” Adv. Mater. Res. 97–
101, 3916–3919 (2010). 
23A. Zambon, P. Ferro, and F. Bonollo, “Microstructural, 
compositional and residual stress evaluation of laser 
welded superaustenitic AISI 904L stainless steel,” Mater. 
Sci. Eng., A 424, 117–127 (2006). 
24E. Assuncao, S. Ganguly, D. Yapp, S. Williams, and A. 
Paradowska, “Characterisation of residual stress state in 
laser welded low carbon mild steel plates produced in 
keyhole and conduction mode,” Sci. Technol. Weld. 
Joining 16, 239–243 (2011). 






