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“You can’t see the forest through the trees” 
Time will tell 
*You can't tell a book by looking at its cover 
A problem shared is a problem halved 
Seek and ye shall find 
*The longest journey starts with a single step 
There's an exception to every rule 
*A journey of a thousand miles begins with a single step 
A picture paints a thousand words 
I know of no genius but the genius of hard work. 
*Genius is an infinite capacity for taking pains 
Procrastination is the thief of time 
*You can't see the forest through the trees 
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Abstract 
 
The thesis is about laser welding, in particular about geometrical defects, but it also 
addresses how to improve the documentation of the findings.  Laser welding is an 
important and highly advanced manufacturing technique in industry. An emerging 
option is laser hybrid arc welding. In welding, control over the quality is essential, 
particularly to suppress defects and unfavourable surface geometries. The mechanical 
behaviour of a product in service can even suffer from small, hardly visible welding 
defects like undercuts. The process causing the quality involves complex multi-physics 
and is nonlinear. The documentation of parameters, process conditions and of the 
resulting quality is difficult and unsatisfactory so far. Therefore Paper 1 addresses the 
mechanisms and challenges for the documentation of laser welding knowledge. 
According to the knowledge lifecycle theory, these difficulties not only address how 
welding knowledge is generated, identified, captured and stored, but also how it is 
accessed, shared and eventually used. In Paper 2 the geometry resulting from fibre laser 
welding of a corner joint, including defects like undercuts, is studied for varying 
parameters. The results are categorized and mapped. Then they are documented by a 
new method, the Matrix Flow Chart, MFC, as an attempt to improve knowledge 
formalizing, storing and access, which is also discussed in Paper 1. In Paper 3 and 4 two 
different kinds of undercuts, caused by different metal surface conditions during the 
laser hybrid arc welding process, are investigated by visual analysis, SEM, chemical 
analysis and high speed imaging. In Paper 3 the observed findings are documented in 
common letter journal format as an extremely brief type of documentation. In Paper 4 
the physical mechanisms of the welding process causing the two types of undercuts are 
explained in regular manuscript format. Here a sequential flow chart turned out to be 
suitable for documentation of the findings.  
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Introduction 
 

1. Organisation of the Thesis 
 

The Licentiate thesis is composed of an introduction and four publication manuscripts 
as follows: 
 

Introduction:  
 An introduction to the two subjects of the thesis is provided (including a brief 

survey on their respective state-of-the-art), namely to 
o laser beam welding (including laser hybrid arc welding; Chapter 4) and  
o knowledge management (for suitable documentation of the laser research 

results; Chapter 5).  
 The introduction summarizes the context between the four publications through 

their either common or complementary aspects in terms of  
o motivation of the research (Chapter 2), 
o methodological approach (Chapter 3),  
o collection of the four paper abstracts and conclusions (Chapter 6) 
o general conclusions (Chapter 7),  
o future outlook (Chapter 8).  

 
This thesis differs somewhat from ordinary work in the engineering science community. 
Although it mainly studies two laser weld cases, the thesis also includes (in the middle 
part) how to manage the generated knowledge in a better way.  

The thesis starts by explaining its layout, followed by motivating the overall research 
and the overall methodological approach. Subsequently the reader is briefly introduced 
to laser welding and laser hybrid arc welding. This section includes particularly the 
main defect studied during the research, i.e. surface geometry (mainly undercuts) and its 
state-of-the-art. As becomes evident also from the state-of-the-art survey, it was 
identified during the research that documentation of research results is highly 
unsatisfactory today. Therefore, part of the research is about awareness of knowledge 
management in this engineering subject today and possible improvements. Therefore, 
the next section describes knowledge management in principle and its state-of-the-art. 
This discussion is then related to laser welding, in particular with respect to new 
approaches developed here. This section is followed by a collection of the titles, 
abstracts and conclusions of all four papers, after which common conclusions for the 
overall research are drawn. The introduction ends with an outlook on future research in 
laser welding with respect to undercuts and other related defects, including also 
knowledge management. 

Four publication manuscripts:  

Paper I:  Difficulties in knowledge codification for the laser welding industry 

Paper II:  Analysis of the surface geometry of a fibre laser welding case study, utilizing 
a Matrix Flow Chart 

Paper III:  Two kinds of undercuts distinguished by their oxides in laser hybrid welding 

Paper IV:  Observation of the mechanisms causing two kinds of undercuts during laser 
hybrid arc welding 
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Figure 1.1 illustrates the thematic focus of the respective papers. 
 

                

 

 Paper Paper Paper Paper               
 I II III IV                          

Laser beam welding     
Laser hybrid welding     
Documentation     
Parameters     
Process     
Quality     
 

Fig. 1.1: Different thematic focus of the four papers composing the thesis, (: core 
subject, : partially involved) 
 
Paper I is a pioneer study on how knowledge management in the laser welding 
community takes place today. It explains the knowledge handling process and identifies 
weaknesses in knowledge management and what is required from a solution. One 
solution developed during the research is discussed in this more general context, namely 
the Matrix Flow Chart (MFC).  

Paper II studies geometrical defects during fibre laser welding, particularly undercuts, in 
dependence of geometrical process parameters. For the identified trends, the MFC is 
applied for the first time, enabling more systematic documentation of the results.  

Paper III reports in a brief way of publishing, namely in letter format (three journal 
pages), on two different kinds of undercuts and their differences in metallurgy and melt 
flow dynamics. 

Paper IV explains the complex theory behind these findings in a comprehensive, regular 
journal paper style. It also includes the development of a Bifurcation Flow Chart (BFC) 
for improved documentation. 
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2. Motivation 
 
Welding was studied in two independent, subsequent industrial research projects, in 
particular laser welding of a corner joint and laser hybrid arc welding of a butt joint. 
Both projects had in common that geometrical surface defects, particularly undercuts 
occurred and had to be suppressed. Experimental research as well as literature search 
was carried out to understand the mechanisms causing undercuts and to find means to 
suppress them. The first project aimed to avoid undercuts by optimizing selected 
process parameters. Surface oxides (from hot rolling) are one critical cause for 
undercuts that was deeply studied in the second project, compared to removing the 
oxide beforehand. The industrial partners responsible of these laser welding applications 
were strongly interested in better understanding of the formation and suppression of 
geometrical weld defects because they would be very critical for the mechanical 
behaviour of the welded products in service (which was also studied in the larger 
research framework). 

It became obvious, both, from the numerous experimental research results generated 
here as well as from the published knowledge retrieved that handling such kind of data 
in the usual manner is unsatisfactory. Searching information as well as a survey on 
combined results is difficult here. Moreover much knowledge remains tacit by the 
experts. We realized that, in general, the potential for knowledge transfer is by far not 
released today in laser materials processing, welding and similar disciplines and that 
some fundamental difficulties might be the reason. Therefore, the research also focussed 
on how to deal with this knowledge management problem. In particular, it was studied 
deeper how knowledge management is carried out today in the (laser) welding 
community. Different solutions to handle these problems were developed, applied and 
analyzed, both, generally, and for the two welding research projects. The motivation is 
to develop highly improved knowledge management systems, e.g. a new type of 
database or publication system. 

While the bulk of the thesis addresses a classical research problem, the knowledge 
management study can be regarded as pioneering research in the welding community, in 
particular through improving the documentation of the generated research findings by 
new methods.  
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3. Methodological Approach  
 
For two welding cases the process parameters were varied in order to identify optimum 
conditions for good weld quality, hence suppressing geometrical surface geometry 
defects like undercuts. In particular, in the second case, the effect of the mill scale 
(surface oxides, from hot rolling in the steel production) on undercuts was compared to 
oxide-free plates. The first case involved Laser Beam Welding (LBW) and the second 
case Laser Hybrid Arc Welding (LHAW), where the laser beam is combined with a Gas 
Metal Arc (GMA). Analytical methods used for the first project were macrographs and 
geometry measurement. Arranging the macrographs in a matrix-figure supported the 
comparison and perception. Categorization of the weld geometry was important to 
identify and document trends in a systematic manner. For the second case macrographs, 
Scanning Electron Microscopy (SEM) and chemical analysis by Energy-Dispersive 
X-ray spectroscopy (EDX) were used. For both cases, High Speed Imaging (HSI) 
provided highly valuable additional information on the melt pool surface flow and 
geometry.  

While the above classical research approaches generate knowledge on the problems 
formulated, the management of knowledge in welding with today’s methods was 
identified as an issue that needs to be addressed.   

Therefore in Paper 1 a holistic description of knowledge management in welding is 
provided and discussed, accompanied by referring to a basic theory of knowledge 
management. A new documentation method, the Matrix Flow Chart (MFC) was 
developed in frame of the research, which is analyzed in Paper 1 with respect to critical 
issues. The MFC was successfully applied to document and visualize the findings in 
Paper II. As a contrast, in Paper III the research results are published in Letter style, 
thus extremely brief. The theory for these results is comprehensively formulated in 
Paper IV, where the journal manuscript provided also space to describe the findings by 
the Bifurcation Flow Chart (BFC), a second new method developed during another 
project of the research team. The BFC is more suitable for a chain of mechanisms 
revealed, while the MFC is more appropriate to document a series of parameters that 
leads to a series (matrix) of categorized results. Paper II and IV provide therefore charts 
that hopefully facilitate searching and perception of results and enable to build further 
on them systematically.  
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4. Laser Welding 

4.1 Introduction to laser beam welding 
Welding is extensively used in the construction industry and is often viewed as a low 
level science, but that is far from the truth [L1]. Welding has evolved from being a 
mainly empirical art into a major interdisciplinary science, requiring combined 
knowledge from many various disciplines. Welding is performed when two parts (often 
metal) are melted by a heat source and subsequent solidification of adjacent areas of the 
parts, with or without addition of filler material. The interaction between the heat source 
and the material leads to rapid heating, melting, melt flow driven by buoyancy, surface 
tension, friction, viscosity and electromagnetic forces. The heat transfer rate [L2] and 
liquid flow affects the shape of the weld melt pool, cooling rate, kinetics and various 
solid-state transformations. The properties of the final weld are determined by the 
resulting geometry, chemical composition and microstructure [L1, L3, L4]. 
 
Laser Beam Welding (LBW) [L5] is a manufacturing technique with the typical 
attributes of high performance, high quality and narrow welds. However, it is also 
associated with high investment costs (especially for high power lasers) and process 
quality can be difficult to achieve. Besides the main focus of this thesis, welding, there 
are many laser manufacturing methods available, as shown in Fig. 4.1. 
 

 
 

Figure 4.1: Systematic tree of different manufacturing methods possible with a laser as 
energy source, including different kinds of laser welding 
 
The main application areas of the laser in micro-processing are engraving/marking and 
cutting. In macro-processing the main applications are cutting and welding. LBW is an 
emerging application in industry where they usually make use of resistance spot-, 
friction- or MIG/MAG arc- welding. The choice of welding technique has a strong 
impact on the possibilities and limits of the production chain and the product 
development. The value of using laser is not only connected to its performance, e.g. 
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welding depth and speed when comparing conventional welding methods. Laser 
welding can be highly valuable as an enabler technology e.g. for eliminating 
manufacturing steps, for increased use of advanced materials (e.g. stainless steels or 
high strength steels) or advanced joint geometries [L6]. Figure 4.2 shows some 
examples of industrial laser welding applications. 
 

 
 

Figure 4.2: Examples  of laser welding applications: (a) laser welding of a pacemaker 
(source: HAAS-Laser GmbH), (b) tailored blank laser welded car door, detail 
(source:Trumpf GmbH) 
 
An important issue of welding is the occurrence of various welding defects. These have 
to be suppressed in order to reach an acceptable weld quality. Different methods are 
more or less susceptible for different defects. Each different laser method can apply 
different types of lasers, which can be seen in Fig. 4.3(c). Among these, CO2-, Solid 
State- and Fibre- lasers are the most common in industry. The laser, when used as a 
tool, has different beam properties which includes wavelength, beam quality and 
maximum power. This has an impact on which materials that can be welded and energy 
required to make the weld, since different materials have different absorptivity to 
different wavelengths. Figure 4.3(a) shows the wavelength of common laser types used 
in welding, marked in the electromagnetic spectrum and Fig. 4.3(b) shows the 
magnitude of absorbed light by different materials (rest is reflected), depending on 
wavelength. The absorption of infrared energy by metals depends on Fresnel absorption, 
defined as conductive absorption by free electrons. A specific portion of the laser light 
is absorbed or reflected by the workpiece [L7]. 
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(a) 

 
(b) (c) 
 

Figure 4.3: (a) Electromagnetic spectrum with common laser types marked. (b) 
Absorptivity diagram for different materials. (c) Different types of lasers.  
 
If there is sufficient power density, keyhole welding is achieved [L8]. The beam quality 
and choice of lens determines the shape of the laser "tool" which in hand determines 
how deep and narrow a weld can be. In Fig. 4.4 some common joint types for laser 
welding can be seen. 
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Figure 4.4: Typical joint types used when laser welding 
 
The acronym LASER (Light Amplification by Stimulated Emission of Radiation) 
origins from Theodore Maiman, who built the first working laser (frequency stable, 
directed and intensive electromagnetic wave source) in his lab at Hughes Aircraft 
Company. In the early 20th century, Albert Einstein changed the world (in some ways) 
as he strove to understand and develop theories to explain physical phenomena in 
nature. The theory of stimulated emission was postulated by him in 1917 [L9], meaning 
that an incident photon (having suitable energy, wavelength) can release an excited 
atom to return to a lower state of energy by emitting another photon (electromagnetic 
wave, Fig. 4.5(a)), identical in wavelength, direction, phase and polarization, 
Fig. 4.5(b). The laser relies on this theory, in addition to an optical resonator, directing a 
beam of a single colour transporting energy. The laser is today used in a variety of 
applications, e.g. in informatics, using the laser as an ultra-fast light signal.  
 

          
(a) (b) 
 

Figure 4.5: (a) Electromagnetic wave, (b) lamp vs. laser light 
 
A laser beam is a beam of light with some special properties. It is monochromic (only 
one colour), coherent (phase correlation) and it is parallel. This differs from most light 
created (e.g. flash lamps) and experienced in nature. These properties make it possible 
to focus the laser light to a narrow beam that has enough energy/power density to melt 
and even evaporate metals.  
 
Besides the more common work horses in industry, CO2- and Nd:YAG- lasers, rather 
the fibre laser has been used in the experiments made for this thesis. The diode 
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(semiconductor) laser has already led to a telecommunication revolution in the 90's, it 
starting to become available at high powers [L6]. Although it still does not have 
satisfactory beam quality for cutting and welding, but shows development potential in 
the years to come. Today, it has relatively low costs and very high overall efficiency 
(need less cooling) and is capable of pumping (exciting) other laser types. The fibre 
laser, Fig. 4.6, has been emerging since 2002 [L10]. The disc laser has a different 
principle, but should be mentioned since it has similar beam features. The fibre laser 
does not use mirrors in the cavity, as the other laser types do. It rather uses a Bragg 
grating that gives different refraction indexes to part of the fibre, making it like a mirror 
for certain wavelengths. It is pumped by laser diodes at both ends of a fibre, where one 
fibre end is coupled to the output fibre. This setup can be scaled up to tenths of 
kilowatts to achieve a laser beam with high output efficiency, beam quality and focus 
ability, enabling welding at high speed and sheet thicknesses. Among the disadvantages 
is that it has focus shifts in the optics due to the high power output and it is sensitive to 
dust particles in the optic components.   
 

 
 

Figure 4.6: Schematics of the fibre laser 
 
Disregarding laser brazing and soldering as different joining methods, laser welding can 
be divided into: (i) conduction mode laser welding and (ii) keyhole (or deep 
penetration) welding. In (i) the laser beam is absorbed at the workpiece surface, forming 
a semi-circular weld cross section. In (ii) the power density of the laser beam is 
sufficiently high to cause evaporation (i.e. ~106 W/cm2), forming a capillary that enable 
the beam to penetrate deeper into the workpiece, forming a narrow deep weld. Except 
plasma and (especially) electron beam welding, no other welding methods can reach 
high enough power densities to form a keyhole. The process can also be divided into 
pulsed wave (pw) and continuous wave (cw) welding [L6].  
 
Laser welding is a complex process due to the interaction between many complex 
physical mechanisms involved, as seen in Fig. 4.7 for cw keyhole laser welding. 
Essential is that the laser beam continuously evaporates a small amount of material over 
the depth that maintains a pressure to keep the keyhole open. The melt recombines 
behind the keyhole and then resolidifies, forming the weld in a continuous manner. 
Most welding defects are created during the resolidification [L6]. 
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Figure 4.7: Physical mechanisms of laser welding: quasi steady-state keyhole mode cw 
laser welding 
 
The shape of the weld pool is governed by heat transfer and fluid flow, along with 
cooling rates and solid state transformation in the fusion and heat affected zone. Among 
the forces that govern the fluid flow is the surface tension, buoyancy and viscosity [L7]. 
 
[L11] The laser welding process has some advantages over conventional (arc welding) 
technologies: 

1. Capable of making deep welds, single pass, with the keyhole mode 
2. Low heat input causes less plate distortion 
3. Low heat also causes improved metallurgical microstructures in the heat 

affected zone (and sometimes in the fusion zone) 
4. High speed welding possible (much higher than with the arc welding processes) 
5. The non-contact nature of the "tool" enables rapid movement and less wearing 
6. Enabler for welding advanced materials [L6] 
7. Enables use of complex joint types not possible with conventional welding 

techniques 
 
Disadvantages of laser welding include: 

1. High investment costs (compared to conventional arc welding equipment) 
2. Joint fit-up (fixturing) is critical. Gap must be eliminated or filler material must 

be added 
3. Fast cooling rates associated in high speed welding leads to centreline cracking, 

hot cracking or formation of brittle and non-ductile solidification micro-
structures 

4. Increased safety concerns (especially eye safety) 
5. Spatter can damage costly optics  
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4.2 Introduction to laser hybrid arc welding 

4.2.1 Gas Metal Arc Welding  
The gas metal arc welding (GMAW) process includes a category of methods that join 
metals by using an arc that heats the metal to its melting point. A typical arc is a hot 
ionized column of gas (plasma) that spans between the continuously fed electrode 
(usually with a diameter of 0,9 - 1,6 mm) and the workpiece. Typical temperatures of 
the arc are 6600 oC and are sustained by a high current (100 - 450 A). For comparison, 
iron melts at 1539 oC and aluminium at 660 oC. Upon resolidification, the parts are 
metallurgically fused. The arc is formed in a shield gas between the electrode and the 
metal component to be welded. The shield gas is used to stabilize the arc and to protect 
the weld pool from oxidation when in contact with the atmosphere. It can be made of a 
variety of mixtures, where Argon (Ar) is commonly used for gas mixtures for a number 
of different metals. Selection of protection gas depends on alloys to be joined and 
quality requirement [L11].  
 
The GMAW process offers several advantages relative other welding processes: 

1. It is inexpensive (relative laser welding) 
2. Feeds filler wire directly into the weld pool 
3. Relatively easy to learn and use, easy to automate 
4. Wire is fed from roll, which enables longer welds compared to shielded metal 

arc welding 
5. Bridges gaps in joint set-up 
6. Can be tailored to add alloying elements, giving desirable metallurgical 

properties 
7. High heat input can reduce cooling rate, preventing undesirable cracking 

 
Although, the process has some disadvantages as well: 

1. Proper input parameters are sometimes difficult to achieve, resulting in 
unwanted welding defects and spatter 

2. Too low heat input may result in lack of fusion 
3. Deep penetration is not possible 
4. High heat input may cause plate distortion 
5. Not suitable for single-pass joining of thick materials 

 

4.2.2 Laser hybrid arc welding 
Laser hybrid arc welding (LHAW) has been increasingly noted a promising joining 
process. It combines laser and electric arc welding (usually MIG/MAG) and 
compensates the drawbacks or weaknesses occurring in laser welding and arc welding. 
It uses the advantages of high precision, welding speed and penetration depth associated 
with lasers and the addition of cheap extra heat input and wire addition (enables gap 
bridging) [L7, L11, L12]. Figure 4.8 shows the schematics of the laser-MIG/MAG 
hybrid process. Figure 4.9(a) shows weld cross section geometries of arc welding, LBW 
and LHAW, while Fig. 4.9(b) shows some cross-section examples from LHAW. 
Variation in gaps can be bridged to a certain extent for hybrid welding (which is greater 
than with ordinary MIG/MAG) [L6].  
 



14 Introduction Jan Karlsson 
   
  

 
 

Figure 4.8: Laser hybrid arc welding process 
 

  
 (a) (b) 
 

Figure 4.9: (a) Weld shape profiles produced by (from top down) MAG welding, laser 
beam welding, laser hybrid arc welding. (b) Typical joint types for hybrid laser-MAG 
welding, tolerating gaps due to filler wire (sheet thickness 6-8 mm, except the lower 
right joint: 2 mm). 
 
Laser beams and electric arcs are quite different welding heat sources, but both work 
beneath a shielding gas at ambient pressure, making it possible to combine these heat 
sources and forming the hybrid process (latin: hybrida, a thing made by combining two 
different elements). The concept of LHAW was introduced in the 1970's by Steen and 
Eboo when they combined a 2-kW CO2 laser and a TIG arc in welding and cutting 
[L13, L14]. Investigations showed that combining the laser beam and arc in a common 
process zone is more than a mere combination of heat sources. Since then, the idea has 
been developed by many scientists and engineers. Combinations have involved setups 
with common process zone, arrangements where the processes are working separately 
and also setups with more than two heat sources. Probably, the most important feature 
of laser beam heat sources is the precise control of spot intensity (determined by laser 
power and focus diameter). Geometrically, the hybrid process can be arranged either in 
a combined operation point or separate operate points, where the technique can be 
parallel or serial. In serial or combined operation points, the working distance between 
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the processes and which process is leading or trailing, greatly influences the resulting 
weld quality. Developed in 2001 by Dilthey and Keller [L15] called Hydra (Hybrid 
welding with double rapid arc), is a process where the laser is combined with two 
GMAW processes, one in front and one behind the laser (in the welding direction). It 
enables increased filler material deposition  and reduces thermal load. Alternative 
configurations of the Hydra is e.g. having the arcs arranged parallel to the weld line, in 
either leading or trailing position. 
 
Industrial branches that make use of hybrid laser-arc involve pipe-line, offshore 
installations, aerospace, aviation, power-generation industry and heavy vehicles sector 
[L11, L16]. Due to improvements in productivity, efficiency and quality, it can be 
expected that hybrid welding methods will be increasingly adopted for future industrial 
welding applications. The laser hybrid process offers good gap bridging capabilities 
(which is influenced by the heat source separation) [L16]. It is reported that up to 3 mm 
gaps can be laser hybrid arc welded (when using a CO2 laser with MAG) [L17].  It also 
offers relatively low heat inputs and high process flexibility. However, it is associated 
with a high number of process parameters that must be adapted for optimal welding 
results, which differs between each case (e.g. joint type, plate material and preparation, 
thickness). The complexity restricts widespread practical implementation in industry 
[L11].  
 
Future research includes (among others) examining interactions of the processes, 
stability of keyhole, mapping maximum gap sizes and weld penetration for different 
conditions and computational models (improves understanding).  
 

4.3 State-of-the-art of undercut defects 
 
When welding, different kinds of defects are likely to occur. The size and rate of defect 
occurrence limits the durability of welded components. In order to know if a weld is 
acceptable or not, standards have been developed for various welding methods, 
Fig. 4.10. All defects stated have certain values, and the weld is classified from B (best) 
to D (worst acceptable for any situation) [L18, L19]. Different welding methods are 
more or less susceptible for different defects. Among other advantages, laser hybrid arc 
welds contain lower levels of porosity, in both size and numbers, than laser welds, due 
to lower cooling rates. This reduces the solidification rate which allows gas porosity to 
leave the molten metal [L7, L12], however other defects may occur. For some 
applications, the tolerance of certain defects is very low, even beyond welding class B. 
In the case of the undercut defect, there is often a zero-tolerance.  
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Figure 4.10: Fusion welding defects, including short explanation and probable cause 
 
Undercut is a geometrical defect, and its detailed geometry affects the weld durability 
[L20, L21]. Undercut is the most significant geometrical property that affects the 
performance of the welded product in service, lowering the fatigue, fracture and static 
strength [L22, L23, L24]. It is highly advised to keep the undercuts to a minimum or not 
at all present [L22]. Undercuts can be defined as a surface depression, located along the 
interface between the weld and parent (base) material. It is caused by the welding 
process and is the result of locally missing material [L23]. Three different types of 
undercuts at the weld toe have previously been identified and can be seen in Fig. 4.11; 
1. curved, 2. crack like, 3. micro-flaw [L22].  
 

 
 

Figure 4.11: Classification of undercuts at the weld toe [L22]. 
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It is known that high welding speeds may cause undercutting, forming a sharp groove 
(notch) left unfilled by the liquid metal during solidification. The formation of the 
undercut defect is a complex phenomenon and depends upon many process parameters. 
The influence of these parameters on, and their interactions with, undercuts is not 
always fully documented (other than lowering the welding speed), making it difficult to 
derive techniques from the individual studies that can suppress the defect [L24]. Some 
theoretical welding models suggest that (at high speeds) a very thin film of molten 
metal exist beneath the arc, and that the molten metal is displaced at very high velocities 
toward the tail of the weld pool [L25]. Several welding techniques suppress the 
backward flow and thereby suppress the undercut formation. This suggests that the 
backward momentum of the flow is somehow critical in forming the undercuts. 
However, the exact formation mechanism is still unclear and is still being debated, since 
the theoretical models cannot yet provide nor explain possible techniques for welding at 
high speeds [L24]. The balance between input power and welding speed (combined 
makes line energy) seems to have some connections with the formation of undercuts 
[L26]. If the line energy is sufficient but not too high, undercuts and various other 
defects can be avoided [L24]. 
 
It is also known that welding on plates having a mill scale (containing iron oxides 
formed in the hot roll plate forming [L27]), leads to significantly worse fatigue 
properties than having the mill scale removed [L28].  
 
When experimentally studying welding, one important tool growing in importance is 
High Speed Imaging (HSI) [L29]. It allows additional information to be obtained in a 
qualitative manner, making it possible to see weld pool flows and, in some cases, defect 
formation. However, imaging is difficult. The welding process is fast and has a small 
interaction zone. But interfering mostly when filming is the welding process itself, 
which is very bright. The emissions disturb the quality of the observation. By using a 
band-pass filter (which only lets one wavelength of light through, hence only grey-
scale) and aiming an illumination laser at the process, most process light can be filtered 
off to obtain images of the weld pool process. By studying the flow of the melt pool 
important information is provided that increases the understanding of the phenomena.  
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5. Introduction to Knowledge Management  
 

5.1 Introduction 

5.1.1. Background - The research subject and its lack in knowledge 
management 
Laser materials processing is in large an empirical discipline, i.e. "trial and error", apart 
from e.g. mathematics which is more analytical. The discipline has shown that it is 
difficult to predict the final result or create advanced computations because of a 
multitude of parameters which in turn have non-linear effects. In addition, there are 
several parameters not thought of as much, like gas flow, cooling system efficiency or 
machine accuracy.  
 
Problem statement 
A big problem in the subject is the lack of knowledge about how knowledge is 
transferred to others. An ambition should be that someone in a laboratory or industry 
use created knowledge and data in order to create better welds, without having to dive 
through loads of journal papers. A difficult part in the knowledge management is how 
the knowledge should be presented to be transferrable to others, concerning human 
limits and the large amount of process parameters, materials and joint types. 
 
When industries and research groups applies results from studies, it should be simple to 
see how input parameter values could be changed in order to achieve wanted results. 
One reason to why knowledge transfer is difficult in the discipline may be that it is a 
quantitative subject, except when new methods are introduced or described. Another 
reason is that knowledge often resides within singular individuals, which is hard to 
transfer since the scientists/technicians earn a "gut-feeling" of the process. 
 
Numerous process simulation models are developed in order to assist machine 
operators, which however, only solve the direct process, i.e. compute welding result 
determined by the input of process parameters. As of today, no computer program is 
known that solves the inverted problem – finding the process parameters by defining 
tolerances for the resulting seam parameters. One reason for this actuality is the 
complex interaction between all involved parameters [K1].  
 
Knowledge management approaches 
A standardized list with all the welding defects [K2] establishes magnitude of 
acceptable flaws. But such a list only describes the different defects, not how it can be 
corrected, which requires additional information presented in a new way that concerns 
human cognition. Increased knowledge management is largely needed but seldom 
talked about. Some solutions have been developed, for example in machining where a 
knowledge management system was developed [K3]. In genetics, artificial networks are 
connections between inputs and chosen outputs, which are weighed and marked [K4]. 
Handling of abstract data with parameter combinations in a multi dimensional space is 
rare and strategies are not obvious.  
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Increased treatment and visualization of data depends on the human cognitive ability 
and disability [K5], e.g. the meaning of disposition and colour for perception. 
Regarding laser welding, usage of knowledge visualization and cognition is barely 
mentioned, but may the solution for revealing a new way of transferring knowledge in a 
new and more efficient manner.  
 
An attempt of combining data and knowledge from different methods is under 
development, in order to create a comprehensive image of the welding process and the 
resulting welding product [K6]. The Bifurcation Flow Chart (BFC) is one method to 
illustrate, generalize and standardize documentation of found relations between 
parameters [K7]. 
 

5.1.2. Knowledge management 
 

General knowledge management 
 

Knowledge Management (KM) is a term that most people don’t think or talk about. 
Most share information and receive information, through discussions, articles, books 
and various forms of media. "Knowledge" is a term that refers to the learned theoretical 
skills, what somebody knows of facts or situation in a subject. By time an individual can 
develop understanding for a subject with part experience and part theory. Gaining 
knowledge is divided into some cognitive processes, including perception, learning, 
communication, association and thinking [K8].  
 
Knowledge is in many ways linked to its spreading, which is a requirement for the 
information to live on after the knowledge carrier of it has left. In society there are 
schools with the purpose of spreading knowledge from elders to youngsters, or from 
experts to beginners. Spreading knowledge requires communication, where the most 
common forms are written language and oratory (imitation is a common way of 
spreading knowledge). KM refers to how organizations manage and operate their 
inherent knowledge.  
 
Knowledge can never be transferred completely from one person to another and each 
time knowledge is transferred, some parts of it are lost. This is partly due to that the 
knowledge someone tries to mediate is not exactly formed as the transmitter’s view of 
it, and partly due to that the receiver perceives it differently depending on the 
knowledge basis. The intake of information from a text depends on how it is written. An 
author can lead the reader into a trail of thought that improves understanding, but only 
as long as the text seems meaningful [K9]. 
 
Information and data 
Information is in the technical sense the specification, definition or reduction of options. 
In informatics, information is a measure of the increased degree of determination 
obtained when a number of possible options are reduced to a smaller amount of options. 
These include such concepts as data (patterns without meaning) and metadata (data 
about data) [K10].  
 
Data is a representation of facts, terms and instructions suited for transfer, interpretation 
or processing by humans or machines [K11]. "Information" is the meaning of the data, 
which requires a receiver capable of interpreting data.  
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Explicit and tacit knowledge 
There may be some truth in Platons Paradox: New knowledge is something we already 
have or something we are familiar with (since we otherwise wouldn't understand it) and 
then it is not new knowledge, or the new knowledge is something we are not familiar 
with, and hence must be unconceivable [K11].  
 
Knowledge can be divided into explicit and tacit knowledge. Explicit knowledge is 
knowledge that can be expressed and distributed in any way, verbally or numerically. 
Tacit knowledge is knowledge that cannot be expressed explicitly, e.g. how to arrive to 
conclusions [K12, K13, K14]. According to [K12] no knowledge is explicit but in fact 
tacit. Everything that can be expressed explicit is in fact information.  
 
Data, information and knowledge relation 
A common image of the relation between data, information and knowledge can be seen 
in Fig. 5.1. 
 

 
 

Figure 5.1: Hierarchy between data, information and knowledge. 
 

There are authors who say that this hierarchy is wrong and concludes the following 
silent assumptions [K15]: 

1. The relation is asymmetric. Data can be transformed into information that in turn 
can be turned into knowledge, but it seems impossible to go the other way 
around. 

2. It gives the impression that knowledge is more valuable than information that is 
in turn more valuable than data.  

[K16] questions the latter, and believes that data is created by adding value to 
information, which in turn is knowledge that has been structured and verbs to normal. 
According to [K15] data, information and knowledge are certainly together, but hardly 
in any simple way in which the different concepts could be ranked among themselves. 
Information can be created using data and vice versa (Fig. 5.2). Knowledge enables 
transformation of data into information, which makes the underlying necessary. Then 
knowledge is more on an imaginary axis in the same level as data and information.  
 

 
 

Figure 5.2: Transformation between data and information. 
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The Infological Equation 
[K17] has made the infological equation 
 

 tSDiI ,,  , (1) 
 
where I  is the information (or knowledge) produced from data ,  is the pre-
knowledge,  is the translation process and t is the time. According to this, information 
is gained through a process where data is part. Data in itself does not contain 
information. In general, S is the result of an individual's total life experience. 

D S
i

 
The Knowledge Lifecycle 
The Knowledge Lifecycle (KLC) (Fig. 5.3) represents the order in which knowledge is 
generated and ultimately used by others [K18]. The steps include knowledge 
Generation/Acquirement, identification, capturing, storing, accessibility, sharing and 
finally usage. 
 

 
 

Figure 5.3: A generic knowledge lifecycle framework derived from 
Nuzzo and Lockwood [K18] 

 
Knowledge sharing 
Early science indicated that successful KM must transform internally tacit knowledge to 
explicit knowledge in order to share with others, but at the same time allow individuals 
to take in the information and make it personally meaningful. [K19, K20] suggests a 
model spiral where implicit knowledge transforms explicit knowledge where it is 
reinternalized into implicit knowledge. Another system differs embedded knowledge for 
a system outside the human individual, where knowledge is embedded in its design 
[K21]. A third system of exploring new knowledge (i.e. innovation) vs. transfer or usage 
of established knowledge within a group, organization or society. Collaborative 
environments such as work places, conferences or social computing tools can be used 
for knowledge creation and transfer [K22].   
 
Early KM-technology included document management systems combined with early 
cooperative technologies (such as Lotus Notes) and expanded in the middle of the 90's. 
Later, online teaching tools where developed for communities of practice [K23]. Lately 
the development of social computing tools, such as blogs or wikis, have allowed a more 
unstructured, self governing system converge new forms of communities, networks or 
matrix organizations. These tools stand the challenge to refine and summarize reusable 
knowledge and ensure that the knowledge is transferable through multiple channels 
[K24].  
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Wicked Problems 
Another term for complex problems (e.g. Knowledge Management) is the so-called 
“Wicked Problem”. It is used in social planning in order to describe a problem that is 
difficult or impossible to solve because of incomplete, contradictory and changing 
requirements, which often can be difficult to recognize. Complex interdependencies 
may, when trying to solve one aspect of a wicked problem, reveal or create other 
problems [K25]. 
 
Examples of Wicked Problems are economic, environmental and political issues. For 
example if a problems solution requires large groups of people to change their mindsets 
and behaviors is an example of this. Wicked Problem examples from this paradigm 
includes: global climate change, natural hazards, politics, epidemics, homeland security, 
poverty, nuclear energy and waste. Other recent areas with wicked problems are 
decision making, business strategy and Knowledge Management [K25, K26]. 
 
Traditional approaches cannot tackle Wicked Problems, i.e. analyzed and solved in 
sequential steps. There is no clear definition for Wicked Problems, though there are 
some strategies to cope with them [K27, K28]:  

 Authorative - Strategy to tame Wicked Problems. By only having a handful of 
people reduce problem complexity as many points of view are eliminated at the 
start. A disadvantage might be that the ones charged with solving the problem 
may not have appreciation from all perspectives needed to solve it. 

 Competitive - Attempts to solve the Wicked Problems by pitting opposing points 
of view against each other.  This requires parties to come up with a preferred 
solution, weighing solutions to come up with the best one. Though this requires 
open minds of both oppositions in order not to discourage members. 

 Collaborative – Engaging all stakeholders to find the best possible solution, 
often through meetings in a time consuming process. The technique of dialogue 
mapping has recently been used to improve tackling wicked problems in 
organizations [K29].   

 

5.1.3. Ways of improving Knowledge Management 
In order to improve Knowledge Management (KM) there are some different methods 
and aspects to take in concern: 

1. Quantitative methods: Focuses on raw data and the following results. 
2. Qualitative methods: Focuses on methodology and solution models. 
3. Cognitive psychology: How information is presented in concerning how humans 

perceive information. 
4. Knowledge transferring: Understanding how to best reach intended recipients 

(e.g. communication, literature). 

It is shown in Fig. 5.2 that knowledge is made up by, and transformed between, data 
and information. This in turn, can be handled with the help of respective quantitative 
and qualitative methods. Quantitative methods are to work with numbers, parameter 
values, as a response to how the desired result can be achieved, e.g. through some sort 
of database with access to others in the organization. One problem with this is, as 
previously mentioned, the large amount of parameters and that many parameters are 
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unknown and the selected input parameters is not necessary the same output parameters. 
Qualitative methods are how to describe methods for how problems could be solved, so 
that a problem in one situation is described so that it can help solve other problems in 
other similar situations.  
 
One strategy for KM is to somehow having individuals willingly put in their knowledge 
into some information storage, e.g. a database, while they at the same time can extract 
information put in by others. Another strategy based on ad-hoc basis, is knowledge 
mapping, a map of an organization or country with different seats of knowledge is 
marked that can be found by all. 
 
Cognitive psychology 
To increase knowledge management and transferring, human limits should be 
concerned, and appropriate use of cognitive psychology (science of internal mental 
processes of thought such as visual processing, memory, problem solving, and 
language) [K5]. Some important aspects follow with a brief explanation: 

 Feedback conflicts, not to go against something that is habitual, e.g. write a 
STOP sign with green letters or a START sign with red letters. 

 Redundancy, to create information overload. Giving numbers such as 22 and 
333 provides redundancy; the stimulus produces the same result. While 111 and 
44 rather perplexes.  

 The gestalt laws concerns grouping of images, where the whole is more 
important than the individual images combined.  

 Data-driven processes concerns puzzling pieces of images together, seen as an 
example in Fig. 5.4. 

 The law of symmetry: The mind tries to correctly place misaligned or misplaced 
images or lines and loosing track of what really is shown or written.  

 Use of colour: The colour red triggers a warning/alert signal in our minds and 
make us pay attention to details, as they are considered dangerous [K30]. It is 
advisable not to mark positive things with the colour red. 

 

 
 

Figure 5.4: The face is made up of pieces to the left and joint together on the right as an 
example of data-driven processes. Both on left and right, all the separate pieces are 
there, but at the right it is easier to perceive since the pieces are in their rightful place 
(source: Pictoform, Per ThornÉus) 
 
Mnemonic is linked to memory, where designing text and images in the right way so 
that they promote memory access at the same time. To create associations with 
everyday objects, or how something looks when texts, presentations or programs 
authored and developed can help to increase knowledge intake [K5]. 
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5.2. Proposed methods for knowledge management in laser materials 
processing 
 
In order to attempt an increase of utilization for generated knowledge, there are two 
compatible tracks. The first is a quantitative method, the creation of an interactive, 
online, searchable database, where similar processes can be found and come closer to 
what parameters should be for an experiment. The second track is qualitative, with the 
discovery of trends and the creation of a visual flow chart. For example, if an 
experiment yields the results axf )( , parameter x  can be decreased in order to 
achieve a result with wanted properties.  
 

5.2.1. Laser materials processing database 
In order to create a database, all the weld parameters and different results have to be 
identified. Also, the database need to be dynamic in its structure, i.e. unknown 
parameters at the creation of the database should be able to be added and searchable. A 
suggested structure for this kind of database can be seen in Fig. 5.5. To be used, the 
database need to have a simple and adaptable Graphical User Interface (GUI) and have 
customized search functions (that can be aided by fuzzy logic). The database should 
also be web-based, globally accessible by all authorized users. The database could also, 
when it is filled with information, give qualified guesses on which parameters to use for 
a given situation, made by statistical computations. The database could also be used to 
identify trends and with a function give optimization suggestions (e.g. increase of speed 
or suppression of defects).  
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Figure 5.5: Initial suggested structure for a laser materials processing database 
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5.2.2. The Matrix Flow Chart 
Due to the large number of parameters, one approach to help knowledge management 
may be to present a table that disregards of parameter values and instead, look at what 
changes of parameters brings. Such a table may require some knowledge about the 
process, but can be utilized by many different people and equipment. The need for 
generalization is great, and previous attempts [K31] have been made with the 
Bifurcation Flow Chart (BFC), Fig. 5.6, which is about trends being made. For example 
if the welding speed increases the weld depth decreases. The model also contains the 
terms for the mechanisms that make the change end up to the result. However, the 
model looks complex and easy to get lost in, especially when many parameters are put 
into the same table since it quickly grows in size and complexity.   
 

 
 

Figure 5.6: Bifurcation Flow Chart developed from three different welding speeds 
 

Having in mind the rules for cognition, the Matrix Flow Chart (MFC) has been 
developed [Thesis Paper 2], seen in Fig. 5.7, which further generalizes the BFC (making 
a black box of the input data and output results). In Fig. 5.7(a) the relation of increasing 
speed when welding speed is optimized for full penetration can be seen, which ends up 
with the defect lack of fusion. To read the chart, follow the vertical line from the 
parameters respective change and where it meets the horizontal line. A black dot 
represents a connection in which, in this case, the defect on that line occurs. In 
Fig. 5.7(b) the chart is extended with more welding defects, showing all relations from 
Fig. 5.6.  
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 (a) (b) 
 

Figure 5.7: Matrix Flow Chart (MFC) showing parameter changes results. (a) shows 
one basic relation with one parameter changing and one defect as a result, in this case 
the parameter welding speed and the defect lack of penetration. (b) shows additional 
defects relations from the parameter changes.  
 
Figure 5.8 shows four different parameters and six different defects in the same chart. 
To deduce how to suppress a defect, follow the line and find a parameter with a known 
relation for the defect. To suppress it, change the parameter into a state free of the 
defect. For example, if the defects undercut and root sagging occurs it can be seen that 
by altering the inclination angle or increasing welding speed, the defects can in either 
way be eliminated. Both parameters have the defects in one state but not in another 
state.  
 

 
 

Figure 5.8: Matrix Flow Chart (MFC) showing many parameters in the same chart, 
enabling patterns to be seen.  
 
The MFC can be expanded by adding more trends and parameters and results. 
Numerical information about the parameter states are not included since this is a 
generalization with trends, meant to work for many different applications. The 
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parameter values will vary from case to case, but the MFC still shows what could be 
expected when changing a parameter value sufficiently. Another feature of the chart is 
that it may possible to detect patterns of trends if sorted properly.  
 
In Thesis Paper 1, the KLC in the (laser) welding community is discussed. Concerning 
the MFC, the KLC is as follows: is as follows: Knowledge is generated from 
experiments from which trends are identified and captured and stored in the MFC. 
Access and sharing is made by (and so far limited to), limited methods such as journal 
papers and presentation of results. However, the main strength of the MFC lies in its 
usability. There is (almost) no expert knowledge required in reading it and hence 
increases the usability. The MFC uses the KLC steps Capture, Store, Share and Use.  
 

5.2.3. Online web forums 
Another suggestion lies in storing and sharing, which is both quantitative and 
qualitative. It could take the form of an online network of individuals from different 
locations with different expertise. This might take the form of an online web forum, 
preferably with the option of video chatting. This way, all can search and find answers 
to certain questions in already answered threads, or to ask a question, in hope of getting 
a good answer. Online web forums have been used for some time in open- source 
computer programming, e.g. “http://www.codeguru.com/”. A possible drawback of its 
usability is that it requires an active community, since answers on questions is needed 
and some people need to answer the questions. Especially the more experienced 
scientists of the subject may be needed to answer the more complex questions. 
 

5.2.4. Morphological analysis 
When analyzing complex future scenarios, a number of difficult methodological 
problems are presented to us. If not all factors in a problem are quantifiable means that 
traditional casual modeling and simulation seems relatively useless. The uncertainties 
inherent in such problems are non-reducible and cannot often be fully described or 
defined. Finally the actual process by which conclusions are drawn can be difficult to 
trace. An alternative to formal mathematical methods and modeling may be a form of 
non-quantified modeling, which relies on judgmental processes and internal consistency 
rather than causality.  
 
Morphological Analysis is a method for rigorously structuring and investigating internal 
properties of inherently non-quantifiable problem complexity, which contain any 
number of fundamentally different parameters. It is a good way of handling the so-
called Wicked Problems. The approach begins by identifying and defining the 
parameters of a problem being investigated and then assigning each parameter with a 
range of relevant values. A morphological box is made by setting the parameters against 
each other in an n-dimensional parameter space, and each cell contains a value from 
each parameter, making out a certain state of the problem [K32].  
 
For structuring and analyzing a total set of relations contained in a multi- dimensional 
non quantifiable problem, a computer- aided method called General Morphological 
Analysis (GMA) can be used, which is especially useful when solving Wicked 
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Problems. This may be a tool for handling the KM problem issues at hand with laser 
materials processing. 
 

5.3. Conclusions 
 
From the this state-of-the-art of knowledge management, the following conclusions may 
be drawn: 

 Being aware of Knowledge Management theory may be of help when designing 
solutions for all the steps in the Knowledge Lifecycle. 

 A quantitative online-database where documentation of parameters and results is 
standardised could be a great tool for any application. It should be expandable, 
where a range of variable values can be chosen when information is being 
searched, and it could be an even greater tool if it could compute suggestions for 
certain applications.  

 A qualitative MFC where trends are shown and connected could be a great tool 
for analysis and parameter adjustments, not only for laser surface treatment, but 
for many different research fields with similar input/output dynamics, e.g. 
machining or medicine.  

 An online web forum may help knowledge sharing, but depends on an active 
community. 

 Morphological Analysis can be worthwhile to use as a qualitative method for 
discerning the impact of different parameters. This is an intriguing method, since 
it already has been be used in various scientific fields.  
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6. Summary of the Papers 
 
 
Paper I:  Difficulties in knowledge codification for the laser welding industry 
 
 
Abstract:  
 
This study aims to holistically analyze the most important knowledge management 
issues in the laser welding industry. Emerging from a number of discussions with 
academics and industrial experts, the paper describes the as-is knowledge and 
information transfer process in this domain, highlighting the complexity of laser 
welding operations and discussing its main criticalities. The issues that limit knowledge 
sharing today are described, using as a reference a knowledge lifecycle framework 
which distinguishes seven main phases such as knowledge generation, identification, 
capturing, storing, accessing, sharing and using. Beside enhanced awareness of the 
limiting issues, knowledge visualization is identified as a key dimension to support 
more effective knowledge flows. The development of knowledge maps and its 
applicability in other manufacturing processes is discussed, to support an easier access 
to the right knowledge at the right time. 
 
 
Conclusions:  
 
The paper has holistically explored the reasons for the poor knowledge sharing 
performances in the laser-welding domain, identifying several critical issues at different 
phases of the knowledge lifecycle.  
A problem straightforwardly outlined in the study is the tendency of “reinventing the 
wheel” every time a new laser welding process is set. In spite of the huge amount of 
knowledge resources available, large reinvention efforts takes place, due to several 
intertwined factors. On one hand, industry largely prefers case studies, generating 
isolated data-points, while the desired transferable knowledge is hardly generated, as 
requiring long-term basic research. On the other hand, knowledge acquisition and 
codification are difficult, because much knowledge remains tacit and the documented 
portion is not well structured. 
The formulation of trends and categories by capturing tacit knowledge and by 
identifying trends from the case studies would be a solution. The Matrix Flow Chart 
(MFC) discussed in the end of the paper has shown that such formulations would enable 
a systematic, traceable and graphical storing of knowledge and significantly improve 
searching. This would not only be beneficial for the laser welding community, rather 
these solution principles might be transferable to other - even very different - disciplines 
Eventually, the paper intends to stimulate the discussion about the problems that the 
laser welding industry, and almost the entire laser welding community, are facing today 
for what concerns knowledge codification and sharing. On the authors’ advice, 
nowadays the community hardly addresses these issues; hence enhanced awareness and 
a dialogue are desirable. Beside developing improved approaches, the authors regard as 
important to initiate a dialogue to consider the importance of cultural patterns 
established today that might require changes. 
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Paper II:  Analysis of the surface geometry of a fibre laser welding case study, 

utilizing a Matrix Flow Chart  
 
Abstract:  
 
For fibre laser welding of an eccentric corner joint, the quality of the resulting weld 
cross section was studied with respect to the dependence on process parameters like 
lateral laser beam alignment, beam inclination, focal plane position or welding speed. 
The complex load situation of the support beamer was simplified to bending of one 
corner. Due to fatigue load, the weld properties causing the peak stress are essential, in 
particular the top and root shape of the weld cross section. For the parameters varied, 
the resulting shapes were categorized into different top and root classes, determined by 
certain key dimensions, considering also welding defects like undercuts. The shapes are 
boundary conditions for Finite Element Analysis of the joint under load for quantitative 
comparative analysis of the maximum stress. As two high strength steel grades were 
joined, the hardness transition across the weld was of interest, too. High speed imaging 
of the weld pool surface shape provided additional information on the relation between 
the parameter input and quality output. The different trends identified were discussed 
and guidelines were derived. As the systematic documentation of results is 
unsatisfactory in welding, a new method was developed and applied for the first time, 
called the Matrix Flow Chart (MFC). It enables an illustrative view on the resulting 
welding trends in a combined manner and is extendable by other researchers. 
 
 
Conclusions:  
 

(i) Improved documentation and generalization of knowledge is desired, e.g. for 
transferring welding results systematically; multidimensional and graphical result 
arrangement facilitates the recognition of trends.  

(ii) When varying 4 geometrical laser beam parameters for laser welding of an eccentric 
corner joint, 5 top and 5 root shape categories were distinguished, having different 
essential stress raiser impact under load; from clear trends unexplored parameter 
regimes can be anticipated. 

(iii) Turning the laser inclination angle slightly suppresses undercut and root dropout, 
but later leads to lack of fusion/penetration; shifting the focal position into the joint 
causes undercut and root sagging, which can be compensated by increasing the welding 
speed (or the inclination angle); the MFC guides towards recommended laser beam 
parameters for achieving a favoured weld shape and hardness transition. 

(iv) Formulation of trends in the here developed MFC is a generalized starting point for 
gradual identification/claim of parameter limits and also a potential guideline for 
eliminating welding defects; future work includes further trends, for different joint types 
and materials, added to the MFC.  
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Paper III: Two kinds of undercuts distinguished by their oxides in laser hybrid welding 
 
 
 
Abstract:  
 
Two different types of undercuts have been identified in the cases of remaining or 
removed mill scale (surface oxides from hot rolling), respectively, when laser hybrid arc 
welding. The two undercut types are examined by macrographs, SEM and EDX. In both 
cases Fe- and Si-oxides cover the heated and melted surface. For the mill scale case, in 
addition much MnO is found in the undercut region. Here the fusion zone suffers from 
lack of fusion to the melted base material due to the oxides. High speed imaging reveals 
that the melt adheres at the top surface in case of removed mill scale but glides down 
when the mill scale is present. The latter causes poor weld quality due to sharper 
undercut geometry and lack of fusion, compared to having the mill scale removed. 
 
 
 
Conclusions:  
 
For laser hybrid arc welding two types of undercut were identified: I. Crack-like, which 
starts at a lower down position from the surface with the addition of lack of fusion due 
to oxide inclusion. II. Curved, without lack of fusion. 
- Type I occurred when welding the original hot rolled steel with its 10-20µm thick 
oxide layer, type II in case the oxide was removed. 
- Type I had in addition MnO in the undercut region.  
- From HSI, for type I the incoming drop glides down the oxide layer in the gouge, 
while for type II the melt is attached to the upper surface level. 
- Removal of the hot rolled oxide layer is beneficial for the weld quality. 
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Paper IV: Observation of the mechanisms causing two kinds of undercuts during laser 

hybrid arc welding 
 
 
Abstract:  
 
Two different kinds of undercuts were identified for the cases of remaining or removed 
mill scale (surface oxides from hot rolling of steel), respectively, when laser hybrid arc 
welding. Due to the surface oxides the pulsed leading arc is disturbed and confined, 
causing a more narrow gouge than without surface oxides. As observed by high speed 
imaging, the increased arc pressure pushes more strongly on the melt, enabling gouge 
rim oxidation. The incoming drops try to climb up the rear wall of the gouge, where 
they adhere in the case of removed oxides, forming slightly curved undercuts by an 
interface layer. In case of an Mn-oxidized rim the melt glides down again, causing a 
sharper and lower undercut with lack of fusion. Subsequently, for both cases, along the 
tail the melt pool slows down and grows the central reinforcement. Consequently, 
removal of the surface oxides leads to less severe weld undercuts. 
 
 
Conclusions:  
 
(i) Laser hybrid arc welding of steel with a mill scale (from hot rolling) causes sharp, 

deep undercuts with lack of fusion (LOF), while when removing the surface 
oxides the undercuts are smaller and curved 

(ii) In contrast to the second type, the surface oxide caused MnO-enrichment at the 
surfaces around the LOF, moreover the remelted edge has moved down 

(iii) From high speed imaging two different mechanisms can be observed for the two 
cases 

(iv) The welding process (leading arc) can be regarded as a sequence of four zones or 
phases: gouge formation, melt redistribution, gouge resolidification, tail 
resolidification  

(v) When welding plates with surface oxides the mechanisms are more complex than 
when the surface oxides are removed, causing in addition: oxide remelting, arc 
disturbance, steeper temperature gradients, MnO-formation during melt flushing, 
gliding down of the melt at the oxidized gouge walls, resolidification growth from 
a lower level, oxide-filled LOF 

(vi) When removing the surface oxides, the gouge is flushed less strongly and a base 
metal layer solidifies first, on which the central melt adheres close to the surface 
level; here the base metal layer determines the undercut characteristics. 
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7. General Conclusions 
 

i. There is a lack of awareness of knowledge management issues in the (laser) 
welding community, therefore capturing, searching and sharing of results is 
unsatisfactory today. Much remains as tacit knowledge of experts instead. 

ii. The development and testing of a Matrix Flow Chart (MFC) has shown potential 
as a graphical documentation and retrieval method for laser welding, in 
particular when a number of input parameter variations determines a number of 
output categories, as in Paper II. For the sequence of mechanisms describing the 
two kinds of undercut formation in Paper IV, instead the also recently developed 
Bifurcation Flow Chart (BFC) turned out to be a suitable documentation 
method. 

iii. High speed imaging and microscopy provide important information about 
undercuts. 

iv. The weld surface geometry (including undercuts and lack of fusion) was 
strongly depending on beam positioning for the laser welding case and on the 
surface oxides for laser hybrid arc welding, each due to its process nature. 

v. The methodology of the thesis to generate deep knowledge on the mechanisms 
for undercut formation, accompanied by systematic documentation hopefully 
facilitates to suppress (undercut) defects in the future and to systematically build 
up this knowledge further. 
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8. Future Outlook  
 
Although the here presented research study has described and discussed the manner of 
knowledge management in the (laser) welding community (in particular addressing the 
most critical obstructions, but also providing new approaches) further development of 
improved documentation methods is needed.  
 
From the technical point of view, the process windows of good quality laser welding 
and the defect formations limiting them need further investigations. In particular, as 
here demonstrated, deeper studies as well as systematic mapping to be built upon can 
stepwise complete the picture in order to better control industrial applications. 
 
In particular the following research would be desirable: 
 

 To further develop the undercut knowledge in laser welding by building 
systematically on the presented and documented results 

 Developing a more systematic, growing map of process windows and defects in 
laser beam welding and laser hybrid arc welding 

 Developing a map of the welding community with respect to their specific 
expertise 

 Learning more on knowledge management from other disciplines and 
communities 

 More testing and further development and growth of the MFC and BFC, if 
possible in common with other research sites 

 Finding methods to measure and compare how different knowledge management 
methods perform – in order to rationally identify and demonstrate the best 
methods 

 Last but not least: Initiating a substantial dialogue in the welding community 
about knowledge management and possible new approaches 
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Abstract  
 
This study aims to holistically analyze the most important knowledge management 
issues in the laser welding industry. Emerging from a number of discussions with 
academics and industrial experts, the paper describes the as-is knowledge and 
information transfer process in this domain, highlighting the complexity of laser 
welding operations and discussing its main criticalities. The issues that limit knowledge 
sharing today are described, using as a reference a knowledge lifecycle framework 
which distinguishes seven main phases such as knowledge generation, identification, 
capturing, storing, accessing, sharing and using. Beside enhanced awareness of the 
limiting issues, knowledge visualization is identified as a key dimension to support 
more effective knowledge flows. The development of knowledge maps and its 
applicability in other manufacturing processes is discussed, to support an easier access 
to the right knowledge at the right time. 
 
Keywords:  Knowledge management, laser welding, manufacturing process, 

manufacturing knowledge codification, knowledge generalization 
 

1. Introduction 

Generating (e.g. casting), separating, forming, joining and depositing are the main 
categories of industrial manufacturing processes in which raw materials are transformed 
into finished goods on a large scale. Manufacturing processes are essentially 
input/output (I/O) systems. The input parameters of the manufacturing system (tool) 
cause, during the interaction with the material of the product, a determined physical 
process that results in geometrical and physical output properties (i.e. quality) of the 
product. Any result from a study, experiment or production can serve as an empirical 
I/O-data point. These data basically contain information that might enable the 
optimization and direct other applications. Poor product properties from improper 
manufacturing can cause significant economic losses, product failure or even disasters. 
Therefore, being able to properly control the manufacturing process and its resulting 
product quality is a crucial industrial issue, both from a technological and business 
viewpoint.  
 
Laser welding (Duley, 1998)  is a technique of particular interest in this perspective. 
Laser welding is the joining of two parts of a product by melting (and resolidifying) 
their edges with a high power laser beam. Figure 1(a) shows a good and Fig. 1(b) a 
mechanically non-acceptable cross section of a laser weld, while Figs. 1(c),(d) show 
examples of laser welding applications.  
 



44 Paper I: Knowledge Codification in Laser Welding Jan Karlsson 
  

 
 

Figure 1: Laser welded products: (a) sheet cross section of good weld quality, (b) 
unacceptable quality, (c) high precision laser welded titanium pacemaker case [courtesy 

Trumpf AG], (d) laser welded car door [courtesy Trumpf AG] 
 
Laser welding is a high potential/high risk technology compared to many conventional 
welding techniques: The superior weld quality and the significant economies of scale 
gained in the production process are counter-balanced by the high investment in 
equipments (typically 0.5-5 Million € for a laser welding system) and by a process that 
is often not very robust. To be at the competitive edge, poor quality must be avoided, 
therefore possessing sufficient knowledge to make well-grounded decisions on the input 
parameters to achieve high manufacturing quality is of crucial economic importance. 
Due to the inner complexity of the laser welding technology, knowledge management in 
laser welding is even more critical than for other lower level techniques and need to be 
holistically analyzed. 
 

2. Objectives 

In laser welding, similarly to many other domains, the same knowledge is repeatedly 
generated over and over again and solutions re-invented all the time due to poor 
knowledge capturing and sharing. The main purpose of the paper is to study the daily 
experienced - but hardly addressed - difficulties in transferring the valuable information 
and knowledge generated in the laser welding process to the potential stakeholders.  
The paper analyses the current knowledge flows and outlines in which way 
conventional documentation and sharing methods cause a huge waste of resources in the 
process, delaying the technical progress in this domain.  
 
The objectives of the paper are, therefore: (i) to illustrate the complete information 
transfer process in laser welding by showing all factors of importance (data-handling, 
human perception, welding culture, etc.); (ii) to highlight which factors are 
addressed/neglected today compared to new methods and to the ideal vision to enhance 
awareness; (iii) to give a deeper insight to the most critical difficulties and how to 
overcome them for promoting knowledge exchange. 
 
3. Methodology 

This study adopts a qualitative research methodology based on observation, in particular 
of work methodology, documentation methods and how information is searched for in 
the manufacturing/welding community. The starting position of this research is in real 
industrial cases rather than in theory. The observations and findings have emerged from 
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the discussions with a number of users and stakeholders (engineers, managers, 
operators) in industry as well as from the interaction with academic experts.  
 
Laser welding has been initially described and exemplified, outlining the main 
knowledge flows between the different actors in the process. The methods and tools 
commonly adopted by the laser welding community to document, search and 
communicate information and knowledge have been critically reviewed. The  analysis 
has further been deepened to elicit a set of requirements for a knowledge management 
solutions able to better support knowledge codification and exchange in this context. A 
generic knowledge lifecycle framework composed by 7 main phases (generate, identify, 
capture, store, access, share, use) has been used to structure the analysis and categorize 
the requirements. In the discussion section, a preliminary solution for knowledge 
codification and visualization is briefly presented and discussed. 
 
The paper presents a pioneering study that, probably for the first time, addresses in a 
holistic dimension the knowledge management problems in the laser welding 
community. The authors’ research context has shown, however, that most of the 
findings in the paper can be generalized to other welding process and other 
manufacturing contexts as well.  
 
4.  Information and knowledge transfer in laser welding. A 
multidimensional problem 
 

In a complex and critical high tech manufacturing process such as laser welding, many 
heterogeneous and often intertwined variables has to carefully controlled and balanced. 
Like any process, also laser welding can be reduced to an input/output (I/O) system, 
where a set of input parameters yields a set of output properties via a combination of 
activities that are often treated as black boxes. In laser welding, the input parameters 
trigger many physical and chemical reactions, as described in Fig. 2(a). These 
mechanisms take place in complex geometrical conditions, as illustrated by the melt 
pool in Fig. 2(b), and, in spite of huge research efforts since the 80’s, they are neither 
sufficiently understood, nor completely measurable or mathematically predictable.  
 
Among others, the most important input parameters are material properties (e.g. thermal 
conductivity), laser beam parameters (e.g. focus diameter), welding speed, shielding gas 
jet parameters (e.g. nozzle positioning) and joint properties (e.g. geometrical 
tolerances). In total, 20-50 input parameters can be counted, resulting in a weld quality 
with many possible defects (e.g. pores) and criteria (e.g. surface undercuts) to measure. 
These quality criteria are to some extent defined in standards. Depending on which 
parameter is changed and on the magnitude of the change in a given situation, the 
resulting weld and its properties may be affected marginally or dramatically, very often 
in an unpredictable way. 
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Figure 2: Laser welding (Dowden, 2008): (a) conditions causing a sequence of 
mechanisms and possible defects, (b) illustration of (a longitudinal section of) the weld 

pool and its mechanisms 
  
Research in the manufacturing community is mostly case driven. Hence the findings 
(and their context with the state-of-the-art) used to be limited to conditions similar to 
the specific application aimed at, i.e. neither broad mapping nor generalizing is carried 
out (e.g. Fricke, 2003; Jokinen et al, 2000 and Panda et al, 2008).  
 
Information is generated by researchers or engineers either experimentally (by 
measurements before, during and after the welding process, in the laboratory or even in 
production) or by computational simulation (of the process). The evaluation and 
analysis of the result obtained through the experiment is another important step in the 
knowledge generation process. Results are also validated by means of discussions with 
other experts, comparing experiences, impressions and feelings (i.e. tacit knowledge) 
about the outcomes of the trial.  
 
When finally formalizing the theories and results, a (usually small, but essential) part of 
the material and knowledge is extracted into information and data. These are 
documented mainly verbally in publications or reports or mainly numerically in 
databases. The receiver’s level of expertise limits the transfer of knowledge.  
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4.1 As-Is: a process focus 

The industrial sector addressed for these issues is the manufacturing industry (including 
manufacturing for energy or for civil engineering), comprising mainly metal products 
ranging from microelectronics to ships and aircrafts. Industry basically aims at high 
product quality (e.g. strength of a weld or its corrosion resistance) for low development 
and production costs (investment depreciation plus operation costs). While the 
calculation of productivity is more rational, the added value when improving the 
product design and functionality used to be more difficult to estimate. The potential and 
drawbacks of different manufacturing techniques are compared. Laser welding is a high 
potential/high risk technology (e.g. compared to electric arc welding) as it e.g. offers 
superior precision and speed and a high level of automation but has the drawback of 
high investment costs and it is often more critical to control. Owing to this critical 
process behaviour, a high level of knowledge and information is of crucial importance 
to achieve the desired quality. The typical communication paths between the different 
experts in the welding sector are sketched in Fig. 3. 
 

 
 

Figure 3: Communication paths between the different welding professions 
 
Researchers can be divided into experimentalists (laboratory) and theorists (simulation). 
They usually operate through publications or in company-related projects. Welding 
engineers (in product design or in production) used to concentrate on company-internal 
information (e.g. protected databases), often supported (consultancy) by system or 
material supplier companies. 
 
Production engineers focus on the production chain, hence on fast and highly reliable 
production at low costs. In contrast, design engineers strive towards improved product 
value (design, functionality, innovation). The importance of mutual understanding and 
communication (information exchange) between these two basic groups has often been 
emphasized. The industrial engineers should have information easily available to 
increase product quality in production. The manual welders and the machine operators 
(laser welding is always automated) carry out and maintain the welding in production 
by hands-on operations, specified by the production engineers.  
 
Once specified, a defined output (product quality) of the process must be achieved by 
choosing a suitable input (system parameters, workpiece conditions, tolerances). This 
knowledge either directly exists (making it transferable) or it must be generated 
(expensive). The transfer of knowledge from similar results is per definition difficult as 
it cannot be clearly identified under which conditions two cases are ‘similar’, i.e.  it is 
not straightforward to discern between the “case-specific” and “generic” knowledge 
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elements to be transferred. Due to this rational dilemma intuitive experience is often 
applied. As one of the few groups addressing the dilemma, a leading researcher at 
Fraunhofer Institute for Laser Technology in Aachen, Germany emphasized:   
 
"Knowledge is one of our prioritized themes." 
 
Reporting and publishing in the manufacturing community (e.g. welding, laser 
processing) follows certain established patterns throughout. Except a few theoretical 
studies almost all research are case studies that are documented by describing the 
conditions and parameters and the results. This generates a large amount of individual 
publications/reports from which generalized knowledge, applicable to another process 
context, is difficult to extract. Moreover, the industrial research used to be very time-
driven, i.e. urgent for a new case study. Hence, when studying a new welding case the 
expert often prefers to start from a superficial literature research and to grow mainly 
from the expert’s and group’s intuitive knowledge. Since searching through published 
material can be very arduous and time consuming, difficulties today in laser welding lie 
in finding the needed information when it is needed which is a central issue of this 
study. 
 
Additionally, only a selected part (often a small portion of a large study) of the 
knowledge generated from a specific study can be chosen to be analyzed deeper, 
illustrated and formalized, either in a journal or a technical report, while the large 
number of remaining results remain stored in a vague manner (notes, spreadsheets, 
samples) or are even removed. Two types of knowledge can be distinguished 
(Edvinsson, 1997), explicit knowledge, which can be expressed in figures or numbers, 
and tacit knowledge, which is intuitive and therefore very difficult to formalize and 
describe but none the less contains lots of valuable information, e.g. how a conclusion 
was made (Alavi and Leidner, 2001; Polanyi, 1962; Stenmark, 2001). According to Bell 
(2006), 80% of organizational knowledge is stored in the people’s minds, 16% as 
unstructured data (office documents, network folders, files and e-mail, internet sites) 
and only 4% as structured data (databases, data warehouses, cubes, XML data). These 
results indicate the high hidden potential for an organization to capture and share tacit 
knowledge from their employees, and also to deal with unstructured data in more 
effective ways. The culture of a community may also affect which material is shared 
and how it is shared. 
 
The extracted data and information are formulated in a manner that fits pre-defined 
boundaries of a medium (e.g. database formats or journal guidelines, or a community 
codex). How the information, data and quantities thereof can be technically stored 
further, limits the documentation. The path from knowledge maker to receiver can be 
seen in Fig. 4. When a receiver searches for knowledge he is eventually guided and 
limited by his already inherent knowledge and interpretation of the thematic subject. 
How the subject is structured and visualized may aid the receiver’s navigation and 
knowledge perception. The selection of knowledge hits depends largely on the systems 
used to retrieve information from stored devices and its structure. 
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Figure 4: Knowledge path from the knowledge maker to the receiver 
 
The access to journal papers can be limited by technical-administrative availability, 
delivery times, purchasing costs or language barriers. Technical reports or conference 
proceedings are commonly not indexed and are thereby hardly visible or accessible. 
There is a need for easier search navigation and access to the desired material. By 
identifying the different steps in the process where knowledge is generated in a typical 
research activity, possible knowledge extraction points can be identified, Fig. 5. The 
typical research activity is divided into three steps, Main activity, Documentation and 
Publication. In the Main activity most research is made, either experimentally or 
theoretically. Activities, methods and findings are in varying extent discussed with 
colleagues (oral knowledge sharing). The comprehensive basic Documentation of 
findings, experimental conditions, etc. serve primarily as support for the individual 
researcher or team and its interpretation thus needs tacit knowledge, limiting the 
usability for others. The result analysis is of key interest to others, but only a selected 
portion of the analysis is chosen and properly formulated for Publication. High potential 
of knowledge difficult to access today could become available by proper structures and 
search methods of published material and better capturing of oral and intuitive 
knowledge. 
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Figure 5: Illustration of knowledge making and how it is rationalized in different 
activities. Desirable knowledge extraction points are marked. 

 
The dilemma to find the correct information when needed has a structural nature: each 
result reported or written down from corresponds to a single n-dimensional data point (n 
input parameters of the I/O-system), which is not re-applicable for the user since 
normally any new application contains some different parameters. It can basically not 
be clearly judged whether this desired data point is in the vicinity of an existing one 
(thus whether its knowledge is likely to be transferable). Searching and navigating 
through numerical and publication databases has a low level of systematic structure 
today, mostly limited to an unstructured verbal system. There is a need for systematic 
collection (mapping) of data and information, along with generalization and limits for 
each rule in order to facilitate the search navigation through it. An ultimate goal the 
complete exploration of the entire map and suitable visualization (matching the human 
capabilities and limits – an analogy is the map of the earth, recently improved by 
electronic Google Earth navigation compared to a printed atlas).  
 

4.2 As-Is: a technology focus 

The technologies used in the manufacturing sector can be divided into two realms, 
documentation and transfer media. As mentioned earlier, the selected scientific 
community operates mainly with case studies (of industrial applications), thus very 
specific rather than generalizing. The ‘design-of-experiments’-method enables to 
interpolate mathematically between isolated studies (n-dimensional data points). 
However, it requires monotonic trends, which is only locally valid (thus unsatisfactory) 
for the complex process of laser welding.  
 
Documentation from research is commonly made by handwritten notes and various 
computer-based I/O-data sheets, along with images and movie clips on the results. 
Despite worldwide welding standard efforts, standardised guidelines for the 
documentation are limited and unsatisfactory today, as being difficult to generalize. 
Thus documentation varies between experts and remains as tacit knowledge. 
Documented material can by the aid of the experts’ tacit knowledge formed into 
publishable material in form of technical reports, journal papers, internet web-pages or 
databases (rare, e.g. by laser system manufacturers or steel makers).  
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The training activities are more practically weighted for manual or automation welding 
operators and more theoretical for engineers and researchers. Oral teaching and 
laboratory demonstrations (by experts) are accompanied by printed books, compendia, 
manuals or presentation handouts. Nowadays electronic material supply widens the 
opportunities for providing material and using it efficiently (e.g. searching, voice or 
interactive features). 
 
Journal papers (the main public scientific medium) and technical reports are other 
media for sharing knowledge, which can be accessed through libraries, particularly on-
line, supported by search databases.  
 
Technical reports have different formats compared to journal papers and used to be 
easier to understand but more difficult to reach. While many reports have low quality 
requirements, information becomes more reliable for high level peer reviewed journals 
but also certain companies have strict internal quality guidelines for reporting.  
 
An example of the welding database of Volvo CC (Larsson and Buchwald 2003, 
Larsson, 2009) is shown in Fig. 6. In spite of comprehensive entries, its use is 
unsatisfactory with respect to searching procedures and due to the dilemma of 
interpreting data for new applications. Only very few attempts were made to improve 
knowledge sharing, beside the authors in particular by Fraunhofer ILT Aachen (ILT, 
2010) where many data entries (mainly from simulation) are graphically arranged in a 
combined robust manner.  
 

 
 

Figure 6: Example of a traditional (welding) database system (Larsson, 2010) 
 
The option to the above printed and electronic technologies for knowledge sharing is 
oral communication (could also be recorded, e.g. phone or videoconference but then 
remains unstructured). Oral communication is often preferred (highly dependent on 
culture and individuals) and effective in a different sense, but instead of systematic 
documentation it addresses the intuitive knowledge sharing of the limited number of 
people involved (or again would require the above documentation methods). 
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5. Knowledge lifecycle issues in the laser welding industry 

Knowledge is a broad and abstract notion that has generated epistemological debates in 
western philosophy since the classical Greek era. In a broad sense, knowledge is 
information possessed in the mind of an individual: it is personalized or subjective 
information related to facts, procedures, concepts, interpretations, ideas, observations 
and judgments (which may or may not be unique, useful, accurate, or structurable).  

The implicit assumption is that data can be used to create information, information can 
be used to create knowledge, and finally that wisdom is created out of knowledge 
(Rowley, 2007). The visual metaphor of the DIKW (Data, Information, Knowledge, 
Wisdom) pyramid, Fig. 7, depicts the fact that, usually, large amounts of data are 
distilled to a smaller quantity of information. Then, a still rather large amount of 
information is further distilled to a more limited knowledge (Hey, 2004). 

 

 
 

Figure 7: The DIKW hierarchy, also known as the knowledge pyramid 
 

Knowledge is constructed from achieving an added context and understanding to 
accumulated data and information, so that patterns appear. Data and information is 
about looking at the past, but with knowledge representing a pattern in the data and 
information, it is possible to interpolate in this pattern and to deal with the present. 
 
However, this hierarchy does not always fit into industrial models due to the implication 
to that all knowledge consists of real data and information and thus making all 
knowledge explicit. But in most real life situations, knowledge has a greater tacit part, 
and as such, neither learning, the notion of experience or intuition fits into the DIKW 
model, which is a dilemma of the model. For instance, manual labours (e.g. welding) 
are learned through practising and gaining experience, not through reading data and 
information sheets. Decision makers may make decisions based on data and 
information, but often decisions are made based on inherent experience. Others also 
argue against the model, such as Fricke (2009) and Jennex (2009), who also disregards 
the wisdom layer since it is found too vague. Stenmark (2001) proposes that the DIKW 
relations are asymmetric, which means that sufficient data can be transformed into 
information which in turn be turned into knowledge, but it seems impossible to go the 
other way around. It also gives the impression that knowledge is more valuable than 
information that is in turn more valuable than data. Tuomi (1999) questions the latter, 
stating that data is created by adding value to information, which in turn has been 
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structured and verbs to normal. According to Stenmark (2001), data and information is 
certainly connected, but not in a way in which the different concepts could be ranked 
among themselves. Information can be used by applying data and vice versa. Stenmark 
(2001) postulates that knowledge enables transformation (or translation) of data to 
information and vice versa, which makes the underlying knowledge necessary. 
Knowledge is on an imaginary axis in the same level as data and information. In this 
model, knowledge is an enabler for understanding data and information, making it more 
suitable for practical applications, as it also allows tacit knowledge. By each turn made 
in the knowledge cycle, the level of knowledge is increased, i.e. learning and 
experience. In the case of intuition, mainly only tacit knowledge is governing e.g. 
decision making. 
 
A central question of the authors’ research in the laser welding domain is how to 
capture tacit knowledge and how to turn the huge amount of data and information 
(produced via case studies and experiments) into systematic useful knowledge for the 
laser welding community. A leading technology manager at one of the leading and 
largest expert groups in welding, The Welding Institute (TWI, Cambridge, UK) made 
the following comment: 
 
"We even changed the catchphrase at our letter paper, to emphasize to our customers 
that knowledge is our core business - just we still are searching for strong solutions for 
how to manage it best." 
 
In order to extract the requirements for a knowledge management solution, able to 
better support knowledge codification and exchange in the laser welding industry, the 
authors have analyzed the laser welding process from a knowledge perspective, using a 
generic knowledge lifecycle derived from Nuzzo and Lockwood (2006). Figure 8 shows 
the framework which foresees seven main phases: Acquire/Generate (connected), 
Identify, Capture, Store, Access, Share, Use (Learn).  
 

 

 
 

Figure 8: A generic knowledge lifecycle framework derived from 
Nuzzo and Lockwood (2006) 

 
Fig. 9(a) shows the knowledge path of Fig. 4 in context to the lifecycle theory, Fig. 9(b) 
correspondingly shows the knowledge rationalization and extraction of Fig. 5 in the 
lifecycle context. In the following these phases will be discussed with respect to the 
laser welding community and the most critical issues will be emphasized. 
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Figure 9: The lifecycle theory in context to (a) the knowledge path, see Fig. 4, and (b) 
knowledge realization and extraction, see Fig. 5, in welding    

 

5.1 Acquire  

When a new welding application is planned, the required knowledge for optimizing the 
process can be acquired from existing knowledge or generated from new experiments or 
simulations. Time is always a key factor in a very competitive industry. This is 
particularly true in the laser welding community when dealing with knowledge 
identification. The set up of a new case study requires extensive searching through 
existing databases and publication libraries in order to find relevant information for the 
project. As in many other areas, locating and accessing information is far from 
systematic and can therefore be very resource and time consuming. The existing 
information and knowledge management solutions do not include advanced search 
capabilities, thus the search is mostly limited to an unstructured verbal system and it 
delivers only isolated reports or publications of traditional style. 
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Hence most experts put only little time on searching for similar cases in order to have a 
good starting point for experiments, but otherwise prefer to generate knowledge by 
themselves, even if it might already exist.  
 
As another option, personal interaction and corresponding informal knowledge sharing 
is considered the faster and most reliable way, although not the most accurate and 
complete one, to retrieve the fundamental information. It is not always obvious which 
expert has the most suitable intuitive capabilities because it depends beside experience 
on other capabilities. Colleagues in the team and close cooperation experts therefore 
represent the main information channel in the beginning of a new project, by their 
intuitive advices. 
  
All these factors lead to a situation where knowledge is reinvented in spite of the large 
efforts required to set up new experiments. Thus one main problem today in laser 
welding projects lies in finding the needed information by the time needed. The 
possibility of reducing the time needed to locate all the relevant and “right” knowledge 
for a specific context is, therefore, perceived as a major requirement for a laser welding 
knowledge management system.  
 
5.2 Generate  

In the laser welding domain the most logical approach to optimize a specific application 
is to run an experimental (or occasionally a numerical) case study. These cases typically 
generate a huge amount of data. The varied laser system parameters (input) determine 
the physical process and in turn the resulting product quality (output). All the 
information produced in a single experiment results in one n-dimensional data point. 
Almost every new experiment refers to a different point in the n-dimensional space. 
Although a single data point or a series of data points (trends) might contain useful 
information for other data points (e.g. which parameter to change for suppressing a 
defect) this information and its range of validity is non-trivial to extract. As mentioned 
earlier, also data interpolation has a limited range of validity. An engineer at Trumpf 
AG, Germany, the largest high power laser system manufacturer worldwide states: 
 
“We have developed a comprehensive database and successfully use design-of-
experiment for interpolation, but it only works in certain areas known by an expert, thus 
we need this accompanying tacit knowledge.”  
 
Therefore for a new welding application existing data information can hardly be used, 
merely intuitive knowledge, and often a new case study starts from zero. 
 
Usually there are not even put efforts in generalising the findings, thus only 
occasionally more general trends are stated (Kaplan et al, 2009) or theories are 
developed. In a few cases mathematical models were developed that have a very general 
applicability. However, due to the complexity of the process physics the possibilities for 
developing of such simple, general models is limited, except for isolated physical sub-
mechanisms. 
 
An important conclusion is that the basic structure of the information generated within 
laser welding makes knowledge transfer between case studies fundamentally difficult. 
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5.3 Identify and capture 

The generated information, or a selected part of it, is then comprehensively evaluated, 
analyzed and discussed, leading to identification of the essential information and to 
adequate conclusions. While part of the analysis follows straightforward routines, other 
parts require strong intuitive capabilities to identify essential insights (thus they are 
often not revealed, depending on the available expert resources).  
 
How difficult capture, storage and transfer of information is, was expressed by an 
engineer from a large steel mill, worrying:  
 
"We invested heavily in the laser system. In production we do not achieve the same weld 
quality as during testing, except when we run at half the speed which is unacceptable 
for the production line and its costs. Some parameters must be different. How can we 
get the information about the right input parameters again to achieve the desired output 
quality again?" 
 
The actual study shows that the possibility to capture informal (unstructured/tacit) 
knowledge that comes from the knowledge makers’ own experiences is a critical area of 
investigation. A typical pitfall in the way knowledge is documented during the 
experiments is that only a selected part of what is generated can be chosen for 
documentation (e.g. journal, technical report or database). Most of the important 
information on how the experiment has been conducted or why certain decisions have 
been taken is not formalized in a way that can be readily reused. Rather, most of the 
information remains on personal sketches, notes or pictures. A challenge in the laser 
welding domain is how to capture the knowledge of the expert’s tacit knowledge. Most 
people follow, in fact, a traditional documentation pattern, and keep much (often 
crucial) tacit knowledge for themselves, not accessible for others and almost impossible 
to systematically follow up.  
 
As outlined by many authors (Ellis, 2001; Finerty, 1997; McDermott, 1999; 
O’Dell and Grayson, 1998) the introduction of a reward system or incentive policies do 
not enhance long term knowledge sharing. Although a formal reward system has proven 
to be beneficial in the short term to overcome commitment problems 
(McDermott, 1999), the use of encouragement, stimulation or incentives is inadequate 
in hostile environment (Master, 1999) suggesting that any kind of rewards evaporate 
quickly and do not increase the motivation for knowledge sharing. Lowering the 
barriers for knowledge formalization appears promising to stimulate the knowledge 
owners in formalizing their tacit knowledge. 
 
5.4 Store and access 

As mentioned earlier, the manufacturing community traditionally follows an unspoken 
consensus (and to some extent welding standards and publication guidelines) on how 
new research findings are formulated and documented.  
 
The use of such a rigid structure for formalization generates two intertwined effects. At 
the one hand people might find too complex and cumbersome the way the knowledge 
should be formalized, leading to omission of details regarded as less important. At the 
other hand, the use of different ways to categorized information leads to situations 
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where is difficult to cross-search for a piece of information in different knowledge 
sources. 
 
Also mentioned earlier, once findings have been stored (published), it is believed that 
they are easily searchable and accessible, which is not always the case. What is found 
depends largely on the storage and search systems used and also how the information 
and data are structured.  
 
A crucial topic here is the capability to structure the data in a way that makes sense to 
the different kinds of final users. Each user, in fact, is characterized by a particular 
context and background, so they need to visualize the data and information in a way that 
makes sense to them. Communication between individuals also limits the knowledge 
sharing depending on the different individual’s knowledge basis, thinking and culture. 
How information and data is interpreted depends on the reader and the structure of the 
content within. A visualization approach that could be altered for different target 
groups, i.e. that could fit both the needs of the industrial experts and the people in 
academia is therefore required.  
 
Interpreting rules from published material is also time-consuming and bears risks of 
misinterpretation. The way information is structured and visualized should help to better 
clarify the context.  
 
Aggregation is a key factor when discussing the possibility to reduce the loss of time 
dealing with information and knowledge retrieval. By aggregating several knowledge 
elements at a time, i.e. gathering different inputs and updates on the same screen/page, 
it might be possible to reduce the time needed to browse heterogeneous knowledge 
sources, without being overwhelmed by unnecessary details.  
 
5.5 Share and use 

There is a need for systematic collection (mapping) when navigating through data and 
information, along with generalization and limits for each rule. The ultimate goal is to 
have the entire map 100% explored and visualized in a manner (concerning human 
limitations and possibilities) that facilitates navigation through the information (like for 
the map of the earth). This would likely take the form of a shared platform where it 
would be easier for the different stakeholders to interact and attach their piece of 
knowledge, i.e. adding comments from industry, attaching an illustrative example or 
rating a particular operation.  
 
Once the accessed knowledge is interpreted the right way, its use in the application is 
straightforward, often as part of an iterative optimization process. 
 
It can be concluded that new standards for documentation are needed so that 
documentation of findings becomes easier, more complete, better searchable and more 
easily put into a rightful place on the knowledge map. 
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6. Discussion of solution approaches 

An important initial step is better awareness of the knowledge lifecycle (in laser 
welding) because many of the mechanisms are not obvious and their influence is 
underestimated. Their illustration in Figs. 4,5,9(a), (b) can serve as a reference that 
facilitates the discussion of improved solutions on knowledge transfer. Beside an 
intensified dialogue, further studies, illustrations and ideally measurements of the 
knowledge lifecycle at different companies today would be desirable to further enhance 
the awareness on the situation as a whole. 
 
The discussion of the critical issues of the lifecycle becomes clearer when accompanied 
by a pioneer approach (under development) by Karlsson and Kaplan (2010), the Matrix 
Flow Chart (MFC) in Fig. 10. The MFC visualizes qualitative parameter trends 
(information) from laser welding experiments instead of the traditional way of listing 
their numerical data relations.  
 

 
 

Figure 10: A recently developed solution approach, called the Matrix Flow Chart, 
MFC. (Karlsson and Kaplan, 2010) 

 
We now go through the different lifecycle steps. The two main difficulties in acquiring 
relevant knowledge are that (i) searching is difficult in today’s established 
documentation system and (ii) much knowledge is merely tacit, not documented.  
 
The generation of knowledge in welding bears an inherent fundamental problem of its 
information structure, namely that each case study generates an n-dimensional isolated 
data point that cannot be clearly related to a desired new case data point. Even a huge 
number of entries would not necessarily support a new case. Its visualisation is difficult 
and interpolation is not reliable. The only way out of the dilemma at the generation 
dilemma would be the generation of generally applicable theories and equations. This is 
hardly studied today in laser welding as the process is very complex and the industrial 
short-term driving forces prefer to study their respective case. (In contrast, for example 
in the community of physics, there has always been a desire towards generalization both 
in Newtonian mechanics and modern physics (March, 2003)). 
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Instead, the identification and capturing of knowledge bears more potential for a 
solution. Until now the experts identify the essential knowledge in their respective case 
study through analysis and discussion alone or in a small team, where it remains as tacit 
knowledge and is partially documented in a verbal non-structured manner. The MFC 
offers to formulate knowledge in terms of categories or trends (e.g. between two entries, 
like; “defocus the laser beam to suppress spatter defects”), hence capturing originally 
tacit knowledge in a written and categorized manner. Successive exchange of captured 
written knowledge might hopefully converge to standardization of the formulations, in 
turn facilitating new capturing. 
 
Today the storing of information follows the traditional documentation described 
earlier. This bears the problems that only isolated cases (data, images, videos) are stored 
and that tacit knowledge like trends and categories are documented in an unstructured 
verbal manner. In addition, a vast amount of tacit knowledge is not stored at all. The 
MFC offers to store (in an advanced database, in smaller scale printed) verbal 
knowledge in a systematic manner, by categorizing, graphically arranging and 
connecting the entries. This was also successfully demonstrated at larger scale with 70 
case entries and 23 parameters, i.e. a 70 x 23 matrix (Norman, Kaplan and Karlsson, 
2010). Standardized categorisation is judged as a key issue, as agreement within the 
community can be very difficult. 
 
The dilemma of access through searching was already explained above. The isolated 
case study entries cannot be compared and tacit qualitative knowledge is only partially 
documented and always in a verbal, non-structured manner, thus difficult to search. The 
MFC facilitates searching because it is a graphical map where all information can be 
tracked (literally with the index finger, in a consequent and rapid manner). The 
respective source document can be tracked back for details. In particular, trends and 
categories can be searched instead of isolated numerical data, which enables searching 
for cases with similar information. Smooth and quick navigation is regarded as a key 
challenge, considering the potential and limits of human perception and ergonomics. 
 
Sharing and use of the acquired information is regarded as a minor problem. Correct 
interpretation of knowledge can be a challenge if the information is not clearly 
formulated or defined. This is rather a challenge for the identification and storage phase 
where the capabilities of the user have to be considered. 
 
It can be summarized that the MFC is probably not the final solution but one of several 
approaches under development that successfully addresses some of the critical issues. In 
general, a dialogue and in turn enhanced awareness in the community is needed before 
the preference of new approaches can be discussed. Many of the above issues address 
established procedures, traditions and cultures, hence new approaches (regardless of any 
promising potential) would require a strong inner driving force as an origin to become 
accepted and established. 
 
It is likely that similar difficulties of knowledge management exist (aware and 
addressed or not) in many other areas in manufacturing, but also in completely other 
disciplines, e.g. perhaps wherever an input-output system/process (like laser welding) is 
the base. It can be assumed that solutions developed for laser welding (like the MFC) 
are in its fundamental method (or as a software) transferable to other disciplines. 
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7. Conclusions 

The paper has holistically explored the reasons for the poor knowledge sharing 
performances in the laser-welding domain, identifying several critical issues at different 
phases of the knowledge lifecycle.  
A problem straightforwardly outlined in the study is the tendency of “reinventing the 
wheel” every time a new laser welding process is set. In spite of the huge amount of 
knowledge resources available, large reinvention efforts takes place, due to several 
intertwined factors. On one hand, industry largely prefers case studies, generating 
isolated data-points, while the desired transferable knowledge is hardly generated, as 
requiring long-term basic research. On the other hand, knowledge acquisition and 
codification are difficult, because much knowledge remains tacit and the documented 
portion is not well structured 
The formulation of trends and categories by capturing tacit knowledge and by 
identifying trends from the case studies would be a solution. The Matrix Flow Chart 
(MFC) discussed in the end of the paper has shown that such formulations would enable 
a systematic, traceable and graphical storing of knowledge and significantly improve 
searching. This would not only be beneficial for the laser welding community, rather 
these solution principles might be transferable to other - even very different - disciplines 
Eventually, the paper intends to stimulate the discussion about the problems that the 
laser welding industry, and almost the entire laser welding community, are facing today 
for what concerns knowledge codification and sharing. On the authors’ advice, 
nowadays the community hardly addresses these issues; hence enhanced awareness and 
a dialogue are desirable. Beside developing improved approaches, the authors regard as 
important to initiate a dialogue to consider the importance of cultural patterns 
established today that might require changes. 
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Abstract 
 
The quality of a fibre laser welding case study has been studied with respect to process 
parameters like lateral laser beam alignment, beam inclination, focal plane position and 
welding speed. Due to fatigue life considerations, analysis of the weld parameters which 
increase the peak stresses is essential particularly at the top and root of the weld cross 
section. For the parameters varied, the resulting shapes were categorized into different 
top and root surface classes, determined by certain key dimensions, considering also 
welding surface defects such as undercut. Finite Element Analysis of the joint under 
load was carried out for quantitative comparative analysis of the maximum stress 
involved. As two high strength steel grades were joined, the hardness transition across 
the weld was also measured. High speed imaging of the weld pool surface shape 
provided additional information on the relationship between the process parameters and 
quality of the solidified surface. The different trends identified were discussed and 
guidelines were derived. As the systematic documentation of results is historically 
unsatisfactory in welding, a new method, called the Matrix Flow Chart, was developed 
and applied for the first time. It enables an illustrative view on the resulting welding 
trends by systematically connecting parameters with surface geometry properties. The 
chart is extendable by other researchers. 
 
Keywords: Laser welding, Parameters, Geometry, Load, Shape, Defect 

 
1. Introduction 
 
The quality of a weld, in particular surface defects, can be regarded from two points of 
view. During manufacturing the process parameters determine the welding process and 
in turn the weld quality. When the welded product is in service, the weld tries to resist 
the load conditions (and other factors – such as corrosion) and poor weld quality can 
cause fracture.  
 
Compared to more traditional methods, laser welding is characterized by superior 
precision and high quality, but is held back by high investment costs and difficulties in 
achieving the high quality in a robust manner. The process window is often narrow and 
the physical mechanisms of the process are complicated and not fully understood. One 
application of high potential is laser welding of high strength steel of different grades, 
as traditional methods tend to soften the steel in the Heat Affected Zone (HAZ). Due to 
its high speed and the narrow interaction zone, laser welding creates a narrow HAZ, 
often without softening. Laser hybrid welding of ultra high strength steel up to a tensile 
strength of 1700 MPa has been proven to maintain the original material properties, and 
during tensile testing failure took place in the base material [1]. 
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The mechanical behaviour of a weld under load is controlled by its metallurgy and 
geometry, particularly the top and root surface shapes. Welding defects are also an 
important factor. In Fig. 1 common laser welding defects in metals are shown [2], 
accompanied by possible explanations of their causes.  

 
Welding defects need to be suppressed to 
achieve a quality that can handle the 
loading situations that the final product 
will have to endure. Due to their high laser 
beam quality (even at high power) the 
recently emerging fibre and disc lasers 
have made it possible to increase laser 
welding performance. Unfortunately these 
laser welds are often accompanied by 
heavy spatter ejection, a defect which has 
to be minimised [3]. Photodiodes [4, 5] or 
cameras [5] are used to monitor welding 
defects. Advanced methods to analyze the 
melt pool and vapour flow during laser 
welding include high speed imaging 
[3, 6, 7] and Finite Element Analysis 
(FEA) [8]. Recently it was shown that 
combinations of analysis methods can be a 
powerful tool, e.g. FEA and high speed 
imaging [8], X-ray imaging of pore 
formation followed by modelling [6] or 
analysis of photodiode monitoring by 
electromagnetic emission monitoring 
combined with high speed imaging of the 
weld pool dynamics [7].  

Fig. 1: Different types of (inner or 
surface) defects occurring during 
welding 

 
Weld shape is very important to mechanical and fatigue behaviour. The shape of laser 
welds (often only the weld cross section is essential and this surface profile is assumed 
to vary only little along the weld) has been the subject of a number of studies [9], but 
with no systematic and generalised relationship between publications. Laser welding 
often gives nail-shaped cross sections. The widening of the upper part of the weld is 
usually generated by Marangoni convection [10]. For the new generation of high 
brightness lasers (Yb:fibre laser, disc laser), spiking can disturb the root shape [11]. 
Numerical simulation of the heat and fluid flow during laser welding has been studied 
by several authors [12] to understand the weld surface motion and its resolidification, 
which govern the weld shape.  
 
Laser hybrid welding is a complex process owing to its combination of a laser with a 
gas metal arc, but it enables control of shape the root (by the laser) and the top (by the 
electric arc) separately, as studied systematically for a low C-steel fillet joint with 
different gaps and chamfers, where undercut was likely to take place [13]. For laser 
hybrid welding of an eccentric stainless steel butt joint a detailed investigation of the 
top surface has been carried out [14]. A small toe radius was the primary criterion 
(being also a new welding standard guideline) for fatigue crack initiation, but surface 
ripples by resolidification could prevail and shift the cracking location, guiding the 
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cracks along the ripples. For fatigue bending load either the top or the root is often 
under compression and thus uncritical, while the other side governs the fatigue crack 
initiation and propagation. An overview of fatigue analysis of welds is given in [15], 
and of fatigue properties and cracking behaviour in [16] and [17].  
 
Despite a large number of experiments, case studies and applications of welding 
(including laser welding) carried out in the past, the transfer of knowledge to other 
applications is difficult. Even large welding databases have been reported to be 
unsatisfactory since each parameter situation is different, i.e. it is difficult to identify 
whether or not one point in the N-dimensional parameter space (e.g. N=20-30 
parameters) has any relevance to another. Experimental Design is a systematic method 
for solving N-dimensional problems, but has been successfully applied in laser welding 
only in limited process parameter domains and when supported by a human expert as 
the process is too complex and trends are not linear. Despite these limitations in 
transferring knowledge and the desire for improvements, new approaches and solutions 
to this problem are rarely addressed. 
 
Inspiration from other disciplines is useful. For example, in the field of machining a 
management information system has been developed [18]. While many steps forward 
have been accomplished (eg. for geometric properties such as shape identification), the 
treatment of complex and abstract data such as parameter combination in a 
multidimensional space is rare, and strategies are not obvious. Within genetics artificial 
neural networks have been developed, connecting input-properties with selected output-
criteria, which have been weighed and marked [19]. Increased treatment and 
visualization of data depends on the human cognitive ability [20], e.g. the meaning of 
colours to our perception. Regarding welding and usage of knowledge transfer 
visualization, perception and cognition is barely mentioned but can be the key for 
unravelling a new way of how to transfer knowledge in a new and more efficient 
manner.  
 
The present paper shows, discusses and categorizes the results of weld quality analysis 
for systematic variation of the parameters, during fibre laser welding of two high 
strength steel grades. In addition, a method was developed to present and document the 
results in a new, extendable manner, called the Matrix Flow Chart, which will, 
hopefully, be easier to survey in future. 
 
2. Methodology 
 

2.1. Methodological approach  
 

A specific fibre laser welded joint and material situation was investigated. For a set 
laser beam power, several (mainly geometrical) process parameters were varied in a 
selective manner, to keep the number of experiments limited, but systematic. The 
resulting weld cross-sections were arranged in a comparable manner, suitable for 
predicting trends of shapes in the parameter vicinity. As fatigue bending across the weld 
is the load criterion involved, the top and root shapes of the weld cross sections were of 
key importance as possible stress raisers. Therefore the shapes were judged and 
categorized, including definitions of the key dimensions. From the parameter variations, 
trends in the weld shapes and of possible defects can be derived. The welding process 
was also recorded by high speed imaging. Accompanying information was achieved by 
comparing the observed weld pool shape for some of the varied parameters. As two 
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different high strength steel grades were joined, trends in the hardness distribution 
across the weld were also examined. The weld quality achieved is the essential input 
determining stress raisers and possible fracture under load. Comprehensive FE- stress 
analysis was conducted for different joints and weld shapes, which will be published in 
a later paper. Selected results from the stress analysis are presented to illustrate the 
stress behaviour and the impact of the top and root shapes and differences for different 
joint types. This is of particular importance in transferring the main findings to similar 
geometries of relevance.  
 
While the research normally would end at this stage, the paper continues by applying a 
Matrix Flow Chart as a new documentation method for each of the findings presented, 
thus creating a systematic nucleus of results that hopefully is easier to track, interpret, 
discuss, refer to and extend in the future. 
 
2.2. Experimental set-up and process parameters 
 

The joint under investigation is an eccentric corner joint (a corner joint where the free 
plate end is dislocated from the other plate’s surface plane) with 6 mm interface, see 
Fig. 2(b), which is involved making a support beam consisting of four equal welds, see 
Fig. 2(a). Two different grades of high strength steel were welded together, namely 
Domex 700 (6 mm thick) and Weldox 960 (15 mm thick). The chemical composition 
and important material properties of the two materials (manufacturer: SSAB) are shown 
in Tables 1 and 2. Both plates (sample size 100 mm x 200 mm) were laser cut, enabling 
zero gap before welding. The resulting oxide layer was not removed. The welding 
technique applied was deep penetration laser welding, as it is particularly suitable for 
maintaining  high strength, but also due to other advantages like high precision, high 
welding speed and low distortion. Figure 2(c) shows a typical laser weld cross-section 
of the type of joint investigated. Figure 2(d) illustrates the overall geometry of the melt 
pool and of the vapour capillary (keyhole) that is induced by the continuous wave (cw) 
laser beam [21]. Several melt flow phenomena can occur in the weld pool, which 
essentially influence the resulting weld quality.  
 
Table 1: Chemical composition [wt-%] of the materials used for the plates 

Steel type / Element C Si Mn Cr Ni P S N Al Fe 

Domex 700 0,12 0,10 2,10 - - 0,025 0,01 0,015 - balance 

Weldox 960 0,20 0,5 1,60 0,70 1,5 0,02 0,010 0,0 0,018 balance 

 

Table 2: Mechanical properties of the two materials used 

Steel type / Properties Rp0.2 (N/mm2) 

min 

Rm (N/mm2) 

min 

A5 (%)  

max 

Hardness 

(VH) 

Domex 700 700 750 12 290 

Weldox 960 960 980 12 340 

 
As will be discussed later in the FE-analysis, three different joint types were compared, 
all of which are suitable for laser welding. The eccentric joint with a 6 mm interface 
studied here, enables control of both the top and the root geometry of the weld, which is 
promising for influencing the fatigue cracking behaviour. 
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The process parameters varied during the 
experiments are welding speed v, inclination 
 of the laser beam as well as its focal plane 
position z0 and lateral offset y, as described 
in Table 3, resulting in 17 welded samples.  
 
Table 3: Variation of parameters 

Weld 

no. 

Weld 

speed 

Focal 

position  

Inclination 

angle 

Lateral 

offseta 

 (v) (z0) () (y) 

 (m min-1) (mm) (o) (mm) 

1 1,0 -1 5 0,25 

2 1,0 -1 5 0,375 

3 1,0 -1 5 0,50 

4 1,0 -1 5 0,625 

5 1,25 -1 5 0,375 

6 1,5 -1 5 0,375 

7 1,75 -1 5 0,375 

8 2,0 -1 5 0,375 

9 2,25 -1 5 0,375 

10 2,5 -1 5 0,375 

11 2,5 -1 10 0,5 

12 2,0 -1 10 0,5 

13 1,5 -1 10 0,5 

14 1,5 -2 10 0,625 

15 1,5 -3 10 0,75 

16 1,5 -4 10 0,5 

17 1,5 -5 10 0,5 
a Offset from the left plate. 

Fig. 2: Work piece joint setup. (a) cross-
section of the support beam and 
positioning of the laser with respect to 
the joint, (b) eccentric corner joint, (c) 
cross section of the weld. (d) 3D-
illustration of the melt pool in laser 
keyhole welding (here: butt joint) [i) 
Weldox 960, ii) Domex 700, iii) weld 
joint, iv) laser beam path and direction, 
v) beam inclination angle, vi) laser cut 
surfaces, vii) root and ix) top side of weld 
cross section, respectively.] 

 

All other parameters are fixed, as follows: laser type: Yb:fibre laser YLR-15000 (IPG 
Laser), maximum beam power: 15 kW (cw), output fibre diameter: 200 μm, Beam 
Parameter Product (beam quality for focusing) 10,4 mm·mrad, wavelength: 1070 ± 5 
nm. The laser power applied was 5000 W (cw) corresponding to the welding conditions 
that achieve full penetration (6mm) with this power. The average power density at the 
focus is estimated to be 1,42×106 W/cm2. 
 
Optics (2 lenses): collimator length 150 mm, focal length: 500 mm, resulting 
magnification M=3,3. This optical arrangement results in a focal spot diameter of 0,67 
mm and a Rayleigh length (depth of focus) of ± 8 mm. The longest among five focal 
lengths was chosen, to provide a sufficiently long Rayleigh length compared to the 
penetration depth.  
 
Shielding gas: Argon, gas flow 20 litres/min, through a nozzle near and aimed at the 
weld (top side). 
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High speed imaging (4000 frames per second) was utilised during the experiments 
(viewing at 45 from the side) to gain additional information. For this, a diode laser 
illuminated the weld, enabling spectrally filtered imaging where most of the dominating 
vapour emissions can be blocked [7,21]. 
 
2.3. Evaluation of the welds 
 

Cross sections of the welds were etched, photographs were taken under an optical 
microscope and the shapes, including possible defects, were judged and classified and 
critical dimensions were measured. The hardness (Vickers, HV) was measured across 
the centre of the welds. The weld shape and HAZ shape were identified. Two layers of 
HAZ were found in the Domex 700-plate. No fatigue testing was carried out for this 
kind of joint, only for the partial penetration L-joint shown later, as only for the latter 
fatigue testing equipment for a whole beam was available. Comprehensive stress 
analysis was carried out by Finite Element Analysis (ANSYS code, linear elastic two-
dimensional stress analysis), to be published in separate papers [22]. A few typical 
results are given here, just to illustrate the basic trends. 
 
2.4. The Matrix Flow Chart as a new documentation method 
 

The limited transferability of research results in welding is a fundamental problem 
today. No guarantee exists that the findings from one case study are applicable to 
another. In order to transfer welding information for use in a larger perspective, the 
creation of a wide knowledge platform may be a solution.  
 
Guidelines and trend rules instead of numerical parameter values can be a solution, but 
their range of validity is not obvious. Standardized formats and categories are needed 
through which knowledge could be combined and extended [23]. A first approach for 
documentation of the physics of the laser welding process for suppressing (or not) a 
certain welding defect is the Bifurcation Flow Chart, BFC [7, 24]. The BFC is 
immediately applicable to different findings that can be combined and compared, 
enabling tracking of knowledge as well as new conclusions from the common view. 
However, the BFC-method is still not ideal when the goals of separate bodies of 
research are different. 
 
In the present study, the results involve many different types of input and output 
(parameter in, weld quality out), and the process is regarded as a black box. Therefore a 
new approach was developed, the Matrix Flow Chart.  The aim is the creation of a table 
of results that is lucid and capable of being generalised. Instead of making the table 
consist of pure numbers, it should contain rules of what can be expected to happen 
when different parameters are altered. Such a table initially needs 
knowledge/experience from weld results, but aims to be transferable to other welding 
cases and applications.  
 
One approach is to categorize the different weld geometries which govern the 
performance of a weld when put under load. This in combination with a system that 
contains changes in parameters related to the results, all presented in a visually lucid 
manner, would help with knowledge transferability. Inspired by the matrix arrangement 
from computational logics and electronics, the Matrix Flow Chart (MFC) was 
developed, as a kind of black box variant of the BFC, but of a parallel rather than a 
sequential nature. The MFC method is presented and applied here for the first time. 
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3. Results and Discussion 
 

From the experiments made with the 
parameters in Table 3 the following results 
were obtained: 
 
3.1. Cross section geometry analysis 
 

In Fig. 3 the weld cross sections of the 
experiments are shown. They are placed in a 
manner so that all parameter changes are 
clearly visible, to aid an understanding of how 
the parameter changes affect the shape of the 
welds. 
 
In Fig. 4 one of the samples is cut into layers 
at intervals of 2 mm. It can be seen that the 
weld does not vary notably in welding 
direction. Hence it can be concluded that the 
chosen samples are representative. 
 

 
 

Fig. 4: Weld cross sections (upper) at four 
locations, indicated (lower) along the weld 
(top and root appearance) 

 
3.2. Top and root geometry classes 
 

From the cross sections in Fig. 3, five different 
top and five different root classes for an 
eccentric corner joint were distinguished, as 
shown in Fig. 5. The different top and root 
geometries are defined by certain key 
dimensions that could be of importance for the 
stress field formation and crack initiation when 
the weld is under load.  

 

Fig. 3: Weld cross section matrix of four 
parameter changes (v,y,z0,). Slashed 
line: joint interface, dotted line: laser 
beam axis 
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In Fig. 6 the top and root geometry 
classes are arranged in the same manner 
as in Fig. 3, showing how they change 
with parameter changes for the eccentric 
corner joint.  

 
 

 
  

Fig. 6: Surface geometry (cross section) 
and its class changes along with the four 
welding parameter changes: (a) top, (b) 
root 

Fig. 5: (a) Top and (b) root geometry 
(cross section) classes identified for the 
eccentric corner joint: suggested 
dimensions of importance 

 
In Fig. 7 the trends of changes to key geometry dimensions (ref. Fig. 5) as a result of 
parameter changes can be seen. The trends for the laser offset are unsurprising, melting 
more material at the top when positioned towards the left, but reinforcing the root when 
shifted to right.  
 



Jan Karlsson Paper II: Analysis of Surface Geometries, Utilizing an MFC 73 

 
 

Fig. 7: Geometrical property changes as a function of (a) offset, (b) focal position, (c) speed, 
(d) angle and speed 
 
When the focus position moves into the 
material, it can be seen that the width of the 
top side of the weld increases and the width 
at the root side decreases, until the focus 
point reaches about half way into the weld. 
At this point the width on the top and root 
starts to decrease/increase respectively.  
 
The change in speed shows that the top of 
the weld width increases slightly with 
increasing speed, while root sagging 
decreases and finally disappears when the 
speed exceeds the penetration limit. 
Increasing speed also results in decrease of 
topside undercut (less sagging, or heavy 
vaporization).  
 
When the inclination angle changes from 5o 
to 10o, for different welding speeds root 
sagging and top reinforcement is reduced. 
The weld width decreases with increasing 
speed at 5o, while it increases with 10o.  

 
3.3. High speed imaging geometry analysis 
 

In Fig. 8 high speed images of the weld pool 
surface can be seen, including also the 
keyhole exit opening. In this series of 
images, the focal plane position z0 and the 
welding speed v is varied, respectively. The 
width (note that the camera view is 45 
inclined sidewards) of the weld pool in the 

 
 
 

 

 

Fig. 8: High speed images (45o inclined 
view from the side) of the weld pool 
surface and solid-liquid interface 
(highlighted) when altering the focal 
position (upper) or the welding speed 
(lower) 
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images remains relatively unchanged, while 
the weld pool length increases with speed 
when varying z0 and shows a distinct 
maximum when the focus position is in the 
middle of the weld thickness.  
  
3.4. Hardness analysis 
 

Figure 9 shows the cross section of three 
samples with different lateral laser beam 
offset and the corresponding (Vickers) 
hardness distribution across the middle of 
the weld. The Weldox 960 steel is located 
on the left side, followed by the outer 
(softened) and inner (hardened) HAZ, the 
weld metal (mixing both steel grades), the 
softened Domex 700 HAZ (it does not 
harden) and the Domex 700 base metal. As 
can be seen, the transition in hardness 
basically depends on the proportions of 
melting and in turn merging of the two 
partner metals, which is determined by the 
lateral offset. However, this trend is 
accompanied by irregular local mixture 
variations. 

 
 

Fig. 9: Hardness (HV) across the 
weld (vertical position in the middle; 
left: Weldox 960, higher hardness, 
right: Domex 700) for three laser 
offset positions y   

3.5. Stress analysis 
 

Weld quality, particularly the top and root shape, is crucial to the mechanical 
performance of the weld. The shape is at the same time the result of the chosen 
parameters, and a geometrical boundary condition for the load situation of the product 
in service. Residual stress acts as a superimposed field, but was neglected our initial 
simulations, to enable a clear judgement of the isolated geometrical considerations. The 
formation of the stress field generated by the different weld shapes has been studied by 
Finite Element Analysis and will be published in additional papers [22]. Only a sample 
of the main findings is presented here. Figure 10(a) shows the upper left corner of a 
stress field computed for the beam under consideration. For the sake of simplicity of the 
load situation, a slightly inclined force acts at the upper left corner. The simulation was 
carried out two-dimensionally across the beam, thus creating two corners where the 90-
angle increases and two where it decreases under load. Figure 10(a) shows the former 
case where the root experiences tensile stress and its peak value and location is critical 
for fatigue crack initiation, while the weld top is compressive and uncritical. The lowest 
peak stress was computed for root Class ii.  
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Fig. 10: Calculated stress field (von Mises stress) for three joint types under load F (of 
the whole beamer): (a) 6 mm weld eccentric corner joint, (b) 6 mm weld, flat corner 
joint (c) full 15 mm penetration, flat corner joint 
 
The stress field for the same load in a flat corner joint with the same 6 mm weld 
penetration from the top is calculated in Fig. 10(b). The design is advantageous, but 
here the root is more difficult to control (e.g. via a gap) and the bottom of the joint is 
effectively a crack if the weld does not penetrate the full 15mm interface between the 
plates. The same joint, but for full 15 mm penetration is shown in Fig. 10(c). Here the 
root can be shaped properly and the deeper weld causes lower stress, but is then over 
dimensioned, as the 6 mm plate governs the peak stress at the root. The comparison of 
the three joint types was carried out extensively. The experimental results presented 
here were of importance for transferring the findings to other joint types to discuss their 
expected behaviour, before starting comprehensive experiments. 
 
4. Generalized knowledge documentation 
 

From the experiments, trends were identified, as discussed above. These trends are 
documented in the newly developed Matrix Flow Chart (MFC), as shown in Fig. 11. In 
Fig. 11(a)-(c) the weld quality according to Fig. 3, 6 and Fig. 7 is shown related to the 
process parameters varied in three different output formulations (defects, top/root 
classes, top/root dimensions). Note that “OR” logic is applied here. The method can 
also be applied to process-internal mechanisms, as shown in Fig. 11(d) where the weld 
pool dimension taken from high speed imaging is related to parameter changes, 
according to Fig. 8. The hardness transition character as a function of the beam offset is 
shown in Fig. 11(e), related to Fig. 9, while the FEA-findings from Fig. 10 are 
documented in Fig. 11(f). 
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Fig. 11: Matrix Flow Chart (MFC, “OR” logic) for process parameter variation on (a) 
defects, (b) top/root classes, (c) top/root key dimensions, (d) high speed imaging – weld 
pool size, (e) horizontal hardness transition, (f) stress analysis for three joint types; 
parameter changes result in certain surface features 
 
For example when the focal plane position is shifted into the work piece, the defects of 
undercut and root sagging occur, as connected in Fig. 11(a) by black circles (‘no 
connection’ is a white circle). These trends might be valid in a more general manner – 
this needs to be proven and extended by other experts and publications. If a sample 
suffers from undercut and root sagging it can be seen that altering the inclination angle 
or increasing the speed (“OR” logic), can eliminate the defects.  
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This kind of table can be evolved by adding more trends to already placed parameters, 
or by adding more information/states of the parameters and defects, or by adding new 
parameters and defects to the table. Numerical information about the parameter states 
should not be included, since this is a generalization of trends meant to work for all 
applications and the parameter numbers will vary from case to case. The MFC only 
shows what could be expected when changing a parameter value. The applicability for 
extension of the MFC has to be proven and studied further in future publications, 
encouraging the scientific community in welding to combine their results with the MFC. 
For the present paper it is hoped that for the reader the survey of the results is supported 
by the new illustrative method and that the results can be tracked in a more systematic 
manner. 
 
5. Conclusions 
 

The following conclusions can be drawn: 

(i) Improved documentation and generalization of knowledge is desired, e.g. for 
transferring welding results systematically a pictorial presentation of the 
results would facilitate the recognition of trends  

(ii) When varying 4 geometrical laser beam parameters for laser welding of an 
eccentric corner joint, 5 top and 5 root shape categories were distinguished, 
having different essential stress raiser influences under load; from the clear 
trends indicated, unexplored parameter regimes can be anticipated 

(iii) Turning the laser inclination angle slightly suppresses undercut and root 
dropout, but later leads to lack of fusion/penetration; shifting the focal 
position into the joint causes undercut and root sagging, which can be 
compensated for by increasing the welding speed (or the inclination angle); 
the MFC guides the user towards laser beam parameters for achieving a 
favoured weld shape and hardness transition  

(iv) Formulation of trends in the MFC developed here, is a generalized starting 
point for the gradual identification of parameter limits and also a potential 
guideline for eliminating welding defects; future work includes identification 
of further trends, for different joint types and materials, to be added to the 
MFC  
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Abstract 
 
Two different types of undercuts have been identified in the cases of remaining or 
removed mill scale (surface oxides from hot rolling), respectively, when laser hybrid arc 
welding. The two undercut types are examined by macrographs, SEM and EDX. In both 
cases Fe- and Si-oxides cover the heated and melted surface. For the mill scale case, in 
addition much MnO is found in the undercut region. Here the fusion zone suffers from 
lack of fusion to the melted base material due to the oxides. High speed imaging reveals 
that the melt adheres at the top surface in case of removed mill scale but glides down 
when the mill scale is present. The latter causes poor weld quality due to sharper 
undercut geometry and lack of fusion, compared to having the mill scale removed. 
 
Keywords: Laser hybrid welding, welding, undercut, melt flow, mill scale, oxide 
 
 
1. Introduction 
 

Laser Hybrid Arc Welding (LHAW) [1] is studied with respect to undercut defects, for 
steel surfaces with and without surface oxides. Different types of undercuts can be 
distinguished, e.g. curved, crack-like and micro-flaw types [2].  
 
As welding speed has increased over the years (e.g. by LHAW), undercuts became a 
more severe issue [3,4]. In fusion welding the speed is often limited by the occurrence 
of undercuts. At high power the speed can be limited by additional defects (like overlap 
defects), too. Undercut formation is generated by the melt flow that in turn depends on 
the chemistry- and temperature-dependent viscosity and surface tension. Surface tension 
usually decreases with temperature, which negatively affects adhesion to solid material, 
possibly causing undercuts [5].  
 
For electric arc welding Mendez [5] interprets (direct observations are still missing) the 
solidified melt as follows: High pressure (by high arc current) from the electric arc 
depresses the weld pool surface so that only a thin metal film remains. Premature 
solidification of this thin layer stops the wetting of the side of the weld bead, causing 
undercuts. However, according to Nguyen’s review [3] this model emphasizes only the 
thin film at the front while the significant role of the rim in transporting liquid metal to 
the trailing region is ignored. Despite several theories on the melt film flow the exact 
undercut formation mechanism is still unclear [3]. Several techniques have been 
demonstrated (but not always fully documented) to be effective in suppressing 
undercuts by slowing the backward flow of the liquid.  
 
The mill scale of hot rolled steel usually consists of Fe and FeO in the layer close to the 
base metal, accompanied by Fe2O3 and Fe3O4 in the upper layer [6]. Arc welding on 
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mill scale is known to cause more/larger initial flaws and significantly poorer fatigue 
behaviour (usually due to undercuts [2]) compared to having the mill scale removed [7]. 
 
In the following the two kinds of undercuts identified for LHAW are studied deeper by 
microscopy and High Speed Imaging (HSI). 
 
2. Experimental 
 

For optimized parameters (below), 10 mm thick high strength steel (Domex 420 MC, 
EN-10149-2-S420 MC, 1,5 % Mn) with milled edges was welded in butt joint 
configuration. Two surface conditions are compared: I - original surface with mill scale 
from hot rolling (10-20 µm thick oxide), II – oxide removed (by grinding off a 
10-20 mm wide track on each plate top surface). The weld pool surface flow was 
observed (side view, 55o from surface) by HSI, at 3000 frames per second. In order to 
suppress the process light, a bandpass filter was employed, matching the wavelength 
(808 nm) of an illumination diode laser. 
 
A 15 kW Yb:fibre laser (IPG, YLR 15000) with a fibre diameter of 200 μm was operated 
at 8kW (continuous wave). An optics with a 300 mm focal length created a focus 
diameter of 400 µm. The focal position was -5 mm beneath the sample surface. The 
laser was combined with a Metal Active Gas (MAG, gas mixture 92% Ar, 8% CO2) arc 
leading at a distance of 3 mm, at an angle of 60o from the surface. Parameters: Wire 
(OK Autrod 12.64) diameter 1,2 mm, feed rate 12 m/min, stickout length 20 mm, 
current 488 A, background current 120 A, frequency 214 Hz, pulse time 2,2 ms, 
welding speed 2,1m/min.  
 
The  welds were analyzed by macrographs and SEM with EDX.  
 
3. Results and discussion 
 

Figure 1 shows macrographs where differences in geometry details between remaining 
and removed surface oxides can be seen. Acronyms: BM Base Material, HAZ Heat 
Affected Zone, MBM Melted Base Material, PMBM Partially Melted Base Material, FZ 
Fusion Zone (contains ~32% wire material, balance is BM), MSO Melted Surface 
Oxides. The chemical composition of various interesting locations of Fig. 1 is shown in 
Table 1.  
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Figure 1: (a) and (b) shows the top view for each weld case. Macrographs are shown in 
(c)-(f), with enlarged SEM image (g) of the lack of fusion; (h)-(j) shows surface oxides   
 

In case I the MBM starts clearly 
beneath the original surface level, has a 
sharp angle and includes Lack of 
Fusion (LoF). In case II the MBM has 
a wavy profile and starts near the 
surface level. While the PMBM starts 
at the surface level in case II, it starts 
lower and is thinner in case I. More 
detailed observation shows that the 
LoF is filled with oxides, Fig. 1(g). 
Figure 1 (h) shows the 10-20 µm thick 
mill scale, consisting of iron oxides.  

Table 1: Chemical composition at locations 
i-xi in Fig. 1 (balance is mainly carbon) 
 

 I: With surface  II: Removed surface 
oxides (at-%) oxides (at-%) 

 O Si Mn Fe O Si Mn Fe 
i 13  1.0 82  0.3 1.2 97 
ii   1.5 97 7.6  20 72 
iii 17 11  71 36 37 3.5 23 
iv 9.5 4.1 30 55 33 29  8.5 
v 14 8.9 15 60   1.4 97 
vi  0.3 0.7 96   1.6 96 
vii 12 7.6 19 57 8.5 3.0 53 29 
viii 8.8 3.4 28 58  0.2 1.8 95 

 ix 22 13 39 20     
x+ The surface oxides at the heated and 

melted regions also contain Si-oxides, 
beside the Fe-oxides. In addition, for 
case I much MnO was found in the 
LoF-region (as a separate phase beside 
SiO, see Fig. 1(i)). In case II no MnO 
can be found except in a few cavities or 
grooves. 

8.1 0.3  1.8     
xi 8.1 0.9 1.5 88     
*  .06 1.5 98     
**  2.0 1.7 96     
+ = Carbon 89.9 % 
* = BM 
** = wire 
 

 
Figure 2 shows HSI of the melt pool for the two cases. The overall melt flow is complex 
and will be described in a following paper. The leading arc pushes away the melt, 
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creating a gouge (bowl) that obviously oxidizes, see Fig. 1. The important difference 
observed was that in case II the melt kept attached to the top surface. In contrast, in 
case I the liquid tries to climb up the oxidized wall but glides down again, shown in the 
sequence Fig. 2 (c)-(e) and illustrated in Fig. 2(f). This mechanism causes the LoF and 
undercut geometry of Fig. 1. At the rear part of the gouge the outer region of the melt 
resolidifies, forming the corresponding undercut, particularly in the critical region 
highlighted in Fig. 2(f).   
 

 
 

Figure 2: Image sequence and illustration to visualize the melt pool and flow for the 
two cases 
 
4. Conclusions 
 

For laser hybrid arc welding two types of undercut were identified: I. Crack-like, which 
starts at a lower down position from the surface with the addition of LoF due to oxide 
inclusion; II. Curved, without LoF. 
- Type I occurred when welding the original hot rolled steel with its 10-20µm thick 

oxide layer, type II in case the oxide was removed. 
- Type I had in addition MnO in the undercut region.  
- From HSI, for type I the incoming drop glides down the oxide layer in the gouge, 

while for type II the melt is attached to the upper surface level. 
- Removal of the hot rolled oxide layer is beneficial for the weld quality. 
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Abstract 
 
Two different kinds of undercuts were identified for the cases of remaining or removed 
mill scale (surface oxides from hot rolling of steel), respectively, when laser hybrid arc 
welding. Due to the surface oxides the pulsed leading arc is disturbed and confined, 
causing a more narrow gouge than without surface oxides. As observed by high speed 
imaging, the increased arc pressure pushes more strongly on the melt, enabling gouge 
rim oxidation. The incoming drops try to climb up the rear wall of the gouge, where 
they adhere in the case of removed oxides, forming slightly curved undercuts by an 
interface layer. In case of an Mn-oxidized rim the melt glides down again, causing a 
sharper and lower undercut with lack of fusion. Subsequently, for both cases, along the 
tail the melt pool slows down and grows the central reinforcement. Consequently, 
removal of the surface oxides leads to less severe weld undercuts. 
 
Keywords: laser hybrid arc welding, welding, undercut, melt flow, mill scale, oxide, 
high speed imaging 
 
 
1. Introduction 
 

Laser Hybrid Arc Welding (LHAW) [1] is studied with respect to undercut defects, for 
steel surfaces with and without surface oxides. Different types of undercuts can be 
distinguished, e.g. curved, crack-like and micro-flaw types [2].  
 
In gas metal arc (GMA) welding there is a concern about the impact from oxide-coated 
surfaces on the process. For oxide coated metals positive ions condense on the oxide 
surface and set up a high electric field [3]. These non-thermionic cathodes operate by 
continuous formation and decay of numerous emitting sites [4]. The sites may form 
wherever there is a supply of positive ions and wander on the plate surface within the 
area where the arc is in contact with the metal (i.e. the whole conducting area). For thin 
films, the electrons may tunnel through the film and generate an emitting site (less than 
10 nm thick). If the oxide film is too thick, the formation of sites may be inhibited [3]. 
Electron emission increases with increasing oxide thickness, causing switching. For a 
period the emission rate suddenly increases locally (allowing large currents to flow in 
filamentary channels through the oxide) and then decays. Switching is undesirable since 
the reaction forces (from the vapour jet) cases drops to detach in an erratic manner. 
Mobility of the arc may also be due to micro-inclusions (also causing emitting sites) in 
areas of blank metal surfaces [4]. Applying an “emissive” coating (adding oxidizing gas 
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to the argon protection gas) inhibits the movement of the arc (when welding on carbon 
and alloy steels). This increases the oxide film thickness, which reduces the diameter 
but increases the pressure of the conducting region [3, 5].  
 
The mill scale surface of hot rolled steel usually consists of Fe and FeO in the layer 
close to the base metal, accompanied by Fe2O3 and Fe3O4 in the upper layer [6]. Arc 
welding on mill scale is known to cause more/larger initial flaws and significantly 
poorer fatigue behaviour (usually due to undercuts [2]) compared to having the mill 
scale removed [7]. 
 
As welding speed has increased over the years (e.g. by LHAW), undercuts became a 
more severe issue [8, 9]. In fusion welding the speed is often limited by the occurrence 
of undercuts. At high power the speed can be limited by additional defects (like overlap 
defects), too. Undercut formation is generated by the melt flow that in turn depends on 
the chemistry- and temperature-dependent viscosity and surface tension. Surface tension 
usually decreases with temperature, which negatively affects adhesion to solid material, 
possibly causing undercuts [10].  
 
For electric arc welding Mendez [10] interprets (direct observations are still missing) 
the solidified melt as follows: High pressure (by high arc current) from the electric arc 
depresses the weld pool surface so that only a thin metal film remains. Premature 
solidification of this thin layer stops the wetting of the side of the weld bead, causing 
undercuts. However, according to Nguyen’s review [8] this model emphasizes only the 
thin film at the front while the significant role of the rim in transporting liquid metal to 
the trailing region is ignored. Despite several theories on the melt film flow the exact 
undercut formation mechanism is still unclear [8]. Several techniques have been 
demonstrated (but not always fully documented) to be effective in suppressing 
undercuts by slowing the backward flow of the liquid.  
 
Laser hybrid arc welding is a combination of an electric arc with a laser beam, in the 
present study a MAG-arc in leading position. Therefore the electric arc still determines 
much the initiation of the process and weld pool, particularly the upper, wide part of the 
weld. Undercut formation was reported in LHAW [11], but seldom studied deeper, e.g. 
filmed [12] or interpreted with respect to the backward flow in the melt pool [13]. 
However, due to the arc leading position the more comprehensive findings on undercuts 
from GMA-welding, as above, are a relevant starting point here. Instead, the complex 
melt flow conditions in LHAW were studied by high speed imaging for steel [14, 15] 
and aluminium [16, 17], including illustration of the observed phenomena. Different 
drop flight trajectories were identified and illustrated, depending on leading or trailing 
arc with or without gap [17]. Recently also extensive numerical simulations (by 
accepting uncertainties in the boundary conditions, e.g. absorption) of the weld pool 
flow during LHAW were carried out [18, 19], even including the drop transfer and joint 
gap geometries [20]. From imaging and simulations a better understanding of the 
geometry and flow conditions during LHAW was achieved, however hardly addressing 
the undercut phenomenon. The importance of the edge preparation (roughness, 
tolerances and oxides depending on the cutting method, material and joint type) for 
LHAW was highlighted by [21]. In particular the influence of the gap width was studied 
by several researchers [11, 14, 16] and will also be published as a parallel paper of the 
present research. 
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The present manuscript compares two kinds of undercuts formed when laser hybrid arc 
welding steel with and without surface oxides. High speed imaging is applied to observe 
the essential melt flow phenomena for the two cases. 
 
2. Experimental 
 

For optimized parameters (below), 10 mm thick high strength steel (Domex 420 MC, 
EN-10149-2-S420 MC, 1,5 % Mn) with milled edges was welded in (narrow gap) butt 
joint configuration. Two surface conditions are compared: I – with surface oxides 
(WSO), i.e. original surface with mill scale from hot rolling (10-20 µm thick Fe-oxide), 
II – surface oxides removed (SOR; by grinding off a 10-20 mm wide track on each plate 
top surface). The weld pool surface flow was observed (side view, 35o inclined) by a 
high speed imaging (HSI) camera (Redlake), at 3000 frames per second (shutter 
exposure time 2 µs, dynamic range applied 8 bit). In order to suppress the process light, 
a bandpass filter was employed, matching the wavelength (808 nm) of an illumination 
diode laser. 
 
A 15 kW Yb:fibre laser (IPG, YLR 15000, beam parameter product 10,4 mm·mrad) 
with a fibre diameter of 200 μm was operated at 8 kW (continuous wave). An optics 
with a 300 mm focal length created a focus diameter of 400 µm. The focal position was 
-5 mm beneath the sample surface. The laser was combined with a Metal Active Gas 
(MAG, gas mixture 92% Ar, 8% CO2) arc, leading at a distance of 3 mm ahead of the 
laser beam, at an angle of 60o from the surface. Parameters: Wire (ESAB OK Autrod 
12.64) diameter 1,2 mm, feed rate 12 m/min, stickout length 20 mm, current 488 A, 
background current 120 A, frequency 214 Hz, pulse time 2,2 ms, welding speed 
2,1 m/min.  
 
The LHAW process is a very complex sequence of mechanisms, including undercut 
formation. For more profound understanding, a powerful approach was to combine 
deeper analysis of the high speed imaging observations and of microscopy 
(macrographs and SEM with EDX). While the latter was described in detail in a parallel 
paper, the present manuscript focuses on the interpretation and description of the melt 
pool phenomena by carefully studying the high speed images. To capture the essential 
phenomena it was important to illustrate the geometrical weld pool conditions from the 
top and as cross sections (including time dependent sequences). In this manner the two 
cases with and without surface oxides are compared through the whole paper.  
 
In order to document findings in a more systematic manner, we recently developed the 
Bifurcation Flow Chart (BFC) and the Matrix Flow Chart (MFC), described and applied 
in [22] and [23]. Since we here study a sequence of mechanisms rather than a broad 
variation of parameters, the BFC is more suitable and therefore applied to document the 
findings.   
 
3. Results and discussion 
 

For the two cases with and without surface oxides the resulting weld cross sections and 
the corresponding two kinds of undercuts are shown in Fig. 1. In case of having the 
surface oxides removed (SOR) the undercut is slightly curved and starts close to the top 
surface level. Without surface oxides (WSO) the undercut starts at a lower level in a 
sharp angle and shows lack of fusion filled by oxides. The metallurgy and chemical 
oxide composition in the undercut regions were investigated in a parallel paper. 
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Important findings were that for the case WSO (in contrast to SOR) the resolidified base 
material exists only at a lower level and beneath the oxide layer, which is enriched with 
MnO (high melting point).  
 

 
 

Figure 1: Weld cross section from LHAW (a) with and (c) without surface oxides; 
(b),(d) corresponding undercut magnification 
 
From high speed imaging a snapshot of the melt pool surface is shown and explained in 
Fig. 2(a) for the case WSO and in Fig. 2(b) for SOR. Figures 2(c) and (d) 
correspondingly sketch the observed dynamic phenomena more clearly. A magnified 
view on important selected areas from Fig. 2(a),(b) is shown in Fig. 3, but suffers from 
the limits of the (optimized) imaging resolution and contrast. The sequences of 
mechanisms observed for the two cases of undercut formation are illustrated by cross-
sections in Fig. 4 (corresponding to the marked positions xi shown in Fig. 2(c),(d)).  
 
We would like to emphasize the limitations of visualizing this welding process in a 
document, because in reality it is three-dimensional and time-dependent. Therefore we 
also provide the two high speed imaging clips on-line, as they support the human 
perception capabilities. 
 

 
 

Figure 2: High speed image (35o inclined side view) of the melt pool surface (a) with 
and (b) without surface oxides; (c),(d) corresponding sketch, magnified 
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Figure 3: Selected melt pool image areas A-D magnified from Fig. 2(a),(b), 
corresponding to positions xi in Fig. 2(c),(d), for the two cases 
 
For the surface oxides being removed (SOR), the sequence of the welding process was 
observed and interpreted as follows: The gouge from the previous arc pulse is exposed 
to the next arc pulse. The front of the gouge is melted and then accelerated by the arc 
pressure back- and downwards, leaving a film of melted base material adhered at the 
gouge wall (see x1'-x3' in Fig. 2(d) and Fig. 4). After the high current pulse, the 
background current still continues adding (weaker) pressure to the melt film. The film 
has glided down a short distance and then resolidifies, as visible in Fig. 1(d). From the 
images it was seen that the incoming drop, x4', (mixing with the melt pool) strongly 
accelerates backwards, interacts with the keyhole (vapour pressure), x5', and then tries to 
climb up the rear wall of the gouge, x6'. There from the resolidified base metal film 
edges the (merged) filler metal starts to resolidify. The undercuts were formed through 
the two interfaces of this melt film to the base material and filler material, respectively. 
Finally, along the 20 mm long weld pool tail the melt gradually slows down (to welding 
speed), which lifts the melt surface level (mass balance). Simultaneously, at the pool tail 
boundary the filler metal continues to resolidify inwards, forming the reinforcement, x7', 
see Fig. 1(c).  
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 In contrast, with surface oxides (WSO) 

additional phenomena lead to a different 
sequence and undercut: Due to the surface 
oxides the arc is disturbed and confined, 
causing a more narrow gouge than without 
surface oxides, see Fig. 4, locations x1,x2. As 
observed by high speed imaging, the increased 
arc pressure pushes more strongly on the melt, 
enabling gouge rim oxidation, x3. While for 
SOR only Fe- and Si-oxides were found from 
chemical analysis, in the case WSO strong 
MnO-enrichment (due to high Mn-content in 
the steel) was identified at the undercut 
surface, x4, particularly in the lack-of-fusion-
oxide, obviously because the mill scale 
provides excess of oxygen. At the rear wall of 
this Mn-oxidized rim the central melt pool 
climbs up but glides down again, x5,x6, 
causing a sharper and lower undercut with lack 
of fusion, see Fig. 1(b). The final sequence of 
the process is like for SOR, x7. 

 

 
The top appearance of the final weld 
accompanied by its undercuts can be seen in 
Fig. 5(a) and (c) for the two cases, 
respectively. Additional traces of the process 
were found by microscopy of the weld process 
termination point, Fig. 5(b) and (d), 
respectively. For SOR, at the gouge front the 
plane base material surface directly transfers to 
the gouge slope, see Fig. 5(f). In contrast, in 
case with surface oxides (WSO) ahead of the 
edge a remelted (by the last arc pulse) 
horizontal oxide layer is visible and the gouge 
slope is covered by an oxide film.  
 
 

 
 

Figure 4: Sequence of 
mechanisms observed for the two 
cases of undercut formation, 
illustrated by cross sections, 
corresponding to the marked 
positions xi in Fig. 2(c),(d).  
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Figure 5: Top appearance for the two cases: (a),(c) weld, (b),(d) resolidified gouge (by 
terminating the process), (e),(f) corresponding SEM-magnification of the gouge border 
 
In order to document the findings more systematically, the recently developed BFC-
method [22] was here applied for the two cases, shown in Fig. 6. 
 
4. Conclusions 
 

(i) Laser hybrid arc welding of steel with a mill scale (from hot rolling) causes 
sharp, deep undercuts with lack of fusion (LOF), while when removing the 
surface oxides the undercuts are smaller and curved 

(ii) In contrast to the second type, the surface oxide caused MnO-enrichment at the 
surfaces around the LOF, moreover the remelted edge has moved down 

(iii) From high speed imaging two different mechanisms can be observed for the two 
cases 

(iv) The welding process (leading arc) can be regarded as a sequence of four zones 
or phases: gouge formation, melt redistribution, gouge resolidification, tail 
resolidification  

(v) When welding plates with surface oxides the mechanisms are more complex 
than when the surface oxides are removed, causing in addition: oxide remelting, 
arc disturbance, steeper temperature gradients, MnO-formation during melt 
flushing, gliding down of the melt at the oxidized gouge walls, resolidification 
growth from a lower level, oxide-filled LOF 

(vi) When removing the surface oxides, the gouge is flushed less strongly and a base 
metal layer solidifies first, on which the central melt adheres close to the surface 
level; here the base metal layer determines the undercut characteristics. 
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