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Abstract 

High strength steel is used more and more in fatigue loaded light weight constructions. In the 

Swedish project LOST (Lightweight Optimization of conSTructions) Luleå University of 

Technology is investigating the laser welding of high strength steel parts. Thereby, a high 

brilliant fiber laser is used as an efficient tool, which allows reducing the dimensions and the 

weight of constructions, helps to minimize the heat affected zone and deformation, facilitates 

and improves the manufacturing process and reduces the production costs. However, it is im-

portant to control the formation process of the weld seam to get the required joint design. For 

this reason it is necessary to get an extensive knowledge of the correlation between the laser 

parameters and the geometrical dimensions of the weld seam, which was the goal of this in-

vestigation. 

In this work, laser welding of two high strength steels (Weldox 960, Domex 700) has been 

performed with a 15 kW fiber laser to a depth of at least 6 mm. The butt joint specimens have 

been examined regarding the influence of beam misalignment, welding speed, focal position, 

beam angle etc. on the joint geometry. It has been shown, that higher line energies make the 

weld seam wider and deeper. The direction of the laser beam influenced also the geometry of 

the weld seam visibly. The change from a thrusting to a dragging laser beam led to a deeper 

penetration as well as the change from a vertically to a horizontally guided beam. A small gap 

between the specimens facilitated the energy input and lead also to a deeper weld. One focal 

point of the investigations was the classification of the different top geometries. Six typical 

top geometry classes have been figured out and reasons for their formation were found. 

Thereby, high energy densities on the surface caused spatters and the formation of an under-

cut. A reduction of the energy density instead or a focal position under the surface of the 

workpiece produced a reinforcement. This shows a connection between the different top ge-

ometry classes and demonstrates the possibility to switch between the geometry classes by 

changing specific parameters in a certain way. A high speed camera was used to support the 

creation of models for a further explanation of the correlation between the joint geometry and 

the laser welding parameters. A stress analysis helped to rate the identified geometry classes. 

It gave an idea about the advantages and disadvantages of the different geometries and identi-

fied small weld reinforcements with smooth transitions as the best geometry for the most in-

dustrial applications concerning the fatigue life. Finally, a MFC (Matric Flow Chart) has been 

created to give an overview of the results and a hint, how the creation of specific weld seam 

geometries can be influenced. 
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Appendices 

Symbols 

Symbol Unit Notation 

A - aspect ratio 

A5 % breaking elongation 

c m/s velocity 

c0 m/s speed of light 

dcap m capillary diameter 

df m focal diameter  

E W/m² power density 

EL W/m line energy 

f m focal length 

fR s-1 repetition frequency 

hP m plate height displacement 

I(z) W/m² intensity depending on the z-coordinate 

I0 W/m² intensity on the beam axis 

K - stress concentration factor 

M² - times-diffraction-limit factor 

n - refractive index 

PL W laser power 

Pav W average power 

Ppk W peak power 

r m local radius 
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R m global radius 

Rm N/mm² tensile strength 

Rp0,2 N/mm² yield strength 

s m material thickness 

S m anchor length 

tp s pulse time 

v m/s welding speed 

w(z) m beam radius depending on the z-coordinate 

w0 m focal radius 

xi m lateral offset between laser beam and joint 

z m coordinate in propagation direction of the laser beam 

z0 m Rayleigh length 

zf m focal position 

zcap m capillary depth 

α m-1 absorption coefficient 

αg rad boundary angle 

αi rad inclination angle 

αmax rad maximum in-coupling angle 

ϑ rad divergence angle 

κ - extinction coefficient 

λ m wavelength 

σ N/m² surface tension 
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Abbreviations 

BFC Bifurcation Flow Chart 

BPP Beam Parameter Product 

CCD Charge-Coupled Device 

cw continuous wave 

FEA Finite Element Analysis 

HAZ Heat Affected Zone 

LTU Luleå University of Technology 

MFC Matric Flow Chart 

NA Numerical Aperture 

Nd:YAG neodymium-doped yttrium aluminium garnet 

SEM Scanning Electron Microscope 
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1 Introduction 

One of the first applications of lasers was the welding of metals. In the last decades laser 

welding has become more and more popular in industrial applications. Advantages like a high 

aspect ratio of the weld seam, small heat-affected zones, high processing speed, access from a 

single side, focusing laser radiation to a small area, high intensity, etc. lead more and more to 

a replacement of conventional welding techniques in many different fields. Joints, which re-

quired access from both sides up to now, can be welded from one side only, which opens new 

possibilities for joint designs. The small heat-affected zone of laser welds reduces the thermal 

distortion in the workpiece. Furthermore, the narrow heat-affected zone of laser welds com-

bined with the deep penetration enhance mechanical properties like fatigue strength and form-

ability [1]. Therefore, investigations concerning the many influencing factors of the very 

complex welding process are required to get a better understanding of the process and to im-

prove its usability for industrial applications. 

1.1 Background 

The upcoming scarcity of resources has changed the way people think in the last decades. The 

success of a company is affected more and more by the optimization of its products concern-

ing a lower usage of energy and material in the production and an enhanced efficiency in the 

application for the costumer. The importance of high strength steel, for instance, as a struc-

tural material is growing, due to its high strength in relation to its weight and price. Vehicles 

build of high strength steels are lighter, stronger, consume less energy and can carry higher 

payload. The dropping of fuel consumption and the increase of payload capacity generates 

economical and environmental advantages for the customer [2]. 

Following this trend, most companies are putting a lot of effort in optimizing their products 

and production. One example for this effort is the LOST-Project (Lightweight Optimization of 

conSTructions) in Sweden, in which products of several companies are overworked to reduce 

their weight. With the focus on different automotive applications, it is searched for new mate-

rials and designs, which lead to similar or comparable results like before, but with a reduction 

of weight for getting savings in construction costs and fuel consumption. Laser welding is a 

modern method which can help to fulfill these requirements by joining materials in a high 

quality manner. Without changing mechanical properties, laser welding can reduce the heat 

affected zone (HAZ) to a minimum compared to traditional arc or spot welding methods and 

generate thereby narrow weld seams [3].  

A fiber laser was chosen to execute the welding task. This modern laser source offers a high 

flexibility in industrial applications due to the fiber delivery and can be integrated into con-
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ventional weld heads, robotics and remote welding systems. Furthermore, the laser beam of a 

fiber laser can be focused to a small spot with an extremely long focal length, which strongly 

enhances the remote laser welding capability by a clearance of 1-2 meters. Other examples of 

fiber laser welding include full penetration of transmission components, deep penetration 

welding of thick steels for ships and hermetic welding of battery packs [4]. For that reason, 

many producing companies are taking a big interest in the usage of this new laser technology 

for welding and cutting applications of thick materials. 

1.2 Objective and Scope of Work 

Getting a better knowledge about the correlation between laser welding parameters and the 

resulting weld geometry is fundamental to understand laser processes in industrial applica-

tions. The weldability, which was acceptable under laboratory conditions, might not always 

be also acceptable under industrial conditions because of reachability of the weld, limits to 

welding speed, and problems with the realization of the set up or the delivery of the material 

[1].  

Related to the LOST-project, this thesis is orientated to find out more about the correlation 

between laser welding parameters and the generated weld geometry. Investigations with simi-

lar geometry goals and conditions but a corner joint have already been executed and published 

[3]. However, the focus of these investigations has been on different root geometry classes 

and their finite element stress analysis. This thesis shall complement the knowledge by focus-

ing on the formation of different weld top geometries. The investigated joint type of this the-

sis is a butt joint between two high strength steel plates, which get connected by a 15 kW IPG 

fiber laser. A minimum of a 6 mm deep penetration with a flat or slightly undercut weld top 

geometry is required by the industry partner to fulfill its purpose in the field. The results aim 

to contribute additionally important information to the knowledge platform for lightweight 

structures [5] that is under development at Luleå University of Technology (LTU).  

The generated top geometries shall be investigated and grouped into generalized top geometry 

classes. It is of interest, how parameter changes influence the shape of the weld seam and es-

pecially the shape of the top geometry. Possible connections and transfers between the differ-

ent top geometry classes shall be figured out. Additionally, the different top geometries shall 

be ranked due to their general stress analysis under load, to give an idea which geometry is 

the best.  

In order to connect the data and the knowledge from different methods for getting a better 

picture on the process and the resulting welded product, a so called MFC (Matric Flow Chart) 

shall be generated finally. The goal is to illustrate, generalize and standardize the case-specific 

results of the treated laser welding application to make them qualitatively and quantitatively 
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transferable. The creation of this kind of broad knowledge platform might be a solution for 

getting a better transferability of welding information between different applications. Even if 

the weld situation is not same, but similar, a MFC can facilitate to find good parameters for 

welding a specific task and accelerate the finding of good weld quality [3].  
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2 Fundamentals 

The name LASER stands for ‘Light Amplification by Stimulated Emission of Radiation’. By 

the amplification of light in a resonator, a beam of coherent light with a high energy density 

gets generated. This laser beam can be used in a lot of different ways like cutting, heat treat-

ment, measuring or welding. A short introduction into the characteristics of a laser beam, the 

laser beam generation in a fibre and the fundamentals of laser welding are presented in this 

chapter. 

2.1 Characteristics of Laser Radiation 

Based on the passing of a focusing optic, the laser beam converges to a place of maximum 

intensity and diverges thereupon, see Figure 2.1. The function w(z) describes the radius of the 

beam depending on the distance of propagation. The radius of the beam is defined as the dis-

tance perpendicular to the optical axis and determined by the area in which 86 % of the beam 

power is included.  

 

Figure 2.1: Caustic and intensity profile of a laser beam [6]. 

The angle of the converging and diverging laser beam is called divergence angle ϑ. It can be 

calculated by the equation  

 








=

0

0arctan
z

wϑ .  (2.1) 

The term w0 describes the radius in the focal point. z0 is known as the Rayleigh length and 

specifies the focal area of the laser beam. That means that the term z0 defines the distance be-

tween the focal point and the place where the cross section area has been doubled compared 

to the cross section area in the focal point. Consequently, the value of the radius at this place 
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has increased to( ) 02 wzw ⋅= . For the base mode TEM00, the Rayleigh length can be calcu-

lated with the equation 

 
2

2
0

0
M

w
z

⋅
⋅

=
λ
π

 (2.2) 

in which M² stands for the times-diffraction-limit-factor. The factor M² gets derived and ex-

plained in the following. 

In order to allow an efficient material processing with lasers, a beam with a high focusability 

is required. Therefore, the product of the focal radius and the divergence angle should be as 

small as possible. An index number that shows the relation between these two values is the 

beam parameter product BPP  

 .0 constwBPP =⋅= ϑ  (2.3) 

The BPP doesn’t change even if the beam gets reflected by mirrors or passes perfect lenses. 

Because of this, a reduction of the focal radius leads unavoidably to a rise of the divergence 

angle. But the diminution of the BPP is limited. According to the equation 

 

π
λ=idealBPP  (2.4) 

the BPP is confined by the wavelength λ to a minimum due to diffraction effects. The name of 

the beam, which has this minimal beam parameter product, is the Gaussian beam or the Gaus-

sian fundamental mode. In fact this fundamental mode is not reached because there are always 

other modes resonating, which have a higher BPP. Because of the fact, that the Gaussian fun-

damental mode has the highest beam quality and for that reason the smallest BPP, real exist-

ing beams are referenced to that ideal beam by the times-diffraction-limit-factor M²: 

 ϑ
λ
π ⋅⋅= 0

2 wM . (2.5) 

That leads in the ideal case to a value of M² = 1. Real beams might come close to that value 

but never reach it and get therefore values of M² > 1. 

A smaller BPP simplifies the focusing of the laser beam. That doesn’t only mean a very small 

beam diameter in the focal point but also an enlarged focal area defined by z0 (see (2.2) due to 

a smaller divergence. This relieves the insertion of energy into the work piece and reduces the 

sensitivity of the whole system regarding failures and displacements of optical elements [6]. 

When a laser beam hits a workpiece or transits optical elements, laser energy gets absorbed. 

According to the absorption coefficient α that is defined as 
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0

4

λ
κπα ⋅⋅⋅= n

 (2.6) 

the amount of energy, which remains in the material as heat, is defined by optical material 

properties. Important figures of the material in this context are the refractive index n, the ex-

tinction coefficient κ and the wavelength of the laser beam in vacuum λ0. The original inten-

sity of the absorbed light I0 decreases in the material along the distance from 

 ( ) zeIzI ⋅−= α
0 . (2.7) 

This term only considers the intensity that is coupled into the workpiece dependent on the 

absorptivity. A certain portion of the light just gets reflected at the workpiece surface and 

doesn’t contribute an input of energy [7]. 

2.2 Functionality of a Fiber Laser 

Nowadays the guidance of light through optical fibers such as for data transfer is quite com-

mon. Thereby, the light is lead through a high refractive medium (refractive index n1) that is 

enclosed by a lower refractive medium (refractive index n2). Because of Snell’s law 

 ( ) )sin(sin 2211 αα ⋅=⋅ nn  (2.8)  

a light beam that is entering a lower refractive medium always gets refracted away from the 

perpendicular as long as the angle α1 is smaller than the boundary angle αg. As Figure 2.2 

shows, the boundary angle αg is that angle, at which the refracted light beam propagates be-

tween the two media. 

 

Figure 2.2:  Refraction of a light beam at a medium boundary. Right: Boundary angle αg for total reflection [6]. 

Is the angle α1, however, bigger than the boundary angle αg for total reflection, the light beam 

will be totally reflected and not enter the lower refractive medium as it is shown in Figure 2.3. 
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This boundary angle αg can be easily calculated with the equation (2.8) using the assumption, 

that α2 has to be 90°. 

 

Figure 2.3:  Beam delivery in an optical fiber by total reflection [6]. 

Because of the laws of refraction, the glass fiber needs to be surrounded by a low refractive 

cladding. But to get a total reflection at the interface between the fiber core and the surround-

ing cladding, the in-coupling angle αmax is limited (see Figure 2.3). By the equation (2.9), 

which is called the numerical aperture (NA) of an optical fiber, the in-coupling angle αmax can 

be determined. With the aid of the core diameter, the maximum beam parameter product of a 

laser beam, which can be delivered in the fiber, can be calculated. 

 ( ) 2
2

2
1maxsin nnNA −== α         (for n0 = 1) (2.9) 

Whereas the use of optical fibers to guide laser radiation is already realized since a while for 

solid lasers like the Nd:YAG laser, one of the modern laser source concepts is completely 

based on this technology. Within this concept, the glass fiber core is doped with laser active 

ions like Ytterbium (Yb). For getting these ions stimulated, the fiber laser is pumped by diode 

lasers. Because of the small diameter of the fiber core, the pumping needs to be done longitu-

dinally instead of laterally to enhance the pump efficiency. Consequently the pump radiation 

is guided with the generated laser radiation in the same fiber. However, operating both radia-

tions in the fiber core would premise the same beam parameter product. Therefore, a double-

cladding concept is used in which the higher-multimode pump radiation is delivered within 

the first cladding that surrounds the fiber core in which the required laser radiation is being 

generated and guided. A second outer cladding with a lower refractive index keeps the radia-

tion in the fiber and protects it from outside influences [6]. 

Because the laser power of several kW is generated over a few meters, the cooling of fiber 

lasers is unproblematic and thermal disruptions can be neglected. The transversal beam qual-

ity is determined by the fiber structure values like core diameter and the refractive index pro-

file. The intensity profile of the out-coming laser beam is characterized by a so-called top 

head profile, in which the intensity has nearly the same values over the whole cross section of 

the beam. 
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With its high electrical efficiency of about 25 %, high output power, excellent beam quality 

and great stability and mobility, this compact and efficient fiber laser is going to replace more 

and more less efficient solid state lasers with the main target applications like welding, cutting 

and brazing. Another important reason for the growing importance of fiber lasers is that the 

cooling is unproblematic due to the several meters long fiber. Because of this, the fiber laser 

has not only a big mechanical but also thermal robustness. Low running costs and the easy 

manipulation of the transversal beam quality just by changing the structure of the fiber can 

also be named as advantages of this laser source concept [4,6]. 

2.3 The Principle of Laser Welding 

In laser welding, a laser beam is focused on a workpiece where the absorption of the radiation 

leads to a local heating and fusion of the workpiece. In general there are two different basic 

methods being distinguished: conduction welding and keyhole or penetration welding. The 

main difference between these modes is that the surface of the weld pool remains unbroken 

for the conduction welding process. In keyhole welding the weld pool opens and forms a key-

hole so that the laser beam can enter the weld pool. That means that the laser beam not only 

melts but also evaporates the material. Therefore a beam power of more than about 1,2 kW 

per millimeter of focal diameter (for YAG lasers and welding speeds around 0,5 m/min) is 

required to weld steel in this way. The changeover between these two methods depends con-

sequently on the ratio of laser beam power to focal diameter and the duration that the work-

piece gets hit by laser radiation [1,8]. Both methods are shown schematically in Figure 2.4. 

Conduction Welding Keyhole Welding

Laser BeamLaser Beam

< 1,2 kW/mm > 1,2 kW/mm

Conduction Welding Keyhole Welding

Laser BeamLaser Beam

< 1,2 kW/mm > 1,2 kW/mm

  

Figure 2.4: Comparison of conduction (a) and keyhole (b) weld-

ing [7]. 

Figure 2.5:  Multiple reflections of the 

laser beam in the keyhole [9]. 

Based on the required penetration depth, this thesis treats only the keyhole welding. Its effi-

ciency is quite high through the multiple reflections in the keyhole, as it is shown in 

Figure 2.5. According to the Fresnel equations, which describe the reflection of light and 

thereby its absorption in the workpiece as well, laser radiation gets absorbed at the interface 
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of the keyhole and the resulting heat gets transported into the workpiece. For keyhole weld-

ing, the percentage of absorbed energy is up to 90 % [9].  

Beside the intensity and the formation of a keyhole, the penetration welding is also defined by 

the penetration depth. A common dimension to evaluate a laser weld is the aspect ratio A de-

fined by the penetration depth zcap divided through the capillary width dcap  

 

cap

cap

d

z
A = . (2.10)  

Mostly, the value A = 1 determines the threshold between conduction and penetration weld-

ing. Furthermore, extraordinary high aspect ratios of more than A = 10 can be achieved in 

steel which is shown later in chapter 5.3. A big aspect ratio, consequently a deep and narrow 

keyhole, enhances the energy coupling into the material and thereby the efficiency of the 

process [9]. 

Even if the shown drawings seem to be very static, the laser welding process is far away from 

being that. It is a high dynamic process whose result gets not only affected by definable pa-

rameters like laser power, focal position or welding speed but also by badly controllable proc-

esses like the weld pool dynamics or the capillary stability [9]. This makes the process of la-

ser welding to a delicate balance between the heating and the cooling of solids in a spatial 

defined area, where a liquid pool is formed and needs to remain stable until solidification. 

Through the absorption of incident laser radiation, the material of at least two solids creates a 

weld pool, which propagates, after it has reached the desired size, through the solids along the 

interface and joins the components. The result of the laser weld quality is mainly affected by 

the size of the weld pool, the occurrence of significant vaporization, excessive thermal gradi-

ents and instabilities in the volume and the geometry of the weld pool. The last one can result 

in porosity and void formation [1].  

For laser welding, the amount of energy which is put into the workpiece is primarily for the 

volume of material that gets melted. This amount of energy varies not only according to 

changes of the laser power PL but also due to the welding speed v. Therefore, the line energy, 

which is defined as the energy input per unit of length, is an important dimension for the laser 

welding process. It gets calculated by the division of the laser power PL and the welding 

speed v. 

 

v

P
E L

L =  (2.11)  
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2.4 The Influence of Vaporized Metal on the Laser Welding Process 

The path of the laser beam towards the workpiece can be interrupted by the evolution of hot 

ambient gas and vaporized metal, as shown in Figure 2.6. At high energy densities like in the 

focal position, hot ambient gas and metal vapor can be ionized and turned into plasma, which 

damps the laser intensity on the workpiece [1]. The three different kinds of interruption phe-

nomena are absorption, scattering and refraction. Depending on the treated material, the sur-

rounding atmosphere, the used wavelength and the process parameters, the formation of 

plasma varies. There is a direct proportionality between the plasma effect and the beam power 

and an inverse proportionality between the plasma effect and the square of the wavelength [7]. 

For small wavelengths, such as the wavelength of 1,07 µm produced by a fiber laser, the for-

mation of plasma has not be observed in a commonly used power range. 

 

Figure 2.6: Interaction between the laser beam and the workpiece. 

The disturbing influence of a laser-induced vapor plume has been investigated by Oiwa [10]. 

He demonstrates that not only the plume itself but also the related hot air around the plume 

distort the laser beam. An interferometric analysis has shown refractive index distributions 

above the specimen during laser welding. This lower refractive index zone grows upwards in 

areas far away from the specimen, where the vapor plume can’t be observed anymore. That 

means, that even for remote welding, the laser beam can get disturbed not only by refraction 

and absorption processes in the observable metal vapor plume, but also by the heated air, 

which can be detected in areas far away from the keyhole. To give an idea about the dimen-

sions of this phenomenon, refractive index distributions about 400 mm away from the speci-

Heating 

Solid    Keyhole              Melt 

Hot air 

Plasma/ 

Metal vapor 

Laser beam 
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men have been detected for a vapor plume of about 40 mm height, which was produced by a 

fiber laser with PL = 4 kW, v = 5 m/min, f = 1250 mm and df = 360 µm. The hot air defocuses 

and refracts the incident laser beam gradually and reduces thereby the power density on the 

workpiece. According to that, a reduced energy input, which can be detected by lower pene-

tration depth, has been ascertained in the named investigation. A fan, close to the workpiece 

surface, can remove the low refractive index zone and improve the energy coupling into the 

workpiece. 
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3 Influencing Factors on the Weld Seam Geometry 

In chapter 2 the fundamentals of the laser beam and the keyhole welding process have been 

discussed. In the following the influencing factors on the weld seam geometry shall be men-

tioned. Material specific heat conductivity as well as currents in the weld pool are expressed 

by the final solidified joint geometry. By the changing of process parameters like welding 

speed or focal position, the shaping factors can also be influenced. 

3.1 General Influence of Process Parameters on the Weld Seam Geometry 

The weld seam geometry gets affected by a huge number of factors. These parameters, which 

influence the shape and the quality of a weld seam, can be distributed in four groups [7]: 

1. those related to beam characteristics, 

2. those related to the process parameters, 

3. those related to material characteristics and its weldability, and 

4. those related to the joint design. 

Since the investigations presented in this thesis are based on an industrial application, factors 

from three of these groups are already fixed. The used fiber laser and the beam guidance 

(chapter 4.1.1) define the beam characteristics while the chosen butt-weld joint design and the 

high strength steels WELDOX and DOMEX were determined by an industrial partner of the 

LOST-Project. So the interest of the following investigations is focused on the influence of 

the process parameters on the weld seam geometry. Furthermore, the changing of the top ge-

ometry shall be in the center of the investigations. 

 

Integrated parameter studies, which focus on the influence of various parameters on the weld-

ing result, are hardly published. Most often, only a small number of parameter variations are 

investigated and case-based presented. In doing so, the most investigated process parameters 

are focal position zf and welding speed v. Their influence on the welding process and the weld 

seam geometry is generally described in the following [7]: 

 

Focal Position 

The location of the focal position determines significantly the beam intensity on the surface of 

the workpiece. In general it must be decided, if the focal point should be over or in the work-

piece or directly on the surface. While the focal point is located on the surface for welding 

thin materials < 5 mm, the welding of relative thick materials > 10 mm requires often a focal 

position in the workpiece in order to optimize the penetration. In some cases it might also be 

helpful to use a defocused beam by putting the focal point over the workpiece surface. Gap 
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tolerances can be accommodated in that way. Both, having the focus above and in the work-

piece, reduces the beam intensity, which leads to a wider and less deep weld seam. 

 

Welding Speed 

Welding speed has an important influence on the welding process. According to the heat 

transfer theory, the penetration is inversely proportional to the square root of the welding 

speed, for a given power. That means that slow welding speeds lead to more heat input and to 

a wider and deeper weld pool due to the three-dimensional heat conduction. High welding 

speeds also causes high difficulties in maintaining the equilibrium and the stability in the weld 

pool. That can induce humping of the molten material or other defects. Higher welding speeds 

weaken also the effect of plasma during the laser process, which can be disregarded for the 

usage of a fiber laser. 

 

Other process parameters are hardly investigated for fiber lasers. Also for other types of la-

sers, they are often investigated case-specific with a certain power, focal position and speed, 

which makes it hard to transfer the results. This thesis is investigating a bigger range of pa-

rameters to get transferable knowledge by connecting the results of the parameter studies ho-

listically. 

3.2 Heat Conduction in the Workpiece 

Heat conductivity is a material property, which plays an important role in the laser welding 

process. It is the ability of a material to conduct thermal energy in the form of heat. The heat 

conductivity strongly varies dependent on the kind of material and the local temperature. For 

the investigated high strength steels DOMEX 700 and WELDOX 960, the heat conductivity is 

about 45-46 W/mK [11].  

A high heat conductivity of a material leads to shorter weld pools due to a faster cooling and 

solidification of the molten material. Also the heating of the material during the welding proc-

ess goes faster, which results in a deeper and wider heat affected zone (HAZ). So it must be 

said, that the shape, the microstructure and the tensions in the weld seam get strongly affected 

by the heat conductivity due to the big influence of the heat conductivity on the heating and 

cooling time in the welding process [12,13]. As a result, the individual adaptation of process 

parameters to a certain application with a specific material is absolutely necessary. 
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3.3 Weld Pool Dynamics 

During the process of keyhole welding, there are different currents in the weld that influence 

the transport of energy in the liquefied material and also the temperature zones in the work-

piece. Beck [14] is distinguishing between three different melt flows in the weld pool. They 

occur from the movement of the keyhole due to the welding speed, forces generated by the 

vaporization of material in the keyhole and forces by different temperature dependent surface 

tensions. In the following these three currents are explained and illustrated by simplified 

models. 

3.3.1 Melt Flow Caused by the Motion of the Vapor Capillary 

The vapor capillary is moved with the welding speed v through the workpiece and melts the 

material around. Caused by the motion of the capillary, the material that is liquefied in front 

of the capillary gets expulsed and has to move around or under the capillary to its backside. 

 

Figure 3.1: Model of the capillary circulation [14,15]. 

3.3.2 Melt Flow Caused by the Exhaustion of Metal Vapor 

By the use of high intensities, metal gets not only melted but also vaporized. This metal vapor 

escapes through the capillary and effects a flow in the weld pool by friction at the boundary of 

the capillary. The generated shear stress accelerates the liquefied metal, which is located close 

to the capillary boundary, toward the opening of the capillary. This flow gets deflected away 

from the capillary at the surface of the workpiece. The result is a circulating melt flow at the 

boundary layer of the weld pool. 

circulation current 

v 
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Figure 3.2: Model of the convection current due to the exhausting metal vapor [14,15]. 

3.3.3 Melt Flow Caused by the Temperature Dependency of Surface Tensions 

Especially for small welding speeds, a melt flow affected by locally varying thermal gradients 

is being produced. Depending on the temperature at a certain point in the weld pool, the sur-

face tension coefficient changes. The liquefied material flows from places of low tensions to 

places of high tensions. This effect is known as “Marangoni Effect”. 

 

Figure 3.3: Model of the Marangoni current for pure metals [14,15]. 

The direction and the speed of the Marangoni current are dependent on the shielding gas at-

mosphere, the material properties, the intensity distribution of the laser beam and the welding 

speed. This kind of metal flow appears primarily for welding speeds smaller than 6 m/min  

[14,16]. Following Beck [14], low alloyed steels, like the used steels DOMEX 700 and 

WELDOX 960 (see chapter 4.3), generate a negative temperature coefficient of the surface 

tension as well as the usage of inert shielding gas, like Argon [17]. Alloying elements like 

sulfur lead instead to a positive surface tension index.  

In pure metals, the surface tension is higher for low temperatures. As a result the melt gets 

accelerated from the hot capillary zone to the colder liquid-solid boundary zone. The resulting 

melt current 

melt current 

surface tensions 

metal vapor 
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backset under the surface leads to a flat and expanded weld pool. This flow mechanism af-

fects consequently the geometry of the weld seam and leads to a so-called nail head geometry. 

 

Figure 3.4:  Different surface tension courses and their effect on the weld pool current and geometry [9,15]. 

3.3.4 Dynamics of the Vapor Capillary for Penetration Welding 

The previous chapters treated the different basic currents in the weld pool. The keyhole has 

been simplified as well as its influence on the weld pool dynamics. A model by Semak et al 

[18,19] includes the interaction between the laser beam and the keyhole and its effect on the 

dynamics of the weld pool.  

It is assumed in the model, that only the front wall of the keyhole gets hit by the laser beam, 

while the back of the keyhole remains mostly outside the laser beam. Another assumption is 

that the propagation of the keyhole front wall is generated by the evaporation recoil pressure, 

due to drilling-like melt expulsions. The model is presented in Figure 3.5. 
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Figure 3.5:  The scheme of the transient model of laser keyhole welding by Semak et al. [18,19]. 

The laser beam hits the front wall of the keyhole and evaporates metal. Due to the high pres-

sure of the evaporation process compared to the ambient pressure, the metal vapor gets accel-

erated towards the keyhole opening. By this process, the back wall of the keyhole is pushed 

outside the beam area, which features a high power density. The evaporation recoil pressure 

accelerates the thin melt layer of the keyhole front wall downwards and sidewards around the 

keyhole. This process features high fluctuations, which result in a continuous change of the 

front wall shape. Depending on the local angle of incidence, the absorption coefficient varies, 

which enforces the fluctuations of the evaporation process even more. Because of this, the 

vapor pressure in the keyhole varies. That leads to an instable shape of the back and the side 

walls of the keyhole. The intermittent melt flow around the keyhole causes additionally oscil-

lations in the bulk of the weld pool. 
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4 Experimental Setup and Methods  

After a general introduction in laser welding, this chapter shall give a more specific overview 

of the used experimental setup and the surrounding conditions of the experiments. At first the 

laser system will be explained and its positioning related to the workpiece illustrated. Sec-

ondly the arrangement of the workpieces is exposed before some material specific investiga-

tions are presented. Finally, the used analyzing methods are shown as well as typical seam 

geometries and welding defects.  

4.1 Laser System 

The used laser source is a 15 kW fiber laser. At first, the whole laser system will be presented 

and specific characteristics named. The arrangement of the high speed camera is illustrated 

afterwards. 

4.1.1 Operation of the Laser 

The used laser system was an Ytterbium fiber laser from the YLR series of the company IPG. 

This laser is a high power laser producing a maximum of 15000 Watts (cw) of optical power 

at a wavelength of 1070 ± 5 nm. In the 30 m long fiber a laser beam with a beam parameter 

product of < 10.4 mm·mrad is formed. After the beam has left the fiber, which has a core di-

ameter of 200 µm, it gets collimated by a collimate lens with a focal length of 150 mm. Fi-

nally the focal lens with a focal length of 500 mm focuses the laser beam on the workpiece. A 

cross jet, which is located directly behind the focusing lens, blows perpendicular to the optical 

axis of the laser beam and protects the lens system from spatters. The cross jet doesn’t have 

any influences on the welding process due to its distance. The experimental arrangement is 

shown in Figure 4.1. The most of the experiments have been done with a horizontal laser 

beam guidance due to a more accurate positioning of the workpieces. Argon was used to cre-

ate a shielding gas atmosphere for avoiding an oxidation of the weld. With a flow rate of 

20 l/min it was delivered to the interaction zone by a curved nozzle with an inner diameter of 

6 mm. The head of the nozzle was located about 10 mm away from the impact position, 

where the laser beam hit the workpiece.  
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Figure 4.1: Experimental arrangement.  

The choice of laser model and optics yield to a calculated focal spot of 0,67 mm diameter in 

the focal position and a Rayleigh length of ± 8 mm. The laser arrangement allows a thrusting 

forward, as well as a dragging backwards laser welding with inclination angles up to ± 10°. 

While the workpiece was in a fixed position, the laser head was mounted on a CNC x-y-z-

positioner. By using a laser power of 5 kW, which was done in the most of the later shown 

experiments, the average power density of the used laser setup was 1,42·106 W/cm². 

Due to the very high beam quality of a fiber laser, it is difficult to find the exact focal posi-

tion. In the run-up to the experiments, a weld with a laser power of 5 kW and a moving focal 

position has been executed. The focal position has been defined as the place with the deepest 

penetration in the workpiece. For a laser power of 15 kW, the shift of the focal position due to 

the thermal induced deformation of the focus lens got rated to be 2 mm in the direction of the 

focusing optics. 

4.1.2 High Speed Imaging 

For getting a better understanding on the formation process of the weld seam geometry, the 

welding process has been filmed by a high speed camera. The high speed films show the weld 

pool dynamics on the surface of the workpieces. However, only a small number of welding 

processes could be filmed and evaluated in this thesis, because of the limited availability of 

the high speed camera. Furthermore, it was only possible to film the welding process with a 

vertically operating laser beam due to the used equipment and the welding requirements from 

the industry partner. Based on the necessary inclination of the camera, it was possible to 

measure the length of the weld pool but not its width. 
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For the experiments with a vertically operating laser beam, the high speed camera was ar-

ranged like shown in Figure 4.2. The laser process gets filmed from the side over a welding 

distance of about 90 mm by the inclined CCD-camera, which features an exposure time of 

5 µs and a repetition frequency of fR = 2,5 kHz. An additional diode laser illuminates the joint 

in order to get bright images. With a wavelength of λ = 810 nm and a peak performance of 

Ppk = 500 W, the diode laser lights up the workpiece with a pulse time of tp = 3 µs and a pulse 

repetition rate of fR = 2,5 kHz.  

 

Figure 4.2:  Setup of the high speed camera. 

4.2 Arrangement of the Workpieces 

For this welding task, two plates of different high strength steels are clamped together as 

shown on the left in Figure 4.3. By welding them together at the marked joints, they are form-

ing a rectangular profile. The 15 mm thick WELDOX plate gets connected with its laser cut 

surface to the untreated, longitudinal side of the 6 mm thick DOMEX plate. Even if the laser 

welds of the parameter study in this thesis have been made over shorter distances, the welds 

are finally going to be enforced over the whole distance of 2 m. For that reason the majority 

of the welding experiments have been executed using a laser welding setup with a horizon-

tally operating laser beam due to a proper clamping for the later production of the complete 

beams. 

 

Sample 

Laser beam 

High speed camera 
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Figure 4.3: Arrangement of the plates for the investigated welding application. 

Because of the energy input during the welding process, the steel plates can start to distort. To 

avoid this effect, many clamps have been used to steady the arrangement of the plates. An 

exact overlapping of the edges was regarded in order to minimize the effect of a misalign-

ment, which would falsify the resulting weld seam geometry. The very small focal diameter 

of df = 0,67 mm was centered over the joint and its movements during operation along the 

welding direction controlled, before running the experiments.  

 

Figure 4.4: Image of the experimental setup with the focus on the clamping. 
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4.3 Material 

4.3.1 Composition and Characteristics 

The used materials were two different kinds of high strength steel. A 6 mm thick 

DOMEX 700 plate gets connected to a 15 mm thick WELDOX 960 plate by a butt-joint as 

shown in Figure 4.3. The chemical compositions of both materials are shown in Table 4.1 as 

well as the mechanical properties in Table 4.2. 

Material\Element C Si Mn Cr Ni P S V Al 

DOMEX 700, 6 mm thick 0,12 0,10 2,10 - - 0,025 0,010 0,2 0,015 

WELDOX 960, 15 mm thick 0,20 0,50 1,60 0,70 2,00 0, 020 0,010 0,06 0,018 

Table 4.1: Chemical compositions of the welded materials [20]. 

 

 Rp0,2 (N/mm²) 

min 

Rm (N/mm²) 

min 

A5 (%) 

min 

Service temperature (°C) 

max 

DOMEX 700, 6 mm thick 700 750 12 580 

WELDOX 960, 15 mm thick 960 980 12 550 

Table 4.2: Mechanical properties of the welded materials [20]. 

DOMEX® 700 high strength steel is a hot rolled sheet steel that is used in applications such as 

the production of ships, bridges, buildings, machinery, vehicles and lifting devices. According 

to the information provided by the producer [2], DOMEX steel is a structural and wear-

resistant steel for lighter vehicles, which combines high strength with good formability. By 

putting the high strength to use, the deadweight of structures can be reduced, which is particu-

larly useful in applications such as the automotive industry.  

WELDOX® 960 is a high strength structural steel used to make products lighter while keeping 

at least the same strength as products made of ordinary steel. Applications for WELDOX® 

960 are cranes or trailers of vehicles [2]. 

Both high strength steels were laser cut and had an oxide layer. This oxide layer was thinner 

on the laser cut surface compared to the other rolled surfaces of the workpiece. For some in-

vestigations, the laser cut surfaces were milled in order to get more information about the in-

fluence of the surface on the resulting weld seam geometry. Figure 4.5 gives an idea, how the 

surface of a laser cut and a milled workpiece looks like. As it can be seen, the laser cut surface 

has considerable ripples while the milled surface is very smooth and homogeneous. Irregular 
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ripples as shown in Figure 4.5 are defects, which were detected regularly on the laser cut sur-

faces. The influence of the surface structure on the welding result gets investigated in chap-

ter 5.5.4.   

 

Figure 4.5: Comparison of laser cut and milled surfaces by images of a light microscope and an optical profile 

 scanning system.  

4.3.2 Hardness Profile of the Weld Seam 

Figure 4.6 shows the hardness profile of two of the laser weld seams that are evaluated in 

chapter 5. The hardness was measured with the Vickers hardness test method. These samples 

give a survey how the hardness changes along the weld seam from the harder WELDOX 960 

to the softer DOMEX 700 looks like. The welded material between the plates is significantly 

harder than the base material. The diagram on the left in Figure 4.6 shows the hardness profile 

of a weld that was made with a laser power of 5 kW. The different hardnesses of the base ma-

terials can be identified as well as the harder material of weld seam. The hardness profile of a 

15 kW weld seam on the right of Figure 4.6 shows additionally the hardness changes in the 

heat affected zones (HAZ). The laser induced heat input leads to a softening of DOMEX and 

a hardening of WELDOX. It must be added, that this thesis doesn’t divide the HAZ into more 

than one zone, even if it can be detected. The focus remains on the weld seam geometry and 

the HAZ is just shown and discussed generally.  

 

 

laser cut milledlaser cut milled

Irregular, 
higher ripple 
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Figure 4.6: Vickers hardness profile for a representative 5 kW (left) and 15 kW (right) laser weld. Loading 

weight: 300 g. 

4.3.3 Microstructure of the Weld Seam 

As already applied in Figure 4.6, the different zones like seam, heat affected zone and base 

material are separated by drawn lines. This proceeding should help the reader to identify the 

different areas so that he can easily focus on the shape of the seam geometry. Investigations 

with a scanning electron microscope (SEM) show that the subdivision of the seam area is not 

just a visual impression due to different reflections of light, but real differences in the micro-

structure of the specimen, which get considerable by etching. Figure 4.7 illustrates the differ-

ent microstructures of a representative weld seam as it is seen with a SEM.  

 

Figure 4.7: Magnification of the microstructure in the weld seam area by using a SEM. 

250

350

450

550

0,00 1,00 2,00 3,00 4,00 5,00 6,00

Offset from first point (mm)

H
V

WELDOX 

HAZ 

DOMEX 

250

350

450

550

0,00 1,00 2,00 3,00 4,00 5,00

Offset from first point (mm)

H
V

WELDOX DOMEX 

HAZ 

HAZ seambase
material

HAZ seambase
material



38 

The magnification makes the differences in the microstructure clear. To facilitate the com-

parison of the weld seam geometries in this thesis without a magnification of the cross sec-

tions, the boundaries have been traced with black lines. 

4.3.4 Specimen Preparation 

In order to evaluate the weld seams, cross sections were made and analyzed. Thin slices were 

cut out of the joints and mounted in a polymer to facilitate the handling of the specimen and 

to protect the sample from partial damage. All the specimens have been mounted in the same 

manner, so that WELDOX is on the left side and DOMEX on the right side. After that, the 

samples were ground stepwise on finer and finer grinding paper, before the polishing with a 

diamond suspension made the surface of the specimens mirror-like. Between each step, the 

specimens were rotated 90° and washed carefully before continuing with finer paper or sus-

pension. The final chemical etching with Nital (3% HNO3 in ethanol) exhibit in the end the 

boundaries between the base material, the HAZ and the molten material of the weld seam. 

The etching process was only a few seconds long and was stopped by rinsing the sample with 

water. An additional rinse with methanol helped to avoid stains. The usage of a microscope 

allowed to measure the small weld seams and to take pictures for a later evaluation and com-

parison. 

4.4 Conformity of the Weld Seams 

An important issue for the investigation of the weld seam geometry is the conformity of the 

weld. Just by making one cross section per parameter set, the uniformity of the seam geome-

try over the whole weld seam is not guaranteed. To get representative trends in the changing 

of the geometry for varying parameters, the conformity of a single weld seam geometry must 

be attested. 

To make sure that the seam geometry stays constant along the whole weld seam, different 

methods like lengthwise sections can be used. Since lengthwise sections are very extensive, 

their use for a bigger number of parameter variations does not seem to be practical. Another 

option is to make a large number of samples with the same parameters, which takes a lot of 

time and raises the material costs significantly. In this investigation, the shape of the weld 

seam surface is used as an indicator for the conformity of the weld seam geometry. Based on 

the smoothness of the weld surfaces, the welds were classified in smooth and irregular weld 

seams. Random inspections of smooth and irregular weld seams showed a direct correlation 

between the steadiness of the weld surface and the uniformity of the weld geometry. Figure 

4.8 shows the steadiness of the weld seam geometry for a parameter setting with a smooth 

weld surface. The cross sections were made at intervals of 10 mm. The shape of the weld re-

mains unique and features only slight changes in the top geometry, which can be neglected. 
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Because of this, the shape of the surface can be used to evaluate the conformity of the whole 

weld as long as there are no changes in the workpiece setup. This raises the possibility of 

making only one cross section of a weld, which can be assumed to be representative for the 

whole weld. For irregular surfaces instead, the whole shape of the weld seam might vary.  

 

Figure 4.8: Cross sections in a distance of 10 mm each are used to show the conformity of a laser seam  re-

 lated to its smooth surface. z0 = -7 mm; v = 2,2 m/s; PL = 15 kW; xi = 0 mm; space between the 

 samples: 10 mm. 

4.5 Geometries, Defects and Analyzing Methods of Laser Welding 

The use of a uniform nomenclature, defined analyzing methods and determined evaluation 

criteria might help to generate a broad knowledge platform that can be helpful for other weld-

ing tasks. Only this can help to increase the transferability of results and findings independent 

of any individual, regional or national specialties.  

Because of a large number of methods to analyze the welding process and the resulting seam 

geometry, a list of selected methods [3] is shown in Table 4.3. The marked methods are used 

in the present studies and shortly explained in the accordant chapters later on. By comparing 

and connecting the results from different analyzing methods, a better comprehensive image of 

the laser welding process and the coherency of different parameters might be generated. 

Table 4.4 shows an adapted list out of the Swedish standard SS-EN ISO 13919-1 [21], which 

illustrates defects that might appear during laser welding. Possible defects are explained and 

probable causes for them are added. This list makes no claim to be complete but it shows the 

most common defects for an evaluation of weld seam geometries. To evaluate the crosscuts of 

the welds in chapter 5 consistently, these terms are used to describe and classify the formed 

geometries and defects.  

2 mm 
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Table 4.3: List of selected analyzing methods [3].  Table 4.4: Different types of defects occurring during 

laser welding [21]. 

Other researches concerning the weld seam geometry already determined different shapes of 

the laser welds by analyzing cross sections. Some of these researches are focusing on the weld 

seam geometry in general [15], others examine mainly the top or root design [3]. A short 

overview about different, relevant geometries is given in Figure 4.9. Different root geometries 

are not presented at this point, due to the most welds investigated in this thesis are not full 

penetration welds and therefore don’t feature a root geometry.  

The most common shapes of weld seam cross sections for keyhole welding are illustrated in 

Figure 4.9. Especially the U-form and the V-form have characteristically a big aspect ratio. A 

change in the focal position enables mostly a change between these two types of main geome-

tries. According to the caustic of a laser beam, the weld seam usually gets a V-form by put-

ting the focal position more into the workpiece. The nail head shape appears whenever the 

energy coupling varies and the top area of the weld seam gets more heated up than the rest of 

the weld. A second heat source like a plasma cloud over the surface of the workpiece can also 

be a reason for this geometry. It can also appear for deep, narrow weldings, which are not 
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*  
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fully penetrated. Because of the deeper penetration, more material gets evaporated and accel-

erates more of the hot melt upwards. This process brings additional heat energy to the top of 

the weld pool. The Amphora-form features a broad seam surface as well, but the significant 

characteristic is the throat in the middle of the cross section, which makes it look like an am-

phora. Especially very low welding speeds, which allow the workpiece to conduct the heat 

laterally, lead to this geometry. The named reasons for the formation of a nail head geometry 

can also be responsible for the formation of an Amphora-form. 

     

Figure 4.9: Different basic weld geometries. 
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5 Experiments and Results 

The tight focus attainable with laser beams has many advantages, such as a small weld with a 

narrow heat affected zone. But because of its size, small variations in the alignment may 

cause big changes in welding conditions. Small gaps of ≤ 0,1 mm can result in a diminished 

energy coupling of laser radiation into the workpiece and a reduced heating efficiency [1]. 

The experiments conducted in this thesis focus on the sensitivity of the weld seam geometry 

due to an alteration of different welding parameters. The investigated variations are divided in 

three groups which are: laser parameters, laser positioning and plate preparation. Welding 

speed and laser power are influenced by the applied laser system and belong to the aforemen-

tioned laser parameters. The laser positioning contains variations concerning where and how 

the laser beam hits the workpiece. Investigated parameters were focal position, inclination 

angle, lateral offset and the distinction between a dragging and thrusting operating laser beam. 

Differences between horizontal and vertical laser beam guidance are investigated as well. For 

the experiments with the vertically operating laser beam, high speed imaging was used to get 

additional information about the weld pool dynamics. For that reason, the influence of gravity 

and different vapor plume expansion on the weld seam geometry could also be evaluated. The 

third parameter group treats variations in the plate arrangement and preparation such as plate 

height displacement, gap separation and surface preparation.  

All the cross sections of the weld seams, which are presented in the following, have the mate-

rials WELDOX on the left side and DOMEX on the right side. The same magnification is 

used for all of them to facilitate the comparison of the cross sections. Furthermore, picture 

series have been preferred to diagrams in this thesis, due to their higher information content 

and better memorability. In addition, these picture series allow, compared to diagrams, to no-

tice trends in geometry changes especially in the relevant weld top geometry.  

5.1 Investigated Parameter Range 

Besides laser type, laser power and welding speed, that determine the rate of energy input to 

the workpiece, there are a lot more parameters that need to be considered and optimized to get 

acceptable weld geometries. According to a list of critical laser welding parameters shown by 

Duley [1], the investigated parameter ranges are listed in the following Table 5.1: 
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Laser power PL 2,5 – 7,5 kW; 15 kW 

Welding speed v 1,0 – 10,0 m/min 

Focal position zf + 5 mm until – 30 mm  

Lateral offset xi up to ± 5 mm  

Inclination angle αi ± 10° 

Laser beam orientation  thrusting/dragging; horizontal/vertical 

Plate height displacement hP up to 2 mm  

Surface preparation laser cut/milled 

Table 5.1:  List of investigated parameters. 

A detailed list with all the parameter sets presented in this thesis is attached in Appendix B at 

the very end of this document. 

The determination of the parameter range has been given by the available equipment, former 

researches or industrial requirements. All the other parameters, that are not presented here are 

fixed and presented in chapter 4.1.1. A laser power of 5 kW was generally chosen to be ade-

quate to the productivity and to provide sufficient power density to fulfill the requirements for 

the welding task (see chapter 1.2). Furthermore, experiments with 15 kW have been com-

pleted to get full penetration welds and to reach the threshold of the applied laser system. Due 

to the laser cut surface of the workpiece, a comparison with a milled surface has been added. 

Figure 5.1 gives a demonstrative overview about the investigated parameters. It also defines 

the direction for increasing values and how it is applied in the presented investigations. The 

inclination angle αi is defined as positive for a laser beam, which is coming from the top and 

is going downwards. In Figure 5.1 the laser beam is thrusting (inclined by 7° away from the 

moving direction) and going from bottom to top which means that αi is negative. 

 

Figure 5.1: Illustration of the parameter variation. 
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5.2 Categorizing of the Weld Top Geometries 

Due to the topic of the thesis, the evaluation of the weld seam geometry, especially the top 

geometry takes center stage in the following experiments. As a result of the cross sections that 

are presented in the following, six different top geometries can be distinguished. They are 

immediately presented to allow the reader to focus on them from the beginning and to follow 

the explanations. Table 5.2 names and exemplifies the general shape of the observed top ge-

ometries. Furthermore, a definition of the measured values is given as well as a short descrip-

tion of the main characteristics of the different welding defects related to the terms of Table 

4.4 [21]. The category specific measurements include the width of the weld (b1) and if neces-

sary the width of the reinforcement (b2) as well as the height of the reinforcement (h1) and the 

maximum depth of the undercut (h2). Further more, the measurement of elevation angles (α 

and β) and of toe radii (r1 and r2) is elementary to describe undercuts and reinforcements 

properly. 

a) 

Somewhat flat: 

 

Top geometry that is apparently flat by visual 

inspection. Slight unevenness can be detected 

by haptic inspection or optical magnification. It 

is defined by a height h1, a depth h2 and a width 

b1. 

b) 

Total reinforcement: 

 

Ascending elevation over the whole weld 

width. It’s defined by a height h1, a width b1, 

two toe radii r1 and r2 and two toe angles α and 

β.  

c) 

Partial reinforcement: 

 

Ascending elevation over a part of the width. 

Usually the reinforcement is centered. It is de-

fined by a height h1 and two widths b1 and b2, 

two toe radii r1 and r2 and two toe angles α and 

β. b1 defines the width of the weld seam includ-

ing the flat sections on either side of the eleva-

tion and b2 defines the width of the elevation.  
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d) 

Notch: Undercut with a raise at the bottom of the deep-

ening. The raise is centrally located. It is de-

fined by a depth h2 and a seam width b1. Two 

undercuts with measured radii r1 and r2 and 

opening angles α and β lie on either side of the 

material raise. The angles are not drawn due to 

a better clearness.  

e) 

Flat bottom undercut: 

 

Lack of material at the top geometry leads to a 

deepening. This undercut is characterized by a 

straight area between the two ascents. It is de-

fined by a depth h2 and a seam width b1. The 

undercut has two radii r1 and r2 and two open-

ing angles α and β in the corners of the under-

cut. The angles are not drawn due to a better 

clearness. 

f) 

Round bottom undercut: 

 

Lack of material at the top geometry leads to a 

deepening. This undercut is characterized by a 

low point with a depth h2 and a width of b1. The 

shape is defined by a single radius r1 and an 

opening angle α. The angle is not drawn due to 

a better clearness. 

Table 5.2: Classification of top geometries in six different categories. 

Six top geometry classes have been exposed and their formation and parameter dependency 

shall be presented and explained in the following.  

5.3 Laser Parameters 

5.3.1 Power 

Figure 5.2 shows how the cross section of a laser weld is influenced by the laser power. By 

raising the laser power and keeping the welding speed constant, the penetration depth in-

creases due to the higher line energy. The relation between the penetration depth and the ris-

ing laser power is almost linear as Figure 5.2 shows clearly. The width of the weld along the 

seam depth stays constant at a value of 1,2 mm, but the width at the top of the weld gets visi-

bly broader up to b1 = 2,1 mm. While the shape of the seam can be generally described as a 

U-form, the rise of the laser power leads to a wider joint on the top side, which leads to an 
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upcoming nail head geometry. In general, this effect can be caused by three different reasons. 

One reason for that phenomenon is the increasing influence of the metal vapor plume. By 

raising the power and keeping the welding speed constant, the amount of vaporized material 

could increase, which would lead to an expanded vapor plume. But even without this ex-

panded vapor plume, the energy absorption by the vapor can rise with an increasing laser 

power, which would consequently raise the heating of the vapor plume. In this case, the vapor 

plume would work as a second energy source and melt additional material close to the work-

piece surface. A second reason could be the former described Marangoni flow perpendicular 

to the joint, which can transfer heat energy to the sidewise weld pool boundaries, depending 

on the surface tension. A third reason for the widening of the top zone could be a heating of 

the weld pool by the laser beam. This happens if the shape of the laser beam doesn’t match 

with the shape of the keyhole. Another important finding is that the nail head geometry ap-

peared more at deeper weld seams. Because of the deeper penetration, more material gets 

evaporated and accelerates more of the hot melt upwards. This process brings additional heat 

energy to the top of the weld pool and widens the top area of the seam thereby. It couldn’t be 

ascertained within this investigation as to which of the listed reasons had been involved but a 

different energy input in the top zone can be clearly detected. The sharp transition between 

the seam shape in the top zone and the main shape of the weld seam in Figure 5.2 d) confirms 

this as well. 

 
 

 
 

Figure 5.2: Cross sections with an increasing laser power PL 

from 2,5 kW to 7,5 kW. zf = 0 mm; v = 2,0 m/min; thrusting 

forward (7°), horizontally welded. 

Figure 5.3: Cross sections of a 15 kW weld 

seam. zf = -7 mm; v = 2,2 m/min; thrusting 

forward (7°), horizontally welded. 

The cross section in Figure 5.2 c) shows a hot crack in the lower part of the weld seam. Hot 

cracks were often detected for the investigated parameter sets. Therefore, the formation of hot 

cracks and their reasons are described generally in chapter 6.5 and are not separately dis-

cussed for every single image. 

a) 2,5 kW   b) 4,0 kW   c) 6,0 kW    d) 7,5 kW      

2 mm 
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By considering the top geometry of the welds, a significant change in the shape can be dis-

covered. Using a power of 2,5 kW seems to lead to a somewhat flat top geometry for the used 

set of parameters, while raising the power effects the development of a reinforcement that 

becomes higher and wider. When analyzing Figure 5.3 in which the laser power is raised to 

15 kW while the rest of the parameters are similar except for the focal position, the described 

trend can also be seen. Due to the focal position in the workpiece, the basic form changes 

from a U-form in Figure 5.2 to a V-form in Figure 5.3. The focal shift reduces the sharp tran-

sition between the geometry of the top zone and the main shape of the weld seam. This is due 

to a general widening of the weld width on the top caused by a widened intensity profile of 

the laser beam. 

Based on the requirements from the LOST-project partner (see chapter 1.2), the tested weld-

ing speed was chosen to 5 kW while varying the other welding parameters. Nevertheless, in-

vestigations of seam geometry changes for a laser power of 15 kW have been accomplished to 

get full penetration welds as well as to reach the power limit of the used laser system. 

5.3.2 Welding Speed 

A series of different welding speeds is presented in Figure 5.4. It can be found, that the pene-

tration depth is bigger for lower welding speeds. As already indicated for a rising laser power 

in chapter 5.3.1, the variation of the welding speed affects the line energy and thereby the 

whole geometry of the joint. Besides the changing of the penetration depth, the width of the 

weld increases significantly by lowering the speed. This widening of the weld seam for low-

ered welding speed shows the growing influence of heat conductivity perpendicular to the 

joint. The change of the penetration depth compared to the change of the width is relatively 

small. The main shape remains as a U-form although the width in the top zone of the weld 

gets strongly affected by the welding speed variation. That means that there is a bigger energy 

input in the top area of the weld, which leads to a widening. Possible reasons for that have 

already been explained for the laser power variation (chapter 5.3.1). Finally, a clear connec-

tion between the widening process in the top zone and the line energy can be detected due to 

the results of the power and the speed variations.  
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Figure 5.4:  Cross sections with an increasing welding speed from 1,0 m/min to 2,25 m/min. zf = 0 mm; 

 PL = 5 kW ; thrusting forward (7°), horizontally welded. 

When analyzing the top geometries in Figure 5.4, a change of the top geometry can be no-

ticed. The top geometry changes from a somewhat flat surface a) and b) over a partial rein-

forcement c) to a total reinforcement d) and e). The categorizing of the weld seam might not 

always be clear due to boundary shapes like shown in Figure 5.4 b) and d). In figure b) for 

example, small undercuts on both sides of the reinforcement combined with a relative broad 

weld seam, compared to the height of the reinforcement, make a clear evaluation of the top 

geometry difficult. In this case, the term somewhat flat might be more accurate for some peo-

ple than partial reinforcement. That fact is unproblematic because it shows that there is a 

flowing cross-over from one to another top geometry. This helps to find correlations between 

the top geometry classes. 

Without the need to constitute the geometry class in Figure 5.4 b) and d), a certain trend in the 

changing of the top geometry can be declared. Interesting is, that the width and the height of 

the reinforcement actually don’t really change. The hump remains constantly over the joint 

with almost the same values of height and width. Only the width of the whole weld seam var-

ies and leads to a change in the classification of the top geometry. 

A hot crack can be identified in Figure 5.4 d). Without discussing the hot crack formation at 

this point, it can be observed, that the hot crack is located in the lower part of the weld seam. 

A slight throat of the weld seam above changes the basic form of this joint from a U-form to a 

slight Amphora-form, which is susceptible for this kind of defect. Figure 5.5 shows a typical 

Amphora-form of a weld achieved with a very low welding speed. The increasing influence 

of the Marangoni flow for low welding speeds can be clearly seen by the widening of the 

weld seam in the top area. Even if this cross section doesn’t feature a hot crack, the lower part 

of this weld seam geometry is critical for cracking. 

     a) 1,0          b) 1,25         c) 1,5           d) 2,0         e) 2,25  [m/min] 

2 mm 
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Figure 5.5: Amphora-form of a weld cross section due to a very low welding speed. zf = 0 mm; 

 v = 0,4 m/min; PL = 5 kW ; thrusting forward (7°), vertically welded. 

The cross sections in Figure 5.6 have been produced with a laser power of 15 kW. According 

to this, the welding speed has been raised to keep the weld seam narrow. The other conditions 

are comparable with the ones from Figure 5.4. The dependency of the penetration depth from 

the line energy can be clearly identified here as well.  

The general shape of the seam is not as constant as for 5 kW. Slight variations in the width all 

along the joint and a changing between U-form and V-form can be detected. Furthermore, the 

top geometry alters irregularly and doesn’t allow ascertaining a tendency.   

 

Figure 5.6: Cross sections with an increasing welding speed v from 4,0 m/min to 10 m/min. zf = +1 mm; 

 PL = 15 kW ; thrusting forward (7°), horizontally welded. 

When focusing on the top geometries, all the cross sections feature an undercut. Figure 5.6 b) 

shows spatters within the undercut. Spatters along the entire weld were also found for this 

parameter set. For that reason, the top geometry in this image can’t be classified as a notch. 

 

2   mm   

  v=    a) 4,0          b) 4,5         c) 5,0           d) 8,0        e) 10,0  [m/min] 

2 mm 

throat 

crack critical  
area 
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All of these welds have an irregular surface so that a clear trend concerning the top geometry 

cannot be ascertained.  

5.4 Laser positioning 

5.4.1 Focal Position 

According to the big Rayleigh length of the high brilliant fiber laser, a slight change of the 

focal position doesn’t influence the geometry of the weld seam concerning depth and width. 

That result was already expected and is confirmed in Figure 5.7. Putting the focal position 

more in the workpiece diminishes the energy density on the surface due to a broader beam 

profile. That leads to a less deep but broader seam, as it is shown in Figure 5.7 d). This phe-

nomenon could also be detected in a similar way for welding speeds of v = 1,5 m/min and 

v = 2,5 m/min as well as small hot cracks in the lower part.  

 

Figure 5.7:  Cross sections with a changing focal position from +1,0 mm to -5,0 mm. v = 2,0 m/min; 

 PL = 5 kW ; thrusting forward (7°), horizontally welded.  

These narrow welds with their smooth and somewhat flat top geometries turn the applied pa-

rameter set into the best one for the required purpose of getting a slight undercut while having 

a penetration depth of at least 6 mm according to the industrial requirements (see chapter 1.2). 

The parameter set that leads to the cross section of Figure 5.7 b) has been chosen to fulfill 

these requirements and to be adapted for welding the final 2 m long beams. 

For that reason the further investigation of parameter variations is based on this parameter set. 

Further parameter variations are accomplished in the following to improve the understanding 

in the formation process of the geometry and its coherency to the used parameters.  

A focal position variation has also been accomplished for a laser power of 15 kW. As it can 

be seen in Figure 5.8, the resulting shape of the weld seams can be characterized as narrow 

zf = a) +1,0 mm    b) 0 mm    c) -3,0 mm  d) -5,0 mm        

2 mm 
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and deep. The penetration depth is quite constant as well as the width along the entire weld 

seam. Except the weld seam of Figure 5.8 e), the basic shape of the cross sections remains as 

a U-form. For a focal depth of zf = -7,0 mm, the weld shape changes to a V-form, which can 

be explained by the calculated Rayleigh length of about ± 8,0 mm. 

 

Figure 5.8: Cross sections with a changing focal position from +5,0 mm to -7,0 mm. v = 4,0 m/min; 

 PL = 15 kW ; thrusting forward (7°), horizontally welded. 

Compared to the uniformity of the general weld seam geometry, the changes in the top ge-

ometry are quite large. It must be added, that the surface of the weld seams in Figure 5.8 were 

slightly irregular and a lot of spatters have been detected in the area around the joint. How-

ever, the similarity of the cross sections makes them still usable for getting results out of 

them.  

Following the shown top geometry trend in Figure 5.8, a change from an undercut to a some-

what flat surface can be detected. A rising notch characterizes the intermediate stage between 

these two shapes. The lack of material, which can be seen as the reason for an undercut, is 

caused by spatters around the welding zone. These spatters are formed due to the high energy 

density at the surface. The comparatively low welding speed and the resulting high line en-

ergy increase the weld pool dynamics, which effects an ejection of material. By moving the 

focal position into the workpiece, the weld surface becomes more and more stable and the 

number of detected spatters decreases. Finally a flat top geometry and a very stable and 

smooth weld seam without any spatters is achieved, as shown in Figure 5.8 e). 

Figure 5.9 demonstrates how the weld geometry is influenced by a focal position that is more 

in the workpiece or even behind it. Initially Figure 5.9 a) gets compared with Figure 5.8 e) to 

create a connection between these two picture series. While the focal position at both cross 

sections is 7 mm in the workpiece, the welding speed in Figure 5.9 is reduced to 2,2 m/min. 

The expected deeper penetration due to the diminished speed gets counterbalanced by the 

changing of the laser beam orientation from a horizontally to a vertically operating laser 

a) +5,0         b) +2,0         c) -1,0         d) -5,0         e) -7,0     [mm] 

2 mm 
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beam. The influence of the laser beam orientation is investigated in chapter 5.5.3. Further-

more a reinforcement has been formed. The weld is wider at the top, which will be more in-

vestigated in chapter 5.5.3 and discussed in chapter 6.3, so that it is not further explained at 

this point. 

By putting the focal position much deeper into the workpiece, the penetration depth gets less. 

At the same time the whole weld gets wider, especially in the top area. The reason for both is 

the caustic-related, broader intensity profile and the associated lower energy density. The 

general weld shape changes from a V-form to a U-form with an increasing nail head geome-

try. The shape of cross sections b) and c) can also be named as Amphora-form. Figure 5.9 b) 

shows a small “tail” at the bottom of the weld seam. Due to its shape and position this phe-

nomenon is probably caused by a local defect like a bigger ripple (like shown in Figure 4.5) 

and has not been further investigated. 

 

 Figure 5.9: Cross sections with focal positions of (a) -7,0 mm, (b) -13,0 mm and (c) -28,0 mm and high 

 speed images of their weld pools (d-f)1. v = 2,2 m/min; PL = 15 kW ; thrusting forward (7°), 

 vertically welded. 

The height of the reinforcement doesn’t vary significantly but the transition between the weld 

and the basic material becomes smoother. The reason for that can be seen in the high speed 

images. As it is shown in Figure 5.9 d) to f), the weld pool becomes longer for focal positions 

which are deep in the workpiece. Because of this, the molten material has more time to calm 

down and to disperse equally. Less turbulence in the weld pool due to the lower energy den-

sity might be also responsible for the smoother weld surface. 

                                                 

1Because of the angular video recording, the change of the weld pool width can’t be clearly detected. 

2 mm 

zf =       a) -7,0            b) -13,0               c) -28,0                   [mm] 

30 mm 

34 mm 

42 mm  

zf = 

d) -7    

 

e) -13 

 

f) -28 

 

keyhole  
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5.4.2 Lateral Alignment 

The very small focal diameter of df = 0,67 mm and the long focal length of f = 500 mm make 

it quite difficult to hit the joint always perfectly. High requirements on the precision and sta-

bility of the movement of the laser supporting machine or robot are made to hit the joint per-

fectly over long welding distances. A firm clamping and a smooth setup are important as well. 

Due to a difference between laboratory and industrial conditions, investigations concerning 

the consequences of a lateral offset seem to be fundamental for industrial applications. 

The results of the executed experiments have shown a high sensibility in the variation of the 

impact position of the laser beam. Therefore, a lateral offset has been investigated as it is 

shown in a series of cross sections in Figure 5.10. As it is presented, a laser beam, which hits 

perfectly the joint, leads to a narrow and smooth weld seam. Due to the very small spot size of 

the laser beam, little offsets, as demonstrated in Figure 5.10 b) and d), reduce the penetration 

depth and make the joint wider. By increasing the offset further, a lack of fusion is the result. 

The plates in Figure 5.10 a) are still connected by a very small fusion zone, while there is no 

fusion at all in picture d), in which the laser beam only hits the DOMEX plate.  

 

Figure 5.10: Cross sections with a varied lateral offset. zf = -1 mm; v = 2,0 m/min; PL = 5 kW; thrusting for

 ward (7°), horizontally welded. 

In Figure 5.10 a) and e) the laser energy is not sufficient to melt the materials on either sides 

of the joint. The connection is only surface-fused but not really connected. Tensions in the 

material can break this fusion, like in Figure 5.10 e). The quality of the connection in Figure 

5.10 a) is similar but not just as well visible, because it remained unbroken. When the laser 

beam doesn’t hit the joint in the middle, the thermal energy might not be enough to melt both 

materials. In this case, the air gap works as a thermal insulator, what has already discovered in 

former researches [22]. All the heat input from the laser beam remains in one workpiece and 

is used to melt only the steel on one side of the joint. Due to the fact that the heat transporta-

        a) -0,5        b) -0,25         c) 0          d) +0,25       e) +0,5    [mm] 

2 mm 
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tion in air is worse than in solid bodies, the thermal flow works only in one direction and 

makes the weld seam wider.  

The comparison of the cross sections in Figure 5.10 a) and e) demonstrates significant differ-

ences in the top geometry. A reason for that can be the different material properties, which 

lead to a changed material expansion and solidification behavior. Another reason for the dif-

ferent top geometries is supposed to be a variation in the energy coupling. The surface of the 

WELDOX plate that is facing into the direction of the laser beam is matt and has a thicker 

oxide layer compared to the DOMEX plate, which is shiny on this side due to a laser cut sur-

face. For this reason, the interaction between laser beam and workpiece will be different on 

both sides of the joint. The unlike surfaces combined with different material behavior might 

be the reason for a different current in the weld pool, which leads to a changed top geometry. 

These findings about the differences in the top geometry were used to fulfill the described 

requirements (see chapter 1.2). A slight offset towards the DOMEX plate was applied for 

welding the 2 m beams. For this specific application it ascertained, that the resulting weld 

seam geometry will have a small undercut instead of reinforcement. 

5.4.3 Inclination Angle 

In this parameter study, investigations have also been executed for a varying inclination an-

gle. Thereby, inclination angles of ± 5° and ± 10° have been realized. Within this variation, 

the laser beam was supposed to hit the joint always in the same depth in the workpiece. The 

cross sections Figure 5.11 show that this intention wasn’t achieved. As it is shown in Figure 

5.11, the laser beam hit the joint in all the four cross sections in another position. Therefore it 

is hard to compare the different geometries. But there are still conclusions deducible. As it is 

shown, the top geometry doesn’t get involved by an inclination variation. A partial reinforce-

ment remains constantly centered at the top of the seam. All the weld seams within this figure 

exhibit the same penetration depth, except of Figure 5.11 c). This weld seam is less deep and 

noticeable wider than the other ones. A reason for that might be different heat conductivity 

behaviors of the two materials. The seam of Figure 5.11 c) is almost only in the WELDOX 

plate and touches the DOMEX plate just slightly. The lower part of the seam in Figure 5.11 d) 

shows also different heat conduction behavior of the two materials, as it has already been 

shown in the lateral alignment variation before. 



  55 

 

 

Figure 5.11: Cross sections with a changing inclination angle. zf = 0 mm; v = 2,0 m/min; PL = 5 kW ; thrust

 ing forward (7°), horizontally welded. 

A quite characteristic phenomenon can be seen in Figure 5.11 e). The seam follows the joint 

in a certain way. A former research [3] has already shown similar results. It identifies the joint 

as a thermal barrier or insulator when it doesn’t get hit by the keyhole. The heat from a key-

hole would usually travel in an equal amount in both directions [22]. A keyhole close to the 

joint traps the heat energy instead between itself and the joint. The heat energy will not cross 

the gap in a way to melt the material on the other side of the gap. Instead of that, the heat gets 

more concentrated in this area, while it can freely conduct on the other side of the weld. As a 

result, the weld seems to follow the joint but without any fusion between the two materials.  

5.4.4 Welding Direction 

The investigation in this thesis concerning the variation of different parameters also includes a 

variation of the laser beam guidance for 5 kW and 15 kW. It is distinguished between a thrust-

ing forward and a dragging backwards laser beam with either 7° inclination angle. These two 

different ways of adjusting the laser beam to the workpiece were implemented by changing 

the welding direction without any changes to the laser set up. The experiments for that varia-

tion have been executed with a vertically operating laser beam. 

As it is shown in Figure 5.12, the change of the welding direction with an inclined laser beam 

doesn’t seem to have a big influence on the seam geometry for a laser power of 5 kW. A con-

stant penetration depth, seam width, hot crack location and length, formation of a reinforce-

ment and a U-formed main shape can be detected. Even if there are no visible trends to notice, 

the result consolidates the stability of the process and the conformity of the weld seam ge-

ometry by using an almost identical parameter set. 

        a) -10°           b) -5°          c) +5°        d) +10°      

2 mm 

 e) 
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Figure 5.13 shows a big influence of the welding direction for a 15 kW laser weld. The pene-

tration depth is much smaller when using a thrusting laser beam. Also the height of the rein-

forcement and the width of the weld decrease compared to a dragging laser beam guidance. 

By comparing Figure 5.13 a) and b), a difference in the volume of molten material can be 

detected, which indicates a different amount of energy input. The reduced energy input for a 

thrusting laser beam might be related to a modified interaction process between the laser 

beam and the vapor plume. This phenomenon will be outlined and modeled in a discussion 

later on in this thesis (see chapter 6.3). 

   

Figure 5.12: Differences in a 5 kW weld cross section 

between a thrusting (a) and dragging (b) laser beam 

guidance. zf = 0 mm; v = 2,0 m/min; vertical welding. 

Figure 5.13: Differences in a 15 kW weld cross sec-

tion between a thrusting (a) and dragging (b) laser 

beam guidance. zf = -7 mm; v = 2,2 m/min; vertical 

welding. 

In general, the basic weld shape in Figure 5.13 is a V-form resulting from a focal position in 

the workpiece. The widening of the top zone can be assumed as a result of the high energy 

input due to the high laser power and the relative small welding speed. Possible reasons for 

this widening have already been named before for power and speed variations.  

5.5 Plate Preparation 

5.5.1 Height Displacement of the Plates 

A big issue for laser welding is the alignment of the workpieces that shall be connected. Even 

if the plates are perfectly aligned at the beginning of the process doesn’t guarantee the 

achievement of a good weld seam. Due to the huge amount of energy that is put into the 

workpieces by the laser radiation, the plates get heated up and distorted. A setup, which is 

optimized for the application, as well as a proper clamping can strongly reduce the distortion. 

Nevertheless, the misalignment of the two workpieces remains as an important topic espe-

cially because of the very small focal diameter of a fiber laser. The top weld geometry is even 

2 mm 

15 kW 

       a)                     b) 

2 mm 

       a)                  b) 

5 kW 
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more sensitive on small changes in the alignment of the plates. Therefore, the displacement of 

the plates is investigated in the following.  

While the WELDOX plate on the left side of the cross sections stays over the whole picture 

series in Figure 5.14 at the same place, the DOMEX plate is getting moved along the laser 

beam direction. The penetration depth remains constant relating to the top surface of the left 

plate, where the focus is located. It increases if you choose the right plate as a reference. The 

sizes and the general shape are constant. Though, the top geometry shows a changing in the 

shape. Figure 5.14 a) shows a big reinforcement that becomes smaller in picture b), changes 

to a partial one in picture c) and disappears in Figure 5.14 d). That confirms a finding from 

Figure 5.10, in which a trend to the formation of a reinforcement by melting more WELDOX 

was discovered. 

 

Figure 5.14: The influence of plate misalignment on the weld geometry. The displacement goes from

 -1,5 mm to +1,5 mm. zf = 0 mm; v = 2,0 m/min; PL = 5 kW ; thrusting forward (7°), horizontally 

 welded. 

By raising the laser power to 15 kW, similar results concerning the top geometry can be 

achieved as shown in Figure 5.15. Even though the joint wasn’t perfectly hit by the laser 

beam, the two plates got fully connected over the whole penetration depth. The comparison of 

the top geometry along the picture series in Figure 5.15 shows a decreasing reinforcement 

from picture a) to d). Due to the laser inclination, which is more on the WELDOX side, the 

already discussed bigger volume expansion of WELDOX compared to DOMEX during the 

welding process is noticeable again. This trend is not as good to realize as in Figure 5.14, but 

has already appeared the third time in these experiments.  

        a) -1,5        b) -0,5         c) +0,5          d) +1,5       [mm] 

2 mm 
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Figure 5.15: The influence of plate misalignment on the weld geometry. The displacement goes from -

 2,0 mm to +2,0 mm. zf = -7 mm; v = 2,0 m/min; PL = 15 kW ; thrusting forward (7°), horizontally 

 welded.  

The varying penetration depths are caused by not hitting the joint perfectly. In Figure 5.15 d) 

there is the first root penetration. The shown root geometry is called root sagging and happens 

usually with an undercut of the top geometry as described in Table 4.4. Due to the expansion 

behavior of WELDOX it appears here with a reinforcement at the top geometry. That means 

that the first assumed change of the top geometry caused by the increasing melting of 

DOMEX steel might be not applicable in this case. The reason is rather a sagging of the mol-

ten material. However the former trends are not lapsed because of that. It proves instead the 

expansion of the WELDOX steel. 

5.5.2 Gap Width 

The importance of the right alignment of the workpieces is shown as well in a picture series in 

Figure 5.16. The different cross sections were made along one laser seam with a distance of 

10 mm between each of them. An increasing gap between the two plates leads to a completely 

different geometry of the weld seam. The rising gap might be caused by an edge on one side 

of the laser cut WELDOX plate, by a metal chip between the plates, by the ripples due to laser 

cut surface (see Figure 4.5), uneven plate surfaces or just by an improper clamping. No matter 

which the actual reason was, the consequence of a gap between the two workpieces at laser 

welding is clearly shown in Figure 5.16. 

        a) -2,0              b) -1,0           c) +1,0           d) +2,0       [mm] 

2 mm 
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Figure 5.16: Cross sections with an increasing gap between the workpieces. zf = -7 mm; v = 2,2 m/min; 

 PL = 15 kW ; thrusting forward (7°), horizontally welded. 

Directly after the welding process, the surface of the joint could be classified as irregular. The 

changing of the top geometry from a reinforcement to an undercut leads to the conclusion of 

an unstable process. But the reason for that is not the wrong set of parameters as further ex-

periments with the same parameters showed. This figure shows how impressive the huge 

variation of the weld seam geometry can be, even if the parameters remain constant. 

Figure 5.16 d) shows how the molten material sags through the increasing gap. This lack of 

material in the upper weld zone causes an undercut. But even if material leaves the joint at the 

bottom doesn’t mean that the plates are welded together. A lack of fusion is shown in Figure 

5.16 d) where the material just flowed between the two plates and left the joint. Because of 

this, the appearance of material at the bottom side of the joint doesn’t necessarily mean, that 

there is a full penetration as well. However, the gap between the plates in Figure 5.16 e) fa-

cilitates the energy coupling into the workpiece. There is less material that needs to be molten 

which allows a deeper penetration. A lack of fusion can’t be detected in this case, but the gap 

leads to a material flow downwards with a root sagging at the bottom and an undercut at the 

top. 

5.5.3 Differences Between a Horizontally and a Vertically Operating Laser Beam 

Caused by a better clamping for welding the prototype beams over the full length, the laser 

setup was arranged for horizontal welding. High speed imaging was realized instead for verti-

cal laser beam guidance, because of an easier handling of the camera. Because of this, differ-

ences in the weld seam geometry due to a vertically and horizontally operating laser beam can 

be investigated in this thesis as well.  

        a)                       b)                     c)                       d)                      e) 

 

2 mm 
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As it is shown in Figure 5.17, horizontal welding leads to a considerable deeper penetration 

compared to vertical welding. In contrast the weld gets wider in the top area while welding 

vertically. The shape of the weld seam is quite constant and can be described as a U-form 

concerning its vertical seam barriers in both samples. The top geometries of the welds are 

quite similar with a somewhat flat surface in Figure 5.17 a) and a small partial reinforcement 

in Figure 5.17 b). Both cases feature hot cracks in the lower part. 

      

Figure 5.17: Cross sections of horizontal and verti-

cal laser welding with 5 kW. zf = 0 mm; 

v = 2,0 m/min; thrusting forward (7°). 

Figure 5.18: Cross sections of horizontal and vertical 

laser welding with 15 kW. zf = -7 mm; v = 2,2 m/min; 

thrusting forward (7°). 

Figure 5.18 shows two cross sections of 15 kW weldings. The horizontally welded seam 

shows a deeper penetration compared to the vertically welded one, just as shown in Figure 

5.17 a). Figure 5.18 a) shows a narrow full penetration weld with a smooth V-form and a flat 

top geometry. The root geometry, which didn’t appear in the most of the executed experi-

ments, is marked by a root sagging. The shape of this root sagging is caused by the horizontal 

experimental setup and the resulting gravity force.  

The two cross sections in Figure 5.18 can’t be directly compared yet. The change from a nor-

mal keyhole welding to a full penetration welding involves differences in the process and in 

the energy transportation. The laser beam propagates through the keyhole and doesn’t get 

reflected at the bottom of the weld. The result is, that there are fewer interactions between the 

laser beam and the material and the absorption rate decreases. Furthermore, the full penetra-

tion enables the molten material to sag and to leave the joint at the root. That influences not 

only the basic shape of the weld seam but also the top and the root geometry. It can be 

claimed, that the flat top geometry is caused by a lack of material, which sagged at the root. 

Otherwise a reinforcement like presented in Figure 5.18 b) for the vertical case might has 

been formed as well. 

Figure 5.18 b) shows a V-formed weld shape based on the focal position of zf = -7 mm. The 

width and the shape of the weld are comparable to Figure 5.18 a). The main differences ex-

2 mm 

 a) horizontal   b) vertical 

2 mm 

 a) horizontal     b) vertical 
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cept of the penetration depth are the total reinforcement and the wider seam in the top area. 

While the differences in the top geometries between Figure 5.18 a) and b) can be explained by 

root sagging, the widening of the upper part of the weld seam, which makes this weld shape 

to a nail head shape, must be caused by a different heat input or heat conduction.  

In general it can be said, that the orientation of the laser beam guidance has a noticeable influ-

ence on the energy input and the energy distribution and thereby on the weld seam geometry. 

Similar findings were already obtained in chapter 5.4.4 by comparing the welding direction 

while using a thrusting and dragging laser beam. That confirms even more, that the effect of 

the metal vapor plume needs to be accurately discussed and modeled, which is done in chap-

ter 6.3. 

5.5.4 Influence of the Workpiece Surface Structure on the Weld Seam  

The base material was laser cut and featured a rippled surface. Even if the industrial applica-

tion in the underlying project excludes a pre-treatment of the material, experiments with 

milled surfaces have been accomplished. The influence of the workpiece roughness is surpris-

ing. The comparison of weld seam cross sections with a laser cut and a milled WELDOX 

plate is shown in Figure 5.19. 

The laser cut WELDOX plate leads to a significantly deeper penetration as the milled one. A 

reason for that might be the slight gap between the plates due to the ripples of the laser cut 

surface. As it was shown in Figure 4.5, not only the regular ripples but also the irregular rip-

ples can cause a variation of the gap, even if the clamping is proper. This little gap can be 

detected for all of the investigated cross sections. Its relevance can finally be seen and needs 

to be considered for the formation process of the weld seam geometry.  

 

Figure 5.19: Cross section of laser welds with a laser cut (a) and a milled (b) WELDOX plate. zf = -7 mm; 

 v = 2,2 m/min, PL = 15 kW, dragging (7°), vertically welded.  
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Beside the penetration depth, the reinforcement of the laser cut sample is also bigger, as it is 

shown in Figure 5.19 a). Without the existence of further results to this topic, assumptions can 

be formulated. According to that, the energy coupling into the workpieces seems to be easier 

with a small gap between the workpieces. That might be caused by more reflections of laser 

light within the gap, which leads to a higher absorption rate or just the fact, that there is less 

material that needs to be molten. More investigations are required to allow well-founded ex-

planations.  
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6 Discussion 

6.1 Categorization of Different Top Geometries 

As it could be seen, the weld geometries particularly the top geometry varies significantly. 

Even if the sizes of the weld geometries always change, a generalization and classification of 

the resulting weld top geometries have been done in order to simplify the problem of different 

shapes. This simplification is important to elaborate possible reasons for the transition from 

one category to another. In that way the results might be applicable for other similar welding 

applications. 

Due to the fact that the welding process in general is a highly dynamic, not completely under-

stood process with a high dependency of a lot of different factors, the following systematic 

can just give a basic idea how the geometry results can be explained. Like already realized in 

different papers [5,23], the simplification of complicate processes and coherences shall help 

to give the operator ideas how to adapt the findings to his individual application and expand 

the knowledge by developing the results further in a unified and illustrative manner.  

According to that, six different top geometries have been detected in the shown and evaluated 

cross sections. The changeover from one to another top geometry has been observed as not 

casual for stable welding processes. Correlations between the top geometries have been de-

tected, as shown in Figure 6.1. Changeovers between the top geometries can be realized by 

the variation of certain parameters in sufficient diminutive steps. 

 

Figure 6.1: Simplified models of the six different weld top geometries and their transitions between each other.  

Figure 6.1 shows the total reinforcement and the flat bottom undercut as the two marginal 

shapes. To get from the reinforcement to the undercut, the reinforcement becomes first 

total reinforcement partial reinforcement somewhat flat 

flat bottom undercut notch round bottom undercut 
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smaller until it disappears. Due to a local lack of material, whose reasons are discussed later 

on, an undercut gets formed. According to the investigated cross sections, this process can be 

initiated in two different ways. Depending on the parameters, the undercut starts from the 

center of the weld or from the toes. Both phenomena have been detected in the investigated 

cross sections and are visualized in Figure 6.2. Consequently, a notch doesn’t need to be 

formed to get from a flat surface to an undercut.  

 

 

Figure 6.2: Two different ways and locations of undercut initiation. 

The different top geometry classes have been displayed and put into a context. Their forming 

and possible reasons for their appearance shall be discussed and presented in the following. 

6.2 Assumed Forming Process for the Different Top Geometry Classes 

The forming of the top geometry is influenced by a lot of different parameters. The determin-

ing factor is the weld pool dynamics indeed. Depending on the dynamics and the currents in 

the weld pool, the shape of the top geometry changes. In the following, the different top ge-

ometry classes will be discussed, various reasons for their forming presented and trends de-

pending on parameter variations, as observed in the presented experiments, added. Due to the 

similarity of the two found undercuts and reinforcements, they are going to be discussed to-

gether. 

Somewhat flat geometry 

A flat top geometry can be seen as the optimum result of a welding process. The workpieces 

are connected in a manner, in which the weld seam doesn’t mark the weak point. In real ap-

plications, the geometry is hardly perfect flat. For this reason, the flat top geometry might be 

too unsafe to resist the loading requirements in every point of the weld due to small local un-

dercuts and ripples. 
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A somewhat flat geometry has been detected for parameter sets, in which the line energy was 

appropriate small or where the focal position was located considerably in or above the work-

piece. In this case, the dynamic in the weld pool is low compared to a focal position close to 

the surface and a high energy density on the surface. The weld pool can better release and 

solidify with a balanced material dispersion. A somewhat flat top geometry is the final result. 

Reinforcement 

The formation of a heightening at the top of the weld seam can have different reasons. A ma-

terial specific conversion of the structural condition in the metal [15] might lead to a certain 

expansion of the volume. The material will expand during the melting process and swell as 

soon as it becomes liquid. During the cooling process it shrinks again until it reaches the melt-

ing point at which it solidifies. When it cools down further the shrinkage process continues 

which induces stress in the seam since the material has already solidified. But this alone can’t 

explain the clear variations of the top geometries because this process is more or less constant 

for all the weldings.  

Because the most of the investigated welds don’t have a full penetration and have been exe-

cuted without any filler material, the volume of metal in the whole weld seam is limited. 

Therefore, the formation of the reinforcement must be caused by a reallocation of the mate-

rial. Compressive forces at the top shall be named here as another important reason for weld 

seam heightening. All these possible causes are illustrated in Figure 6.3. Case three, which 

concerns a possible change in the microstructure of the metal, has not been investigated here 

and might have a minor effect on the height of the reinforcement anyway. The compressive 

stress at the top, as it is shown in case two, can be assumed as constant for the unchanged 

plate arrangement and clamping setup in this investigation and can’t explain changes in the 

formation of the top geometry for this reason. That makes the currents in the weld pool to the 

most interesting part in the formation process of the reinforcement.  

 

Figure 6.3: Different reasons for the formation of a reinforcement: 1) material expansion, 2) compressive 

 forces, 3) change in the crystal structure. 

3 

2 

1 
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The currents in the weld pool are quite complex and not sufficiently investigated. Even if ba-

sic currents are known, their combination to a final overall current is hardly possible. Too 

many different factors, like dimensions of the weld pool, dimension of the keyhole, material 

characteristics, etc. are influencing the melt flow. That makes the weld pool currents unique 

for every single welding application and set of parameters. Due to some trends in the pre-

sented parameter study and some high speed images, an assumption of the reinforcement for-

mation shall be given and illustrated in a model. 

Depending on the chosen parameters, the dynamics in the weld pool change. A lot of big 

waves in the weld pool have been detected at 5 kW welds (Figure 6.4) as well as at 15 kW 

welds (Figure 6.5). For this reason and due to the resulting top geometries it can be assumed, 

that the reinforcement is being generated by an overwhelming of the already solidified mate-

rial at the tail of the weld pool by waves of molten material.  

 

  

Figure 6.4:  Weld pool shape forming a partial rein-

forcement. zf = 0 mm; v = 2,0 m/min, PL = 5 kW, 

thrusting (7°), vertically welded. 

Figure 6.5: Weld pool shape forming a total rein-

forcement. zf = -7 mm; v = 2,0 m/min, PL = 15 kW, 

dragging (7°), vertically welded. 

 

The shape of the weld pool poses a key role in the formation process of a partial or total rein-

forcement. A sharp converging weld pool combined with a highly dynamic weld pool surface 

leads to a partial reinforcement. As the model in Figure 6.6 a) shows, the weld pool becomes 

more and more narrow. The solidification front guides the melt at the tail of the weld pool. If 

the molten material hasn’t released up to then, it will overwhelm and form a reinforcement in 

the middle of the joint. If the weld pool remains broad until it hits the solidification front at its 

tail, the overflow will generate a total reinforcement (compare Figure 6.6 b)). The solidifica-

tion front from the bottom side shouldn’t be neglected. It pushes the motioned melt upwards 

as it is shown in Figure 6.6 c). The degree of this process depends on the velocity of the cur-

rent. 

waves 

weld pool 

boundary 

waves 

weld pool 

boundary 
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Figure 6.6: Melt flow and solidification process at the reinforcement formation from the top view for a par-

tial (a) and a total reinforcement (b) and from the side view (c). 

The trend in the experiments showed a dependency on the line energy. In general, total rein-

forcements have been formed at the highest investigated line energies. The focal position was 

mostly placed in the workpiece. How the orientation of the laser beam, like thrusting and 

dragging, influences the weld pool, needs to be investigated yet. 

Undercut 

The reason for an undercut at the top is in general a lack of material. This lack might be 

caused by spatters, a bending of the plates, a gap between the plates or a full penetration weld. 

Figure 6.7 shows the different options of an undercut formation. By the inspection of the root 

side of the joint, root sagging or spatters around the joint due to full penetration welding or 

gap separation can be detected and might effect an undercut on the top side. For welds with a 

partial penetration, the reason for an undercut is mostly found in spatters around the weld or a 

bending of the plates. For latter, the undercut is not caused by a lack of material but by an 

increasing volume to fill. It is often the fault of a bad or improper clamping. 

c) 

weld seam 

keyhole 

solidification front 

solidification front 

weld pool 

solidification front 

a) 

b) 
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Figure 6.7: Different options that can lead to an undercut: 1) spatters, 2) tensile forces, 3) gap, 4) full pene-

 tration. 

Concerning the parameters, the four different cases from Figure 6.7 must been treated sepa-

rately. The reason for spatters in the executed experiments was a high energy density on the 

surface. They appeared mostly at 15 kW welds with focal positions on the surface or slightly 

under or above it. A focal position considerable away from the surface as well as an increase 

of the welding speed might help to avoid this defect. The bending of the plates can occur due 

to an improper clamping or specific material characteristics. This case is just assumed and 

hasn’t been investigated. It is only presented to complete the illustration. Case three has been 

detected for an increasing gap, which might be caused by a metal chip between the two work-

pieces. The gap allowed the molten material to flow through it. The way of surface treatment 

like laser cutting, which can carry irregular defects or the presence of a ridge, should be 

named here as well. The process of keyhole welding alters for the changeover to full penetra-

tion welding. The whole material, heat and energy flow is different here. In that case a lack of 

material due to root sagging or spatters on the root side of the workpiece can effect an under-

cut on the top side. 

With the available cross sections and high speed images, the difference in the formation proc-

ess of a flat and a round bottom undercut can’t be explained. A different current in the weld 

pool is just an assumed reason. According to that, the molten material might form a flat bot-

tom undercut if it has the time to calm down before it gets solidified. The round bottom un-

dercut is formed accordingly when the melt doesn’t have the time to flow down the weld 

seam walls before it gets solidified. However, this is just an assumption and needs to be 

proofed by more high speed camera observed experiments. 

1 

2 

3 
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Notch 

The formation of a notch can be assumed as a combination of an undercut and a reinforce-

ment. Strong currents in the weld pool and a lack of material caused by the already named 

reasons will form a notch in a similar manner as the reinforcement is formed. Due to the lack 

of material, the location will be displaced to a lower level in the workpiece. The parameter 

dependency couldn’t be clearly determined, because the number of cross sections with this 

top geometry class was too small. But a trend can be named as raising the energy density on 

the surface while having a somewhat flat geometry. 

6.3 Influence of the Vapor Plume on the Top Geometry  

The disturbing influence of the vapor plume and the hot air around it has already been gener-

ally described in chapter 2.4. In the following, models, which are based on the results of the 

experiments, shall help to illustrate this disturbance. These models are a first assumption and 

need to be proved by further experiments which are focusing on this topic. An investigation 

about the parameter dependency of the metal vapor plume and the beam distortion by hot air 

would go beyond the scope of this thesis. 

Differences in the penetration depth between a thrusting and a dragging laser beam have been 

determined. Especially for 15 kW, a dragging laser beam with a pitch of 7° has coupled more 

energy into the workpiece compared to a thrusting one. A deeper penetration was the result. 

Figure 6.8 can help to understand which reasons might have been caused this effect. Accord-

ing to this, a thrusting laser beam gets more disturbed by its own produced metal vapor than a 

dragging one. The small vapor clouds, which are produced in every single point along the 

weld, rise consecutively and form a vapor cloud like it is simplified drawn in the model. De-

pending on the inclination angle of the laser beam and the welding speed, this vapor plume 

will disturb the laser radiation more or less. If the laser beam is inclined in the other direction 

instead, it will always run ahead this plume and get less disturbed. A higher energy input is 

the result.  

It must be considered, that this model and the explanation are based on the fact, that the laser 

is moved and not the workpiece. 
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Figure 6.8: Model of the different vapor plume influence for a dragging (a) and thrusting (b) laser beam. 

A similar explanation might also be applicable for the differences in penetration depth be-

tween a horizontal and a vertical operating laser beam. Depending on the laser beam guid-

ance, the rising vapor plume distorts the laser radiation in a different degree as it is shown in 

Figure 6.9. The real influence of the vapor plume and the dimensions of its rise need to be 

investigated in further and adapted experiments. This model shall just give a first idea how the 

observed investigations could be explained. 

 

Figure 6.9: Model of the different vapor plume influence for a horizontally (a) and a vertically (b) operating 

 laser beam. 

thrusting dragging 

v v 
b) 

vertical horizontal 

b) a) 
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6.4 Creation of a MFC for the Weld Top Geometry 

The results of the parameter studies have been presented and trends have been shown. It was 

possible to define geometry classes for typical weld top geometries. Hypothesizes about their 

formation have been formulated and visualized by models. In order to make the results more 

applicable for the user, a Matric Flow Chart (MFC) was created. This flow chart is a recently 

developed method to illustrate, document and standardize the findings from analysis of the 

welding process [3]. It joins the geometrical results of the laser welding process with the re-

sponsible welding parameters in a simple and clearly arranged way. The MFC helps to change 

the weld seam geometry or weld seam dimensions in a certain way by highlighting the liable 

process parameters and their qualitative influence on the geometry. Possible causes for the 

influence of these parameters on the geometry are not given, as it is done by the Bifurcation 

Flow Chart (BFC) [24]. From there, the MFC can be seen as a black box BFC, which helps 

the user as a guideline to achieve the desired weld seam dimensions by changing the relevant 

parameters. 

Figure 6.10 shows a MFC for the geometrical dimensions penetration depth and weld width. 

A change in the laser parameters power and welding speed influence this dimensions. Black 

dots mark the correlation between the changes of the result and the variation of a parameter. 

According to that, there are two different options shown in this chart to increase the penetra-

tion depth. The power can be increased or the welding speed reduced. The same recommenda-

tions are given for getting the weld wider, as it can be seen. Using the MFC the other way 

around, the consequences of an increasing power can be determined as a deeper and wider 

weld seam. 

 

Figure 6.10: Matric Flow Chart (MFC) about the correlations between the laser parameters power and 

welding speed and the geometry dimensions penetration depth and weld width. 

Figure 6.10 shows how easy it is to get information out of a MFC which can help to change 

the result of the laser welding process or to predict it. However, it is just a guideline to help 
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the user to get good results quickly and an opportunity to record and illustrate own observed 

trends and results. The universal validity of this MFC is not always given, due to the high 

complexity of the laser welding process and the huge number of influencing parameters. The 

usability and the reliability of the MFC enhances indeed with the number of similar experi-

ments, which can be used to confirm, refuse or complement the chart.  

Appendix A shows the MFC created by the results of the executed experiments. All the find-

ings are summarized and presented there in a compressed way. The parameters are separated 

in three groups, which are laser parameters, laser positioning parameters and setup and mate-

rial specific parameters. The resulting geometry is described by penetration depth, weld 

width, height of the weld top geometry and the top geometry class. A lot of trends and corre-

lations can be seen, but there are also some gaps. Especially the geometry classes need more 

and further sophisticated experiments to allow well-founded conclusions.   

6.5 Hot Cracks 

Due to the fact, that hot cracks have been encountered at a considerable number of specimens, 

its formation needs to be discussed. The following shall give a short overview about the rea-

sons for hot cracks, their formation and opportunities to avoid them. Since there is a large 

number of differently located and sized hot cracks, the explaining of the formation and the 

reasons of hot cracks is focused on the type, which appeared in these investigations.  

While cold cracks are generated after solidification, the formation of hot cracks takes place 

during the solidification process while the material is still hot. The smooth edge of the crack 

in Figure 6.11 indicates that the cracking was initiated while the material wasn’t solidified 

yet. The number of different hot cracks is big and their nomenclature is determined by their 

characteristic position [25]. The development of hot or solidification cracks requires the si-

multaneous presence of a crack-susceptible microstructure and a threshold level of weld re-

straint. The origin of a crack-susceptible microstructure results principally from the formation 

of impurity-enriched, low-melting liquid films along grain boundaries during the final stages 

of solidification [26]. These films are formed due to separation phenomena at temperature 

ranges slightly under the solidus temperature. Elements like sulfur, phosphor or oxygen dif-

fuse out of the alloy and remain in the molten material rather than in solid metal. Therefore, 

the concentration of these contamination elements will increase in the molten material while 

the melt decreases in size [27]. Finally the remaining melt with a high concentration of the 

named elements as well as diffused elements like chrome and vanadium solidifies as well. 

The strength of the grain boundaries of the resulting microstructure is diminished yet [28].  
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Figure 6.11: REM-image of a hot crack with dirt particles at the top and the bottom. 

Due to a pressure drop in the molten material originated by the solidification shrinkage, the 

inability to feed this shrinkage by back-filling and thermal strains resulting from the cooling, 

effect the cracking of the weld in the end [29]. The weakened microstructure of the impurity-

enriched material in the middle of the weldment is susceptible for this cracking. As we have 

seen in the shown cross sections, the hot cracks are always located in the middle of the weld 

seam. 

Investigations [29,30] determine that the hot crack susceptibility in steels is not only caused 

by material characteristics but also by laser welding parameters such as welding speed. All 

parameters that result in low cooling rates such as high currents in the weld pool and low 

welding speeds favor the susceptibility for hot cracking. Low crystallization rates and low 

welding speeds give the impurity elements the opportunity to diffuse. By raising the speed of 

the solidification process, elements like sulfur or phosphor can’t diffuse fast enough and so-

lidify with the rest of the molten material.  

A reduction of the hot crack susceptibility due to decomposition phenomena can be achieved 

by metallurgical provisions like a decrease of sulfur, phosphor, oxygen or other harmful ele-

ments in the alloy. The existence of compressive forces instead of tensile forces in the local 

stress field at the end, when the crack is being formed, can also avoid cracking [29]. 

Even if there is no oxygen in the used material alloys, the oxygen layers on the laser cut 

WELDOX surface as well as on the untreated, oxidized DOMEX plate bring oxygen into the 

weld pool. Chrome and vadium are also in the used material (see Table 4.1) while the per-

centage of sulfur is low. However, investigations with the same material before [3] haven’t 

shown any hot crack formation. Even if the oxygen layer on the plates might have been 

thicker in the presented experiments due to a longer storing, the plate setup and the different 

welding parameters have also a big influence on the hot crack formation. Weldings with high 

welding speeds and a V-formed weld geometry achieved by a focal position in the workpiece 
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didn’t feature hot cracks in general. Additional methods like post-welding heat treatment 

could be used to remove embrittlement and inhibit cracking [27]. 

6.6 Fatigue Behavior of the Weld Geometries 

For the same industrial application, former investigations about stress analysis for different 

root geometries have already been done and published [31]. With the results of experiments, 

which are treating the same welding application (compare chapter 1.2) and a similar plate 

arrangement [3], different root geometry categories have been defined. The results of Finite 

Element Analysis (FEA) according to these different root geometry categories are presented 

here to give a better understanding of the stress situation in the laser welds and to complete 

the results of this thesis. It can be interesting to have a look on different root geometries, since 

the welds in this thesis weren’t mostly full penetration welds. 

6.6.1 Evaluation of Different Root Geometries by FEA 

Finite Element Analysis (FEA) has been used to calculate the stress field of the weld under 

load. Although the real loading situation on the beam is more complex, it can be simplified by 

a single inclining force at the left upper corner, as shown in Figure 6.12. Due to this setting, 

there are two corners getting widened above the 90°-angle and the other two corners experi-

ence an angle compression. The results have shown that compressive forces are never critical 

other than tensile forces. Figure 6.13 presents typical root geometries of full penetration welds 

and their stress fields.  

 

a) b) c)

f)d) e)

a) b) c)

f)d) e)
 

Figure 6.12: Loading situation for the 

investigated welding application [23]. 

Figure 6.13: Calculated stress field and points of maximum stress 

for six typical root geometries at the upper left corner root [23]. 
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Due to the loading situation and the design of the beam, researches [23] have shown that the 

top geometry of the weld is not critical because of mostly compressive stress. The root ge-

ometries instead experience tensile forces and are therefore of bigger interest for fatigue crack 

initiation. In general, the welds in this thesis weren’t full penetration welds due to a laser 

power of 5 kW. Because of this, only a small overview about stress fields in root geometries 

is given at this point. The following stress evaluation of the different top geometry categories 

completes these findings. 

6.6.2 Fundamentals of Stress Fields in Laser Welds 

The stress field in a workpiece varies according to its position. The applied loading situation 

and geometrical properties of the workpiece have an essential influence on the local stress 

concentration. From the results of FE-simulations, some simplified rules have been deduced 

to evaluate different joint geometries qualitatively and quantitatively [23]. The total stress 

concentration factor Ktot can be calculated approximately by combining different determining 

criteria K like presented in the following. 

The most important dimension for a stress maximum is the primary anchor length. The pri-

mary anchor length S1, which is the shortest throat thickness, combined with the secondary 

anchor length S2 generates a stress concentration factor KS:  

 

21

11

SS
K s += . (6.1) 

It shows that the shortest anchor length is the dimension that defines the most critical area. 

The definition of anchors and some examples are given in Figure 6.14. 

 

Figure 6.14:  Definition of anchor lengths. 

After the anchor length, the radius R of the curvature becomes the most important key crite-

rion. A smaller radius is more critical than a bigger one. Beside the radius of the global curva-

ture R, there might be a local radius r due to surface roughness, which is competing with R in 

the following manner:  

S1 

S2 

S3 

S4 
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rR
K R

11 += . (6.2) 

The third influencing factor is determined by the opening angle β. It appears at locations 

where the curvature changes or transfers to a straight line. The equation (6.3) expresses it’s 

participation in the stress concentration. 

 

ββ
1=K  (6.3) 

The combination of all the described stress raisers leads to a total stress concentration factor 

Ktot by the equation 

 

ββ
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The factor Ktot is not precisely but indicative. It can give a hint in many cases about stress 

behavior in certain points. Without running FE-analysis, different points in a workpiece or 

different geometries can be compared and trends deduced, which allows making estimations 

about critical areas for the fatigue life.  

6.6.3 Qualitative Evaluation of Top Geometry Classes for the Applied Loading Situation 

For the applied loading situation (see Figure 6.12) the top geometry of the weld is unimpor-

tant. Even if the top geometry is under tensile forces, the distribution of forces in this area 

doesn’t get influenced as it is shown in Figure 6.15 a). The reason for that is the connection 

between the two plates, which allows a flow of forces through the not welded part of the joint. 

The thickness of the thinner plate is in this case the critical dimension due to the shortest an-

chor length. It is just important that there is a connection between the two plates on the top. 

The other loading situation in Figure 6.15 b) effects compressive stress at the top geometry, 

which is not critical. The bending of the two plates reduces the contact zone between them 

and constrains the forces to pass through the weld seam. Because of this, the flow of forces 

needs to be redirected, which leads to the highest stress concentration in the lower part of the 

weld seam. If the penetration depth of the weld is in the same dimension as the thickness of 

the plate, the root geometry becomes critical. 
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Figure 6.15: Simplified distribution of forces for two different loading situations a) and b).  

For the real industrial case, which was giving the background for the presented investigations, 

the top geometry is never important. By using the same beam geometry and loading situation, 

the change of the location of the weld seam can yield different results. 

A joint at the side of the beam, as Figure 6.16 shows, changes the relevance of the joint ge-

ometry. For the loading situation in Figure 6.16 a), compressive stress on the top and tensile 

stress on the root determine the root geometry another time as the critical geometry as long as 

the top geometry doesn’t feature an undercut, which would diminish the anchor length. For 

the loading situation in Figure 6.16 b) instead, the top geometry becomes the critical part. As 

long as there is a full penetration, the characteristics of the top geometry, like height of the 

reinforcement, alternatively depth of the undercut, the toe radii and the toe angles describe the 

important dimensions. The reason for this different result, compared to Figure 6.15 is that in 

this case, the size of the thinner plate, which was critical in the case before, can be easily un-

der-run by the shape of the top geometry. Therefore, the basic nature of the top geometry, 

distinguished in reinforcement and undercut, is most essential, because it varies the anchor 

length. The root geometry remains critical if it reduces the anchor length in some way. 

F 

F 
F 

F 

a) b) 
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Figure 6.16: Simplified distribution of forces for a changed joint location and two different loading situations 

 a) and b). 

6.6.4 Qualitative Evaluation of Top Geometry Classes in General 

After the detailed discussion of the stress field in the specific industrial application, a more 

sophisticated evaluation and comparison between the defined top geometry classes might be 

interesting. In a similar manner as for the real case and with the described, simplified ap-

proach (as demonstrated in chapter 6.6.2), the top geometry classes will be investigated and 

potential advantages and disadvantages will be elaborated to figure out, which is actually the 

best top geometry. 

Due to the non critical compressive stress, a situation with tensile stress in the top area of a 

butt weld is being assumed. An imagined bending stress, which leads to tensile stresses in the 

top geometry, is shown in Figure 6.17. The anchor length S2 has a similar value as the anchor 

length S1, which turns the weld seam to a critical area. It becomes even more critical if 

S2 < S1, which makes the seam to a throat for the forces and leads to a higher stress concentra-

tion at this place.  

 

Figure 6.17:  Imagined loading situation for the comparison of different top geometries under tensile stress. 

F 

F 
F 

F 

a) b) 

F F 

S1 S2 

tensile stress 

compressive stress 
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Without running FE-analysis for this assumed plate arrangement and loading situation, the 

supposable flow of forces and the place with the highest stress concentration can be con-

structed, due to the introduced criterions. A founded discussion with Kaplan [24], Karlsson 

[3] and the FEA-expert Alam [23] leads to the evaluation of the top geometry classes like 

presented in the following. 

Figure 6.18 shows that the flow of forces in the different top geometry classes varies for the 

imagined loading situation. The reinforcements are basically uncritical, because of the in-

creased anchor length S2. The forces get redirected as it is drawn, which leads to lower stress 

concentrations in the weld. The only critical part might be the transitions between the rein-

forcement and the base material where the forces get redirected. Depending on the toe angles 

and the toe radii, this transition is more or less smooth and therefore more or less critical. Be-

cause of this, the type of reinforcement, its width or its height is not important but the 

smoothness of the transition in the toes. The flat surface describes the best condition although 

it is not obtainable to be as flat as displayed in Figure 6.18. Due to local stress raisers depend-

ing on the surface roughness, critical parts of the somewhat flat top geometry can be deter-

mined.  

 

Figure 6.18: Assumed flow of forces in the different top geometry classes. 

More critical are the different kinds of undercuts. All of them diminish the anchor length S2 so 

that S2 < S1. The place with the shortest distance to the root defines the most critical point. If 

there is more than just one point, the different radii or angels must be considered. Sharp cor-

ners with small radii and small angles cause a sharper redirection of the forces in the material, 

which makes these areas more critical. Like presented in Figure 6.19 a), the critical position in 

this weld is the area of R2. Since the radius R just describes the global curvature, local stress 

raisers as shown Figure 6.19 b) can help to approach the most critical position of crack initia-

tion.  

flat bottom undercut notch round bottom undercut 

total reinforcement partial reinforcement somewhat flat 
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Figure 6.19: Illustration of the global (a) and local (b) impact of different stress raisers on a notch geometry.  

Therefore, the three different undercuts can’t be evaluated in a more detailed way. Depth, 

radii, angles and roughness of the undercut geometry must be known to allow a statement 

about the stress concentration. For real applications a slight reinforcement with a smooth tran-

sition at the toes might be the most secure option for fatigue loaded components. The shown 

evaluation is only applicable for fatigue loading but not for crash situations.  

Even if the shown results of the stress analysis have not been simulated by FEA, the simpli-

fied flow of forces, based on the results from former analyses, gives a much more transferable 

and usable idea of the advantages and disadvantages of the different top geometry classes. 

Due to the always mutated top geometry, the presented evaluation of the main categories is 

valuable for a quick individual estimation of occurred top geometries in different applications.  

6.7 Results from Fatigue Tests 

By the usage of a fatigue testing machine, which simulates the affecting forces in a proper 

way according to the required industrial loading situation, the welded beams have been tested. 

The 20.000 loading cycles, which were required by the industry partner, could be easily man-

aged by the 8 mm deep weld seams. Even the small hot cracks, which were found in numer-

ous specimens, didn’t affect the seams in a way that they broke.  

As it is shown in Figure 6.20, the plates started to bend apart in the lower, non-welded zone 

by increasing a static force to break the prototype. The weld instead didn’t crack while the 

material got more and more bended. The results show the high importance of the root geome-

try of the weld seam, as the FEA-Simulations by Minhaj [23] have already predicted. 

 

 

α2 α1 

R1 R2 r 

local stress raisers sharper stress redirection 

b) a) 
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Figure 6.20: Real beam after static fatigue test. The 8 mm deep weld on the top of the joint didn’t break even 

if the plates get bended apart in the lower not welded zone. zf = 0 mm, v = 2,0 m/min; 

PL = 5 kW ; thrusting forward (7°), horizontally welded. 
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7 Summary and Outlook 

By connecting two plates with a butt weld, six different top geometry classes have been iden-

tified. They merge in a certain manner depending on which parameter is changed. Total and 

partial reinforcements have been generally detected for high line energies with an appropriate 

focal position according to the laser power. Undercuts were caused due to high energy densi-

ties at the weld pool surface, which lead to highly turbulent and unstable currents. Conse-

quently spatters, a gap separation between the plates or full penetration can lead to a lack of 

material in the top zone of the weld seam. The notch geometry can be seen as a transitional 

shape between the reinforcement and the undercut. Its parameter dependency couldn’t be ex-

posed clearly yet.  

The metal vapor plume is supposed to have a considerable influence on the energy coupling 

into the workpiece and according to that on the penetration depth. Trends have been detected 

in which the penetration depth increased by changing from a vertically to a horizontally oper-

ating laser beam. Furthermore the change from a thrusting to a dragging laser beam has also 

yield in a deeper penetration. Therefore, the variation of the laser beam guidance has shown 

an influence on the weld seam geometry due to a variation in the interaction process between 

the impacting laser beam and the exhausting metal vapor plume.  

Hot cracks have been found in numerous cross sections. They were located in the lower part 

of the weld seam and might be caused by dirt particles or the diffusion of impurity elements. 

A trend of the hot crack formation leads to the shape of the weld seam geometry. The cracks 

have only been detected for U-forms or slight Amphora-forms with a throat in the middle of 

the seam. V-forms instead didn’t feature this defect. Higher welding speeds didn’t form hot-

cracks and lead mostly to V-formed weld seams. 

Finally the different top geometry classes have been investigated concerning their stress fields 

under load. Without running FE-analysis, a founded evaluation and ranking of the top geome-

tries have been executed. Reinforcements are mostly more secure shapes concerning fatigue 

life than undercuts, because undercuts usually lead to critical stress fields by a reduction of 

the anchor length or an increased stress concentration due to a sharp redirection of the flow of 

forces. A slight reinforcement with a very smooth transition at the toes has been evaluated as 

the best geometry in the most cases, concerning its stress field. 

In order to get generally applicable knowledge and trends concerning the weld seam geometry 

and its parameter dependency, a MFC has finally been produced. Further experiments are 

required to ascertain the investigated trends and the generated models. More high speed im-

ages and tightly focused parameter variations are recommended for a completion and 

enlargement of the MFC. Furthermore, investigations about the impact of exterior processes 
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like heat treatment or magnetic fields on the top and root geometry are desirable. The usage of 

filler material as it is realized in hybrid welding can also be an option to avoid the formation 

of undercuts at a certain parameter range. Anyhow, the final goal should be the fast achieve-

ment of top and root geometries as they are aimed. 
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Appendix B 

zf [mm] v [m/min] PL [kW] other

figure 4.10 -7 2,2 15,0 dragging
a) 0 2,0 2,5 thrusting horizontal
b) 0 2,0 4,0 thrusting horizontal
c) 0 2,0 6,0 thrusting horizontal
d) 0 2,0 7,5 thrusting horizontal

figure 5.3 -7 2,2 15,0 thrusting horizontal
a) 0 1,0 5,0 thrusting horizontal
b) 0 1,25 5,0 thrusting horizontal
c) 0 1,5 5,0 thrusting horizontal
d) 0 2,0 5,0 thrusting horizontal
e) 0 2,25 5,0 thrusting horizontal

figure 5.5 0 0,4 5,0 thrusting vertical
a) +1 4,0 15,0 thrusting horizontal
b) +1 4,5 15,0 thrusting horizontal
c) +1 5,0 15,0 thrusting horizontal
d) +1 8,0 15,0 thrusting horizontal
e) +1 10,0 15,0 thrusting horizontal
a) +1 2,0 5,0 thrusting horizontal
b) 0 2,0 5,0 thrusting horizontal
c) -3 2,0 5,0 thrusting horizontal
d) -5 2,0 5,0 thrusting horizontal
a) +5 4,0 15,0 thrusting horizontal
b) +2 4,0 15,0 thrusting horizontal
c) -1 4,0 15,0 thrusting horizontal
d) -5 4,0 15,0 thrusting horizontal
e) -7 4,0 15,0 thrusting horizontal
a) -7 2,2 15,0 thrusting vertical
b) -13 2,2 15,0 thrusting vertical
c) -28 2,2 15,0 thrusting vertical
a) -1 2,0 5,0 thrusting horizontal xi = -0,5 mm

b) -1 2,0 5,0 thrusting horizontal xi = -0,25 mm

c) -1 2,0 5,0 thrusting horizontal xi = 0 mm

d) -1 2,0 5,0 thrusting horizontal xi = +0,25 mm

e) -1 2,0 5,0 thrusting horizontal xi = +0,5 mm

a) 0 2,0 5,0 thrusting horizontal α = -10°
b) 0 2,0 5,0 thrusting horizontal α = -5°
c) 0 2,0 5,0 thrusting horizontal α = +5°
d) 0 2,0 5,0 thrusting horizontal α = +10°
a) 0 2,0 5,0 thrusting vertical
b) 0 2,0 5,0 dragging vertical
a) -7 2,2 15,0 thrusting vertical
b) -7 2,2 15,0 dragging vertical
a) 0 2,0 5,0 thrusting horizontal hp = -1,5 mm

b) 0 2,0 5,0 thrusting horizontal hp = -0,5 mm

c) 0 2,0 5,0 thrusting horizontal hp = +0,5 mm

d) 0 2,0 5,0 thrusting horizontal hp = +1,5 mm

welding direction

figure 5.2

figure 5.4

figure 5.6

figure 5.7

figure 5.8

figure 5.9

figure 5.10

figure 5.11

figure 5.12

figure 5.13

figure 5.14

 

Continues on the next page. 

 



  89 

 

zu Appendix B 

 

 

 

zf [mm] v [m/min] PL [kW] other

a) -7 2,0 15,0 thrusting horizontal hp = -2,0 mm

b) -7 2,0 15,0 thrusting horizontal hp = -1,0 mm

c) -7 2,0 15,0 thrusting horizontal hp = +1,0 mm

d) -7 2,0 15,0 thrusting horizontal hp = +2,0 mm

a) 0 2,0 5,0 thrusting horizontal
b) 0 2,0 5,0 thrusting vertical
a) -7 2,2 15,0 thrusting horizontal
b) -7 2,2 15,0 thrusting vertical
a) -7 2,2 15,0 dragging vertical laser cut
b) -7 2,2 15,0 dragging vertical milled

figure 5.18

figure 5.19

welding direction

figure 5.15

figure 5.17


