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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 

Keywords: Assembly; Design method; Family identification

1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract

A transient simulation including the impact of the laser energy, the melting of the metal and the development of the weld pool was conducted to 
observe the evolution of the vapor capillary and the solidification of the melt in pulsed laser beam welding of AISI 304 steel. The phase field 
method was implemented to investigate the evolution and behavior of the liquid-gas interface during welding and to describe the condensed and 
vapor phases. The effects of phase transition, recoil pressure, thermo-capillary and natural convection, vaporization and temperature dependent 
material properties were taken into account. A Gaussian-like heat source under consideration of the Fresnel absorption model was used to 
model the energy input of the laser beam. The heat source model was extended by a newly developed empirical approach of describing multiple 
beam reflections in the keyhole. To validate this new model, the numerical results were compared to experimental data and good agreement 
regarding the size and shape of the weld pool was observed.
© 2018 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/)
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Keywords: pulsed laser beam welding; weld pool dynamics; multiple reflections; vaporization

1. Introduction

Pulsed laser beam welding is a joining process especially 
valuable in the field of heat sensitive components. Heat 
affected zones can be kept small and thermal warping can be 
prevented due to cooling phases between single laser pulses. 
Hermetic seals, similar to weld seams of continuous wave
mode lasers, can be achieved by producing overlapping pulse 
spots. Particularly in the area of heat sensitive, small measured 
devices, such as pacemakers, sensors or batteries, the 
prediction of the exact weld pool geometry is highly relevant 
[1]. Even comparatively low laser powers are sufficient in 
these applications.

Due to the complicated multi-physical phenomena that 
occur during practical welding the prediction of the weld pool 
shape is a complex problem. The in-situ experimental 
investigation of the weld pool is limited by high temperatures, 
strong illumination and expensive equipment [2] as well as its

restriction to the weld pool surface. For this reason a 
numerical study is implemented to examine the development 
of the weld pool shape during the welding process. This 
approach needs to consider all relevant dynamics that take 
place in the molten metal and the influence of solidification 
during the cool down stage. 

Furthermore experiments with an Yb: YAG-Laser are 
carried out to provide information about the accuracy of the 
simulation model. The simulation is designed in such a way 
that a direct comparison with cross-sections of the 
experimental weld spots is possible.

The energy input of a single laser pulse on a metal plate is 
examined for the simulative and experimental investigations. 
Comparable setups are implemented in literature for example 
in the works of Bruyere et al. [3]; [4], Courtois et al. [5] or 
Zhou et al. [6]; [7] with different assumptions and approaches 
regarding to physical phenomena and the description of 
multiple phases in the simulation domain. It has been shown
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1. Introduction

Pulsed laser beam welding is a joining process especially 
valuable in the field of heat sensitive components. Heat 
affected zones can be kept small and thermal warping can be 
prevented due to cooling phases between single laser pulses. 
Hermetic seals, similar to weld seams of continuous wave
mode lasers, can be achieved by producing overlapping pulse 
spots. Particularly in the area of heat sensitive, small measured 
devices, such as pacemakers, sensors or batteries, the 
prediction of the exact weld pool geometry is highly relevant 
[1]. Even comparatively low laser powers are sufficient in 
these applications.

Due to the complicated multi-physical phenomena that 
occur during practical welding the prediction of the weld pool 
shape is a complex problem. The in-situ experimental 
investigation of the weld pool is limited by high temperatures, 
strong illumination and expensive equipment [2] as well as its

restriction to the weld pool surface. For this reason a 
numerical study is implemented to examine the development 
of the weld pool shape during the welding process. This 
approach needs to consider all relevant dynamics that take 
place in the molten metal and the influence of solidification 
during the cool down stage. 

Furthermore experiments with an Yb: YAG-Laser are 
carried out to provide information about the accuracy of the 
simulation model. The simulation is designed in such a way 
that a direct comparison with cross-sections of the 
experimental weld spots is possible.

The energy input of a single laser pulse on a metal plate is 
examined for the simulative and experimental investigations. 
Comparable setups are implemented in literature for example 
in the works of Bruyere et al. [3]; [4], Courtois et al. [5] or 
Zhou et al. [6]; [7] with different assumptions and approaches 
regarding to physical phenomena and the description of 
multiple phases in the simulation domain. It has been shown
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that the modelling of the heat source, as well as multiple 
reflections in the keyhole, have a non-negligible influence on 
the simulation results, compare with Chang et al. [8], Cho         
et al. [9], Lee et al. [10] and Ki et al. [11].

The aim of the present work is to develop an empirical 
model for a sufficiently accurate description of the additional 
energy input through multiple reflections of the laser beam in 
the keyhole. By this means an improvement of the accordance 
between numerical and experimental results is sought. This 
approach allows to use an empirical extension of the heat 
source model without implementing an additional modelling 
approach like the ray tracing method. In this way a 
simplification of the modelling process and a reduction of the 
calculation time can be achieved.

2. Mathematical Model

A two-dimensional, rotational symmetric and transient 
simulation is used to model the interaction of a single laser 
pulse of 300 W with a metal surface of standard AISI 304 
steel. Therefore, a calculation domain with the geometric 
dimensions of 1.9 mm x 1.2 mm is set up. The commercial 
finite element software COMSOL Multiphysics 4.2 is used to 
solve the coupled equations of heat transfer and fluid flow.

A mesh of tetrahedral elements is used for the 
discretization of the simulation domain. The maximum 
element size in the domain is varying between 3.5 x 10−6 m
in the area of heat transfer and the moving air-metal interface 
to 1 x 10−4 m in the heat affected zone depending on the 
influence of the physical processes at the numerical stability. 
Two areas are defined to indicate the initial position of the air-
metal interface and the initial material distribution in the 
computational domain. The symmetry axis lies on the left 
border of the calculation domain, where also the center of the 
heat source is located. An outlet is defined on the upper 
boundary of the air region to enable a free fluid flow. No-slip 
conditions are set to the remaining boundaries to suppress 
velocities relative to the walls. Furthermore, adiabatic 
boundary conditions are defined for the heat transfer 
calculation, while the energy input is coupled with the phase 
field variable to limit it to the metallic phase of the simulation 
domain.

2.1. Assumptions

It is necessary to simplify the welding process in order to 
secure numerical stability and acceptable computing time. The 
basic assumptions made are:

• The fluid flow is laminar and incompressible.
• The material is isotropic and homogeneous.
• The Boussinesq approximation is used to model the free 

convection triggered by mass density changes due to its 
temperature dependence [12].

• The apparent heat capacity method is used to regard the 
latent heat of fusion [13].

• The shear stress on the keyhole wall triggered by leaking 

metal vapor is empirically determined, according to the 
approach of [14] and the kinetic theory of gases, remaining 
constant in the area of influence.

• The influence of surface active elements on the surface 
tension as well as the fluid flow and geometry of the weld 
pool is not considered, compare with [15].

• The influence of the metal vapor and the plasma in the 
keyhole on the total energy absorption of the workpiece is 
neglected. This is justifiable because the absorbed energy 
amount in the vapor is very small (especially for 
wavelengths around 1µm [16]) compared to the absorbed 
energy amount of the metal.

2.2. Governing equations

For the analysis of the fluid flow and heat transfer, 
solutions are found for the governing conservation equations 
of mass, energy and momentum. 

The phase field method is used to model the two 
phases – air and metal – in the simulation domain and the 
behavior of the liquid-gas interface, as shown in [4]. The 
different aggregate states of the metal (solid and liquid) are 
taken into account by adapted material parameters and the 
approach of the modified viscosity, see [4]. Marangoni 
tension analogous to [17], recoil pressure considering the 
recondensation rate, compare with [18], [19] and Laplace 
forces, see [4], are considered at the liquid-gas interface. A 
smoothed representation of the interface between the phases is 
used to apply them as surface conditions, as shown by    
Bruyere et al. [4]. 

To take the shear stress on the liquid metal surface caused 
by the vapor flow into consideration, the order of its 
magnitude is found by the Darcy-Weisback equation, as 
shown by    Métais et al. [14]. 

2.3. Heat source model

An immobile Gaussian heat source [8] is applied in the 
simulation while the Fresnel absorption model is used to 
depict the angle of incidence dependent changes in the 
absorption of laser beam energy on the metal surface [9], [20].

This approach leaves multiple reflections in the keyhole 
and their effect on the energy input into the material 
unconsidered. The most widely used attempt in literature to 
take them into consideration is the ray tracing method, see e.g. 
[9], [10] or [11]. Since many rays of the laser beam have to 
be calculated at each time step to get the exact distribution of 
laser energy on the surface, the computational effort is very 
high. For this reason an empirical model is developed to 
approximate the additionally introduced energy by multiple 
reflections in the keyhole.

In the case of a two-dimensional problem the reflected 
laser beam approximately produces a Gaussian-like energy 
distribution at the opposite keyhole wall. An increasing 
maximum angle of the keyhole wall will lead to an enhanced 
amount of energy reflected into the keyhole while the center 
of the additional heat source moves to the center of the 
keyhole. 

Author name / Procedia CIRP 00 (2018) 000–000 3

This additional energy input Q is given by the following 
equation:

𝑄𝑄𝑄𝑄 =  𝐹𝐹𝐹𝐹𝐴𝐴𝐴𝐴𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 q1
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and is described by a Gaussian-like term that varies with the 
radial position 𝑟𝑟𝑟𝑟 of the maximum surface angle 𝛼𝛼𝛼𝛼 of the 
keyhole wall 𝑀𝑀𝑀𝑀(𝑟𝑟𝑟𝑟,𝛼𝛼𝛼𝛼). 𝐹𝐹𝐹𝐹𝐴𝐴𝐴𝐴 is the amount of energy remaining 
after the first reflection of the laser beam at the keyhole wall. 
According to the Fresnel laws and the material dependent 
absorption coefficient, approximately 50 % to 60 % of the 
energy in this application is reflected during the first contact 
with the surface. The Fresnel absorption coefficient is taken 
into account by 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹. The laser power 𝑃𝑃𝑃𝑃 and the effective 
radius 𝑅𝑅𝑅𝑅 are analogous to the parameters of the conventional 
heat source model. 𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 represents the maximum radius and 
𝑟𝑟𝑟𝑟2 the actual center position of the additional heat source 
depending on 𝑀𝑀𝑀𝑀. As a certain surface angle is needed to hit 
the opposite keyhole wall with a reflected beam, the 
parameter 𝑞𝑞𝑞𝑞1 is used to disable the function below this angle.

3. Results

3.1. Experimental setup

The experiments are performed with an Yb: YAG-Laser
with a wavelength of 1.07 μm . In accordance with the 
simulation model, the laser power is set to 300 W and the
effective laser beam radius to 105 μm . The focal length 
amounts to 350 mm with the focal position set to the initial 
metal surface position. The laser beam is directed vertical to 
the metal surface. The welding process is executed with a 
standardized AISI 304 steel plate of 10 mm thickness. 
Temperature dependent material properties as well as phase 
change characteristics of this specific material are taken into 
account in the simulation. The surface of the metal is treated 
with face milling to reduce the influence of the surface 
roughness on the reflectivity and absorptivity properties of the 
surface and thus the resulting weld pool geometry. A welding 
scheme is used to minimize errors resulting from the manual 
grinding process during the preparation of cross-sections of 
the welding spots due to their very small dimensions. 
Therefore, the welding spots of each test series were arranged 
in a line with vertical offsets of 25 µm for each welding spot. 
In this way the error of manual grinding was limited to 0.5 %
with respect to the geometry.

3.2. Numerical Results

First, the impact of the laser beam provides a rise of 
temperature in the metal and surrounding air. Subsequently, a 
weld pool develops as soon as melting temperature is reached.

Fig. 1. Rotational extruded simulation results at 1.2 ms - the time of 
maximum elongation of the weld pool. The grey surface represents the metal-
air surface found by evaluation of the phase field variable. Isothermal 
surfaces in the metal are shown, while the melt can be found between melting 
temperature of 1700 K and evaporation temperature of 3000 K.

The generation of a keyhole starts with achieving 
evaporation temperature at the surface. The deepening of the 
keyhole takes place along with the development of a bulge at 
the edge of the keyhole due to the influence of Marangoni 
effects and shear stress induced by metal vaporization. The 
energy input is shut down linearly after the laser peak plateau 
of 1 ms for reasons of numerical stability. Thus the energy 
input does not stop abruptly but decreases linearly over a 
period of another 1 ms. As a result the weld pool reaches its 
maximum elongation a few microseconds after the end of the 
laser peak stage, compare with Fig. 1. This has to be taken 
into account for the experimental investigation. During 
cooldown the closing of the keyhole can be observed while 
solidification of the weld pool takes place. At the final stage, 
the metal-air interface is nearly set back to the initial state.

The simulation result at 1.2 ms - the time of maximum 
elongation of the weld pool - is shown in Fig. 1. From this 
figure the geometry of the keyhole becomes apparent as well 
as the shape of the weld pool, which can be found between 
melting temperature (1700 K) and evaporation temperature 
(3000 K) of the examined steel.

The implementation of the additional term of multiple 
reflections to the heat source model, as described by       
equation (1), leads to enlarged weld pool geometries, as show 
in Fig. 2. The enlarged weld pool geometry can be traced back 
to the rise of total energy input in the course of the simulation.
Special attention should be paid to the upper part of the weld 
pool shape. In this area the development of a nail-head shape 
can be observed that clearly agrees qualitatively with the 
experimental results whereas the conventional approach does 
not accomplish this detail, see Fig. 2. Furthermore the general 
accordance between the average experimental and the 
numerical results was improved by approximately 12.1 %
with regard to the maximum width of the weld pool and 
approximately 10.5 % regarding to the maximum depth of the 
weld pool. 
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that the modelling of the heat source, as well as multiple 
reflections in the keyhole, have a non-negligible influence on 
the simulation results, compare with Chang et al. [8], Cho         
et al. [9], Lee et al. [10] and Ki et al. [11].

The aim of the present work is to develop an empirical 
model for a sufficiently accurate description of the additional 
energy input through multiple reflections of the laser beam in 
the keyhole. By this means an improvement of the accordance 
between numerical and experimental results is sought. This 
approach allows to use an empirical extension of the heat 
source model without implementing an additional modelling 
approach like the ray tracing method. In this way a 
simplification of the modelling process and a reduction of the 
calculation time can be achieved.

2. Mathematical Model

A two-dimensional, rotational symmetric and transient 
simulation is used to model the interaction of a single laser 
pulse of 300 W with a metal surface of standard AISI 304 
steel. Therefore, a calculation domain with the geometric 
dimensions of 1.9 mm x 1.2 mm is set up. The commercial 
finite element software COMSOL Multiphysics 4.2 is used to 
solve the coupled equations of heat transfer and fluid flow.

A mesh of tetrahedral elements is used for the 
discretization of the simulation domain. The maximum 
element size in the domain is varying between 3.5 x 10−6 m
in the area of heat transfer and the moving air-metal interface 
to 1 x 10−4 m in the heat affected zone depending on the 
influence of the physical processes at the numerical stability. 
Two areas are defined to indicate the initial position of the air-
metal interface and the initial material distribution in the 
computational domain. The symmetry axis lies on the left 
border of the calculation domain, where also the center of the 
heat source is located. An outlet is defined on the upper 
boundary of the air region to enable a free fluid flow. No-slip 
conditions are set to the remaining boundaries to suppress 
velocities relative to the walls. Furthermore, adiabatic 
boundary conditions are defined for the heat transfer 
calculation, while the energy input is coupled with the phase 
field variable to limit it to the metallic phase of the simulation 
domain.

2.1. Assumptions

It is necessary to simplify the welding process in order to 
secure numerical stability and acceptable computing time. The 
basic assumptions made are:

• The fluid flow is laminar and incompressible.
• The material is isotropic and homogeneous.
• The Boussinesq approximation is used to model the free 

convection triggered by mass density changes due to its 
temperature dependence [12].

• The apparent heat capacity method is used to regard the 
latent heat of fusion [13].

• The shear stress on the keyhole wall triggered by leaking 

metal vapor is empirically determined, according to the 
approach of [14] and the kinetic theory of gases, remaining 
constant in the area of influence.

• The influence of surface active elements on the surface 
tension as well as the fluid flow and geometry of the weld 
pool is not considered, compare with [15].

• The influence of the metal vapor and the plasma in the 
keyhole on the total energy absorption of the workpiece is 
neglected. This is justifiable because the absorbed energy 
amount in the vapor is very small (especially for 
wavelengths around 1µm [16]) compared to the absorbed 
energy amount of the metal.

2.2. Governing equations

For the analysis of the fluid flow and heat transfer, 
solutions are found for the governing conservation equations 
of mass, energy and momentum. 

The phase field method is used to model the two 
phases – air and metal – in the simulation domain and the 
behavior of the liquid-gas interface, as shown in [4]. The 
different aggregate states of the metal (solid and liquid) are 
taken into account by adapted material parameters and the 
approach of the modified viscosity, see [4]. Marangoni 
tension analogous to [17], recoil pressure considering the 
recondensation rate, compare with [18], [19] and Laplace 
forces, see [4], are considered at the liquid-gas interface. A 
smoothed representation of the interface between the phases is 
used to apply them as surface conditions, as shown by    
Bruyere et al. [4]. 

To take the shear stress on the liquid metal surface caused 
by the vapor flow into consideration, the order of its 
magnitude is found by the Darcy-Weisback equation, as 
shown by    Métais et al. [14]. 

2.3. Heat source model

An immobile Gaussian heat source [8] is applied in the 
simulation while the Fresnel absorption model is used to 
depict the angle of incidence dependent changes in the 
absorption of laser beam energy on the metal surface [9], [20].

This approach leaves multiple reflections in the keyhole 
and their effect on the energy input into the material 
unconsidered. The most widely used attempt in literature to 
take them into consideration is the ray tracing method, see e.g. 
[9], [10] or [11]. Since many rays of the laser beam have to 
be calculated at each time step to get the exact distribution of 
laser energy on the surface, the computational effort is very 
high. For this reason an empirical model is developed to 
approximate the additionally introduced energy by multiple 
reflections in the keyhole.

In the case of a two-dimensional problem the reflected 
laser beam approximately produces a Gaussian-like energy 
distribution at the opposite keyhole wall. An increasing 
maximum angle of the keyhole wall will lead to an enhanced 
amount of energy reflected into the keyhole while the center 
of the additional heat source moves to the center of the 
keyhole. 
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This additional energy input Q is given by the following 
equation:
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and is described by a Gaussian-like term that varies with the 
radial position 𝑟𝑟𝑟𝑟 of the maximum surface angle 𝛼𝛼𝛼𝛼 of the 
keyhole wall 𝑀𝑀𝑀𝑀(𝑟𝑟𝑟𝑟,𝛼𝛼𝛼𝛼). 𝐹𝐹𝐹𝐹𝐴𝐴𝐴𝐴 is the amount of energy remaining 
after the first reflection of the laser beam at the keyhole wall. 
According to the Fresnel laws and the material dependent 
absorption coefficient, approximately 50 % to 60 % of the 
energy in this application is reflected during the first contact 
with the surface. The Fresnel absorption coefficient is taken 
into account by 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹. The laser power 𝑃𝑃𝑃𝑃 and the effective 
radius 𝑅𝑅𝑅𝑅 are analogous to the parameters of the conventional 
heat source model. 𝑟𝑟𝑟𝑟𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 represents the maximum radius and 
𝑟𝑟𝑟𝑟2 the actual center position of the additional heat source 
depending on 𝑀𝑀𝑀𝑀. As a certain surface angle is needed to hit 
the opposite keyhole wall with a reflected beam, the 
parameter 𝑞𝑞𝑞𝑞1 is used to disable the function below this angle.

3. Results

3.1. Experimental setup

The experiments are performed with an Yb: YAG-Laser
with a wavelength of 1.07 μm . In accordance with the 
simulation model, the laser power is set to 300 W and the
effective laser beam radius to 105 μm . The focal length 
amounts to 350 mm with the focal position set to the initial 
metal surface position. The laser beam is directed vertical to 
the metal surface. The welding process is executed with a 
standardized AISI 304 steel plate of 10 mm thickness. 
Temperature dependent material properties as well as phase 
change characteristics of this specific material are taken into 
account in the simulation. The surface of the metal is treated 
with face milling to reduce the influence of the surface 
roughness on the reflectivity and absorptivity properties of the 
surface and thus the resulting weld pool geometry. A welding 
scheme is used to minimize errors resulting from the manual 
grinding process during the preparation of cross-sections of 
the welding spots due to their very small dimensions. 
Therefore, the welding spots of each test series were arranged 
in a line with vertical offsets of 25 µm for each welding spot. 
In this way the error of manual grinding was limited to 0.5 %
with respect to the geometry.

3.2. Numerical Results

First, the impact of the laser beam provides a rise of 
temperature in the metal and surrounding air. Subsequently, a 
weld pool develops as soon as melting temperature is reached.

Fig. 1. Rotational extruded simulation results at 1.2 ms - the time of 
maximum elongation of the weld pool. The grey surface represents the metal-
air surface found by evaluation of the phase field variable. Isothermal 
surfaces in the metal are shown, while the melt can be found between melting 
temperature of 1700 K and evaporation temperature of 3000 K.

The generation of a keyhole starts with achieving 
evaporation temperature at the surface. The deepening of the 
keyhole takes place along with the development of a bulge at 
the edge of the keyhole due to the influence of Marangoni 
effects and shear stress induced by metal vaporization. The 
energy input is shut down linearly after the laser peak plateau 
of 1 ms for reasons of numerical stability. Thus the energy 
input does not stop abruptly but decreases linearly over a 
period of another 1 ms. As a result the weld pool reaches its 
maximum elongation a few microseconds after the end of the 
laser peak stage, compare with Fig. 1. This has to be taken 
into account for the experimental investigation. During 
cooldown the closing of the keyhole can be observed while 
solidification of the weld pool takes place. At the final stage, 
the metal-air interface is nearly set back to the initial state.

The simulation result at 1.2 ms - the time of maximum 
elongation of the weld pool - is shown in Fig. 1. From this 
figure the geometry of the keyhole becomes apparent as well 
as the shape of the weld pool, which can be found between 
melting temperature (1700 K) and evaporation temperature 
(3000 K) of the examined steel.

The implementation of the additional term of multiple 
reflections to the heat source model, as described by       
equation (1), leads to enlarged weld pool geometries, as show 
in Fig. 2. The enlarged weld pool geometry can be traced back 
to the rise of total energy input in the course of the simulation.
Special attention should be paid to the upper part of the weld 
pool shape. In this area the development of a nail-head shape 
can be observed that clearly agrees qualitatively with the 
experimental results whereas the conventional approach does 
not accomplish this detail, see Fig. 2. Furthermore the general 
accordance between the average experimental and the 
numerical results was improved by approximately 12.1 %
with regard to the maximum width of the weld pool and 
approximately 10.5 % regarding to the maximum depth of the 
weld pool. 
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Fig. 2. Comparison between numerical and experimental results in the area 
from the symmetric axis and below the initial surface. The red line represents 
the simulation results for the common simulation approach under negligence 
of multiple reflections in the keyhole. The green line shows the weld pool 
geometry for the enhanced heat source model. The dot-dashed grey lines 
represent the minimum and maximum weld pool dimensions of the 
experimental results.

4. Conclusions

It can be concluded that an expansion of the heat source 
model by the empirical approach developed in this work 
increases the accordance between numerical and experimental 
results. These improvements do not only affect the geometric 
dimensions of the weld pool but also their shape. Especially 
the nail-head shape in the upper area of the weld pool 
complies much better with the experiments.

Nonetheless, slight differences between numerical and 
experimental results can still be noticed. These variations are 
mainly restricted to the dimensions of the weld pool, while the 
accordance of the qualitative shape itself could be clearly 
improved.

A possible explanation is that the introduced heat source 
model extension insufficiently describes further reflections of 
the laser beam in the keyhole. Especially the Fresnel 
absorption coefficient is calculated correctly only for the first 
reflection of the laser beam and assumed to be constant for 
additional reflections. This could be taken into consideration 
by further studies.
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