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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. 
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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 

The presence of a gap (from tens to hundreds of microns) between two components may cause defects during laser-welding processes. Within 
this paper the process is investigated for two stainless steel plates in overlap configuration by means of multiphysyical CFD modeling. As a 
first step modeling results are compared with experimental data. Then the gap influence on the fluid dynamics and on the appearance of 
welding defects are analyzed. Based on the results adapted beam shapes are proposed that allow for an optimized energy distribution and thus 
an improved weld quality. 
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1. Introduction 

Laser welding processes are already widely used in 
industry. Hence their study is of great interest. However, real 
time experimental investigations, for instance through high 
speed cameras, are often impractical and results interpretation 
remains tricky. One could also proceed to post-experimental 
analysis, but this method usually is invasive and does not 
yield enough information on process dynamics. In this 
context, 3D-simulation is an interesting tool, providing 
exclusive real-time information on physical mechanisms 
involved [1]. 

Most of laser welding processes in overlap configuration 
are intended to be carried out with two plates in contact. 
However, this contact sometimes induces blowholes, spatter 
and lack of fusion [2] especially when welding zinc coated 
steel sheets. For this reason, some welding processes (in 
automotive industry for instance) involve a gap within a range 
from 50-100 microns up to a few 100 microns [2]. However, 
the presence of a gap also induces defects, such as porosity or 

underfill [3]. A better understanding of physical mechanisms 
leading to gap-induced defects seems of particular importance. 
Moreover, a way to counterbalance the appearance of these 
welding imperfections would enable an improvement of 
industrial processes.  

The following paper will shed light on those interrogations 
and provide adapted beam shapes solutions for several gap 
values. In this context, the study will first introduce the multi-
physical model used, then validate it by comparing 
simulations results with experimental data. Thereafter, the gap 
influence on fluid dynamics and on the appearance of welding 
defects will be investigated. Based on these results, adapted 
beam shapes that allow for an optimized energy distribution 
and thus an improved weld quality are proposed. 
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Nomenclature 

ρ density (kg/m³) 
M molar mass (kg/mol) 
T melting temperature (K) 
T boiling temperature (K) 
C heat capacity (J/K) 
C heat capacity (J/K) 
λ thermal conductivity (W/m/K) 
σ surface energy (J/m²) 
n refractive index 
κ extinction coefficient 
P laser power (kW) 
M² laser beam quality factor 
W0 laser beam waist at focus (μm) 
W laser beam waist at the material surface () 
V laser scanning speed (mm/s) 
γ initial laser scanning acceleration (m/s²) 
D laser defocus (mm) 
G gap between plates (μm) 
a ellipse semi-major axis (μm) 
b ellipse semi-minor axis (μm) 

2. Model presentation 

2.1. Program presentation 

The software package used for the simulations within this 
research work has been developed at TU Vienna on top of the 
OpenFOAM® environment and is based on the Volume of 
Fluids discretization method. Navier-Stokes equations are 
solved by means of a PIMPLE-algorithm loop.  

This simulation software allows for the combination of 
multi physical phenomena, among which are: laser 
propagation, fluid dynamics, heat transfer, phase change of a 
multi-phase mixture (in our case solid, liquid and vapor), 
optical propagation, surface tension. More information on the 
software can be found in [4, 5, 6].  

2.2. Simulation parameters 

Table 1. Simulation material parameters. 

 Solid Liquid Vapour 

ρ 7.85x10³ (300K) 
7.2x10³ (1710K) 

6.9x10³ (1700K) 
5.5x10³ (3500K) 

Ideal gas model 

M 55.8 x10-3 55.8 x10-3 55.8 x10-3 

Tm 1700 - - 

Tb - 3134 - 

C  483 (300K) 
684 (1700K) 

800 477 (3134K) 
714 (6000K) 

λ 15 (300K) 
36 (1800K) 

27 (1800K) 
42 (3000K) 

0.10 (1900K) 
0.25 (10000K) 

σ 0.5 (300K) 
1.5 (1000K) 
1.88 (1700K) 

1.88 (1700K) 
1.3 (3300K) 

0 

(n,κ) (3.80; 5.00) (3.80; 5.00) (1; 0) 

The material chosen is AISI304L stainless steel. The 
atmosphere is assumed to be air. Table 1 gives information on 
the simulation material parameters. When a value is given for 
different temperatures, all intermediate values are linearly 
interpolated. All values outside of the temperature boundaries 
are equal to the boundary value. 

The laser wavelength is 1070 μm. Initial temperatures for 
air and material are both 298.15K. 

Each plate has the following dimensions: 20 x 4 x 1 mm. 
Fig. 1 presents an overview of the configuration. 

 

Fig. 1. Simulation overview (0.4mm gap in this example) 

The laser track starts at -8mm and finishes at +8mm. The 
laser head starts from a rest position (V = 0) with a constant 
acceleration γ until it reaches its cruising speed V. 

Four configurations are investigated (see Table 2). 

Table 2. List of simulations. 

Name G 
(μm) 

V  
(mm/s) 

γ  
(m/s²) 

P 
(kW) 

M² D 
(mm) 

W0 
(μm) 

W 
(μm) 

S1 100 100 3 4.00 8 +4.83 60.5 226 

S2 200 100 3 4.00 8 +4.83 60.5 226 

S3 300 100 3 4.00 8 +4.83 60.5 226 

S4 400 100 3 4.00 8 +4.83 60.5 226 

3. Model validation 

3.1. Experimental parameters 

Four experiments are carried out: E1, E2, E3 and E4. They 
respectively correspond to simulations S1, S2, S3 and S4. The 
laser beam radii at focus and material surface are 
W0 = 60.5 μm and W = 291 μm respectively. 

A parameter missing from the experiment is the initial 
acceleration. Its value is assessed to be 3 m/s². 

In the experiments, care was taken to avoid any edge 
effects (at least 5mm away from the edges).  

After each experiment a cross-section is taken around 7 cm 
away from the starting position and a longitudinal section is 
taken, from the starting point to approximately 3 cm. 

3.2. Comparison between experiments and simulations 

Fig. 2, Fig. 3, Fig. 4 and Fig. 5 respectively show a 
comparison between E1, E2, E3, E4 and S1, S2, S3, S4. A 
vertical white line in the longitudinal section shows where the 
cross-section was taken from the simulation. A red contour 
indicates the liquid-solid boundary. 
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 Artwork has no text along the side of it in the main body 
of the text. However, if two images fit next to each other, 
these may be placed next to each other to save space. For 
example, see Fig. 1.   

Fig. 2. Comparison between experiment E1 and simulation S1 (0.1mm gap). 

Fig. 3. Comparison between experiment E2 and simulation S2 (0.2 mm gap). 

Fig. 4. Comparison between experiment E3 and simulation S3 (0.3 mm gap). 

 

 

 

 

 

 

Fig. 5. Comparison between experiment E4 and simulation S4 (0.4 mm gap). 

For the sake of simplicity, let us call the experiment green 
length “bead top width” and the yellow one “bead middle 
width”. Following Table 3 sums up the cross-section weld 
pool dimensions for experiments and simulation. 

Table 3. Comparison between experimental and simulation weld pool cross-
section dimensions 

 bead top 
width (mm) 

bead middle 
width (mm) 

weld filling 
(mm) 

penetration 
(mm) 

 val. diff. val. diff. val. diff. val. diff. 

E1 
S1 

1.14 
1.64 

0.50 1.12 
1.01 

-0.11 0 
0 

0 -0.31 
-0.48 

-0.17 

E2 
S2 

 

1.1 
1.5 

0.31 1.02 
1.08 

0.06 +0.08 
0 

-0.08 -0.27 
-0.45 

-0.18 

E3 
S3 

1.08 
1.31 

0.23 1.41 
1.40 

-0.01 -0.35 
-0.35 

0 -0.42 
-0.51 

-0.09 

E4 
S4 

1.14 
1.25 

0.11 1.24 
1.45 

0.21 -0.43 
-0.55 

-0.12 -0.40 
-0.46 

-0.06 

 
From Fig. 2, Fig. 3, Fig. 4 and Fig. 5, one can see that the 

longitudinal sections suit quite well the experiments. 
Simulations produce a few pores but the average behavior is 
comparable to experimental results. Surface shape and 
penetration seem consistent with the experiments. Even the 
surface defect from E4 is reproduced by S4. 

S1 and S2 cross-sections do not quite suit the experimental 
ones, especially for the bead top width. Actually, one can also 
notice this behavior for, S3 and S4 but in a more reasonable 
extent. This issue certainly comes from a current model 
limitation on beam propagation, especially when M² gets 
higher. The bead middle width, however, seems to be in 
accordance with the experiments quite accurately. 

In conclusion, both qualitatively and quantitatively, one 
can conclude that the model is well calibrated. 

4. Defects analysis  

4.1. Laser motion induced defect 

A first noticeable defect or irregularity that one can see 
happens at the beginning of the process. The penetration goes 
from full to partial penetration. Actually, this defect is not 
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induced by the gap but by the laser motion. The simulation in 
Fig. 6 has been done based on S2 parameters but with an 
initial speed of 100 mm/s (no acceleration). 

Fig. 6. Simulation based on S2 parameters and starting with a 100mm/s cruise 
speed (no acceleration). 

One can see that a constant initial speed yields a constant 
penetration along the laser track. 

4.2. Gap-induced defects 

The first defect one can conclude from the presence of a 
gap is under-filling. The higher the gap is, the lower the re-
solidified surface is. This phenomenon comes from a lack on 
material in the gap, the latter getting filled by the weld pool. 

A second noticeable defect is the lack of penetration. From 
longitudinal and cross-sections, one can see that an increase in 
gap values induces a tendency to reduce penetration. A first 
explanation could be the beam divergence. Indeed, the higher 
the gap is, the longer the path is to reach the lower plate 
bottom and thus the wider is the waist radius. However, an 
increase of 0.1 mm in focus height induces an increase of 
approximately 4 μm in the beam waist. So this surely plays a 
role but a rather minor one. Another origin is an open 
keyhole. For high gap values, in S4 for instance, the keyhole 
opens in front of the laser (+Z direction). It thus induces less 
beam reflection and a lower heat absorption. One 
consequence is a lack of penetration. 

The gap also has an influence on the bead middle width. 
From experimental cross sections, one can notice a value of 
1.12 μm for E1 and 1.41 μm for E3. A first origin could be 
beam divergence, for the same reason as explained in the 
previous paragraph. The other reason is, let us call it, a 
“curtain” effect. The keyhole can be seen as a curtain (a kind 
of cylindrical curtain), attached between the upper and the 
lower plate. Laser induced vaporization in the keyhole exerts 
a radial force (in XZ plane) on this curtain. In +X, -X and +Z 
directions, there is no liquid or solid in the gap to resist to this 
over-pressure. The only counterbalancing force is a capillary 
one. However, this curtain still gets pushed radially. In +Z 
direction, the effects in front of the keyhole are erased by the 
next time steps. However, in +X and -X directions, this 
expansion tends to widen the heat affected zone and thus the 
re-solidified weld bead middle width. 

Experiment E1 shows a stable weld process where a 
sudden instability (spike) reached the bottom plate and 
maintained full-penetration characteristics for a while (once 
the melt pool reaches the bottom, heat accumulation there 
helped to keep the full penetration). A longer simulation or 
even repeating the simulation by introducing any kind of 
surface imperfection in the middle of the path may allow for 
reproducing this effect. 

Experiment E4 shows another type of instability. After 
approximately 2 cm, one can notice a wave-like re-solidified 
surface, around 1 mm deep. This phenomenon does not 
appear in E1, E2 or E3. From experimental results, it is hard 
to derive the origin for such a defect. The corresponding 
simulation S4 helps to understand the fluid dynamical failure 
mechanism. Fig. 7 (weld pool in dark grey). shows an 
interesting wave and explosion.  

Fig. 7. Instability and explosion in simulation S4 between times t = 150ms 
and t = 152ms. 

One can see in Fig. 7 that there is no connection between 
weld pool and upper plate at t = 150 ms. Suddenly, the weld 
pool reconnects with the upper plate ahead at t = 151 ms. This 
thin horizontal layer of reconnected weld pool, let us call it 
“bridge”, is being highly heated by the laser, then pushed by 
vapor expansion and seems to generate a wave leading to an 
instability and explosion in the rear weld pool. 

 Although that kind of instability might be out of the solver 
limit, one can still admit the unstable nature for a 0.4 mm gap. 

5. Improvements on weld quality 

5.1. Weld improvement through beam shaping 

Unless adding welding material to the process, there is 
physically no way to substantially counterbalance under-fill 
with beam-shaping. 

A way to investigate on penetration and bead middle width 
could be to play with the temperature distribution. Two 
different beam shapes called BS1 and BS2 are tested here. 
BS1 has almost the same set of parameters as for S1-4 but 
with a smaller spot waist on the surface: 92 μm. BS2 is the 
combination of an inner 1kW circular spot with a waist radius 
of 162 μm (on the surface) and an outer concentric 2.5kW 
circular spot with a waist radius of 226 μm (on the surface). 

In order to avoid the re-connection instability leading to 
explosion seen in S4, a possibility is to diminish the fluence in 
Z-direction in order to create a less localized vapor expansion 
on the weld “bridge”. A simulation is done for a 3.5kW 
elliptical spot, with semi-major axis (in Z-direction) 
a = 339 μm and a semi-minor axis b = 226 μm. This beam 
shape is called BS3. 
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5.2. Beam shaping simulations results 

The simulation for BS1 and BS2 are presented in Fig. 8 
and Fig. 9. The latter respectively show the results obtained 
for longitudinal and cross sections. 

Fig. 8. Longitudinal sections of simulations S3 with from top to bottom: 
original parameters, BS1 and BS2. 

Fig. 9. Cross sections of simulations S3 with from top to bottom: original 
parameters, BS1 and BS2. 

From Fig. 8 and Fig. 9, one can conclude that BS1 and 
BS2 do not provide a deeper penetration. Indeed, an easy way 
to get more penetration would be to slow down the laser 
speed, but this solution is out the paper scope. The bead 
middle width is smaller: 1.4 mm for S3, 1.22 mm for S3-BS1 
and 1.18 mm for S3-BS2. S3-BS1 also yields a smaller bead 
top width (1.2 mm) and a more regular surface shape. 

Fig. 10 (weld pool in dark grey) shows the results for a 
simulation based on S4 with a BS3 beam shape. 

One can see that a weld bridge is built between time 
t = 149 ms and t = 150 ms. However, in opposition to the 
original S4 simulation, a lower concentrated heat input 
provides more stability and an explosion is avoided at t = 151 
ms. 

Fig. 10. Longitudinal section showing the stability of a weld bridge under an 
elliptical spot (parameters BS3) for a 0.4mm gap between times t = 0.149 ms 
and t = 0.151 ms. 

Nevertheless, one has to remain careful using an elliptical 
spot and trying to stretch out the spot in the scanning 
direction. Fig. 11 shows the results obtained for a longer 
ellipse with semi-major and minor axis a = 452 μm and 
b = 226 μm respectively. 

 

Fig. 11. Longitudinal section based on S4 parameters but with an elliptical 
spot (a = 452 μm and b = 226 μm on the surface) with semi-major axis in Z 

direction. 

Indeed, a longer ellipse yields a less localized heat input 
which leads to a lack of penetration and thus to a lack of 
fusion between upper and lower plate. 

6. Conclusion 

The presence of a gap may induce particular welding 
defects, from under-fill, lack of penetration and too much 
wetting to instabilities and explosions in some cases. The 
presented simulations help to understand those defects and the 
gap influence on them. 

A main defect being under-fill is hard to fully 
counterbalance through beam shaping and would require an 
additional weld material. 

Two different techniques (smaller spot and two concentric 
beams) have been tried to influence penetration and bead 
middle width. Although the penetration decreased, a reduction 
of bead middle width and top width was noticeable. 

The use of an elliptical spot has allowed for the control of 
an instability leading to an explosion in a 0.4 mm gap 
configuration. 

The results presented here are still a work in progress and 
will be further tested through experiments. They should be 
taken as a tendency and an opening for further investigation 
on beam shaping solutions for gap induced welding defects. 
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induced by the gap but by the laser motion. The simulation in 
Fig. 6 has been done based on S2 parameters but with an 
initial speed of 100 mm/s (no acceleration). 

Fig. 6. Simulation based on S2 parameters and starting with a 100mm/s cruise 
speed (no acceleration). 

One can see that a constant initial speed yields a constant 
penetration along the laser track. 

4.2. Gap-induced defects 
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increase of 0.1 mm in focus height induces an increase of 
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of cylindrical curtain), attached between the upper and the 
lower plate. Laser induced vaporization in the keyhole exerts 
a radial force (in XZ plane) on this curtain. In +X, -X and +Z 
directions, there is no liquid or solid in the gap to resist to this 
over-pressure. The only counterbalancing force is a capillary 
one. However, this curtain still gets pushed radially. In +Z 
direction, the effects in front of the keyhole are erased by the 
next time steps. However, in +X and -X directions, this 
expansion tends to widen the heat affected zone and thus the 
re-solidified weld bead middle width. 

Experiment E1 shows a stable weld process where a 
sudden instability (spike) reached the bottom plate and 
maintained full-penetration characteristics for a while (once 
the melt pool reaches the bottom, heat accumulation there 
helped to keep the full penetration). A longer simulation or 
even repeating the simulation by introducing any kind of 
surface imperfection in the middle of the path may allow for 
reproducing this effect. 

Experiment E4 shows another type of instability. After 
approximately 2 cm, one can notice a wave-like re-solidified 
surface, around 1 mm deep. This phenomenon does not 
appear in E1, E2 or E3. From experimental results, it is hard 
to derive the origin for such a defect. The corresponding 
simulation S4 helps to understand the fluid dynamical failure 
mechanism. Fig. 7 (weld pool in dark grey). shows an 
interesting wave and explosion.  

Fig. 7. Instability and explosion in simulation S4 between times t = 150ms 
and t = 152ms. 

One can see in Fig. 7 that there is no connection between 
weld pool and upper plate at t = 150 ms. Suddenly, the weld 
pool reconnects with the upper plate ahead at t = 151 ms. This 
thin horizontal layer of reconnected weld pool, let us call it 
“bridge”, is being highly heated by the laser, then pushed by 
vapor expansion and seems to generate a wave leading to an 
instability and explosion in the rear weld pool. 

 Although that kind of instability might be out of the solver 
limit, one can still admit the unstable nature for a 0.4 mm gap. 

5. Improvements on weld quality 

5.1. Weld improvement through beam shaping 

Unless adding welding material to the process, there is 
physically no way to substantially counterbalance under-fill 
with beam-shaping. 

A way to investigate on penetration and bead middle width 
could be to play with the temperature distribution. Two 
different beam shapes called BS1 and BS2 are tested here. 
BS1 has almost the same set of parameters as for S1-4 but 
with a smaller spot waist on the surface: 92 μm. BS2 is the 
combination of an inner 1kW circular spot with a waist radius 
of 162 μm (on the surface) and an outer concentric 2.5kW 
circular spot with a waist radius of 226 μm (on the surface). 

In order to avoid the re-connection instability leading to 
explosion seen in S4, a possibility is to diminish the fluence in 
Z-direction in order to create a less localized vapor expansion 
on the weld “bridge”. A simulation is done for a 3.5kW 
elliptical spot, with semi-major axis (in Z-direction) 
a = 339 μm and a semi-minor axis b = 226 μm. This beam 
shape is called BS3. 
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5.2. Beam shaping simulations results 

The simulation for BS1 and BS2 are presented in Fig. 8 
and Fig. 9. The latter respectively show the results obtained 
for longitudinal and cross sections. 

Fig. 8. Longitudinal sections of simulations S3 with from top to bottom: 
original parameters, BS1 and BS2. 

Fig. 9. Cross sections of simulations S3 with from top to bottom: original 
parameters, BS1 and BS2. 

From Fig. 8 and Fig. 9, one can conclude that BS1 and 
BS2 do not provide a deeper penetration. Indeed, an easy way 
to get more penetration would be to slow down the laser 
speed, but this solution is out the paper scope. The bead 
middle width is smaller: 1.4 mm for S3, 1.22 mm for S3-BS1 
and 1.18 mm for S3-BS2. S3-BS1 also yields a smaller bead 
top width (1.2 mm) and a more regular surface shape. 

Fig. 10 (weld pool in dark grey) shows the results for a 
simulation based on S4 with a BS3 beam shape. 

One can see that a weld bridge is built between time 
t = 149 ms and t = 150 ms. However, in opposition to the 
original S4 simulation, a lower concentrated heat input 
provides more stability and an explosion is avoided at t = 151 
ms. 

Fig. 10. Longitudinal section showing the stability of a weld bridge under an 
elliptical spot (parameters BS3) for a 0.4mm gap between times t = 0.149 ms 
and t = 0.151 ms. 

Nevertheless, one has to remain careful using an elliptical 
spot and trying to stretch out the spot in the scanning 
direction. Fig. 11 shows the results obtained for a longer 
ellipse with semi-major and minor axis a = 452 μm and 
b = 226 μm respectively. 

 

Fig. 11. Longitudinal section based on S4 parameters but with an elliptical 
spot (a = 452 μm and b = 226 μm on the surface) with semi-major axis in Z 

direction. 

Indeed, a longer ellipse yields a less localized heat input 
which leads to a lack of penetration and thus to a lack of 
fusion between upper and lower plate. 

6. Conclusion 

The presence of a gap may induce particular welding 
defects, from under-fill, lack of penetration and too much 
wetting to instabilities and explosions in some cases. The 
presented simulations help to understand those defects and the 
gap influence on them. 

A main defect being under-fill is hard to fully 
counterbalance through beam shaping and would require an 
additional weld material. 

Two different techniques (smaller spot and two concentric 
beams) have been tried to influence penetration and bead 
middle width. Although the penetration decreased, a reduction 
of bead middle width and top width was noticeable. 

The use of an elliptical spot has allowed for the control of 
an instability leading to an explosion in a 0.4 mm gap 
configuration. 

The results presented here are still a work in progress and 
will be further tested through experiments. They should be 
taken as a tendency and an opening for further investigation 
on beam shaping solutions for gap induced welding defects. 
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