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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 development of high energy laser sources enables single-pass welds of thick plates up to 30 mm, but often additional materials are needed 
to influence the properties of the weld seams. However, the homogenous distribution of filler materials in form of e.g. electrodes is only possible 
up to 7 mm while the elements are only traceable up to a depth of 14 mm. To overcome this problem a two-step process is used where first the 
edges of the weld partners are coated with the filler material by laser metal deposition (LMD) and afterwards are welded by laser beam. Single-
pass welds with electromagnetic weld pool support of 30 mm thick S355 J2+N-plates with austenitic AISI 316L-coatings were investigated as 
well as the influence of the coatings to the penetration depth of the laser beam without electromagnetic weld pool support in double-sided joints. 
The weld seams were tested by X-ray inspection and cross sections.   
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1. Introduction 

The development of high energy laser sources opens the 
market for new applications due to the fact, that plates with 
higher thicknesses are weldable in a single pass. The 
advantages of the laser like a low heat input, a high welding 
speed combined with little distortion are obvious. However, 
there are two challenges to overcome with this technique and 
its application for thick plates. The first one relates to a process 
instability at slower welding velocity, which is required to 
achieve a full penetration welding with an increasing plates 
thickness at the limited laser power. This results in a higher 
volume of molten material and thus a competition of the 
hydrostatic pressure ph which is dependent on the plate 
thickness h with Laplace pressure pL, which in turn is dependent 
on the surface tension. If the Laplace pressure cannot 
compensate the hydrostatic pressure, this results in drop-out on 
the root side often in combination with melt sagging on the 
upper side [1]. Common approaches are melt pool support 
systems or multi-layer welds. Both are time consuming due to 

necessary preparations, rework or the higher process times.  
 
Nomenclature 
 
B Magnetic field in T  
FL Lorentz force in N 
f Defocussing in mm 
fAC AC-Magnet frequency in Hz 
h Plate thickness in mm  
HAZ Heat affected zone 
HLAW  Hybrid laser-arc welding 
j Electric current density in A∙m-2 

LB Laser beam 
LMD Laser metal deposition 
PAC AC-Magnet power in kW 
PL Laser power in kW 
ph Hydrostatic pressure in Pa 
pL Laplace pressure in Pa 
vs Welding speed in m∙min-1 
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Another, third approach is a non-contact weld pool support 
system based on electromagnetic compensation of the 
hydrostatic pressure. It was developed and investigated by 
Avilov et al. [1] for high power laser welds and further 
investigated by other authors for the hybrid laser-arc welding 
(HLAW) process [2]. This compensation works by utilization 
of an AC-magnet system, which is placed below the specimen 
and generates an oscillating magnetic field B perpendicular to 
the welding direction, that in turn induces the electric current 
density j parallel to the welding direction. The resulting Lorentz 
force FL is directed upwards, contrary to the hydrostatic 
pressure.  

The second challenge, which works as a limiting factor at 
the higher plate thickness is the dilution of the molten material. 
Many applications need filler materials to influence the weld 
seam to a certain purpose. A prominent example for this is the 
usage of filler materials with a higher nickel content for duplex 
stainless steels laser welding to achieve a higher austenite 
fraction [3, 4]. Gook et al. [5] showed, that the maximum depth 
in which the elements of the filler material could be detected is 
14 mm and that the distribution through the depth of the weld 
is uneven for laser hybrid welds, as shown in Fig. 1.  

To overcome this problem different approaches like multi-
layer welds with a filler wire or the usage of nickel foils, that 
were placed between the weld partners were used [3, 7]. For 
15 mm thick duplex plates a two-step process was proposed by 
Straße et al. [8], were in the first step the filler material was 
deposited on the weld partners by laser metal deposition 
(LMD) and those coated edges were welded by laser beam (LB) 
afterwards. In this paper two approaches for 30 mm butt joints, 
single-pass with electromagnetic weld pool support and 
double-sided joints without the magnetic system are 
investigated and compared. For both the above described welds 
a prior coating process by LMD was used. 

2. Experimental setup

The base material was a S355 J2+N structural steel with the
dimensions of 100 mm x 300 mm x 30 mm. As filler material 
an AISI 316L-Si austenitic stainless-steel powder with the 
particle size of 53 µm - 106 µm was used. This material 
combination has no practical applications. It was chosen, 
because of the good distinguishability of both phases in 
microsections and thus to show the effects of both welding 
approaches. For both materials the chemical composition 
according to the manufacturers specifications is shown in 
Table 1. 

Table 1. Chemical composition (wt.-%) of the materials 

The coating of the edges was done by LMD with a five-axis 
Trumpf TruLaser Cell 3000 working station, which is equipped 
with a 16 kW Trumpf TruDisc 16002 Yb:YAG-disc laser with 
the wave length of 1030 nm. For the powder distribution a 
Medicoat Flowmotion Twin powder feeder was used with a 
powder feed rate of 17 m∙min-1. 

The coaxial three-jet nozzle has a working distance of 
16 mm with a powder spot diameter of approx. 3.5 mm and the 
chosen parameters were a laser spot diameter of 2.4 mm, a 
welding velocity of 1.3 m∙min-1 and a laser power of 1.2 kW. 
The coating of the edges has been made as a single layer with 
21 overlapping tracks with a track width of approx. 2.9 mm and 
a stepover of 1.38 mm. 

For the laser welding an IPG YLR-20000 fiber laser with a 
wavelength of 1070 nm, a focus diameter of 0.56 mm and a 
beam parameter product of 11 mm∙mrad was used.  

The HIGHYAG BIMO HP-Laser processing head with a 
focal length of 350 mm was mounted on a 6-axis Kuka-robot. 
The shielding gas (argon) was delivered through a lateral 
shielding gas nozzle. The experimental setups for the coating 
and the laser welding are shown in Fig. 2 and Fig. 3, 
respectively. 

For the single-pass welds the AC-magnetic system was 
installed additionally, with the specimen fixed 2 mm above the 
magnet poles. Here, instead of the robot with the optical head, 
the specimen are fixed on a linear axis is moved over the 
magnetic system. 

Elements  S355 J2+N (wt.-%) AISI 316L-Si (wt.-%) 

C 0.15 0.01 

Si 0.19 2.1 

Mn 1.55 0.4 

P 0.012 0.01 

S 0.003 - 

Cr 0.009 17.3 

Mo - 2.5 

Ni - 12.2 

Fe Bal. Bal. 

Fig. 2 Experimental setup for the edge coating by LMD 

Fig. 1 Element distribution of Ni in length section of laser hybrid welded 
seam [6] 
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All weld seams double-sided as well as single-pass were 
done as butt joints in 1G-position. The welding parameters are 
listed in Table 2. 

Table 2. Welding and AC-magnet parameters  

Single 
pass welds 

Double-sided joints 

Seam weld Root weld 

Welding speed vs in m∙min-1: 0.5  1.6  1.2 

Laser power PL in kW: 18.8 15.6 8.0 

Defocussing f in mm: - 8 - 4 - 4 

Magnet power PAC in kW: 2.4 - - 

Frequency fAC in Hz: 1200 - - 

3. Results and discussion

3.1. Edge coating 

The outer appearance of the deposition layer of the edges 
does not perform any obvious oxidation and looks 
homogenous.  
The cross sections display a low dilution (< 20 %) between 
base material and the filler material, whereas the dilution is 
defined as the ratio of the volume of the coating material to the 
volume of the whole molten material and can be deduced from 
the corresponding areas in the cross sections. Fig. 4 shows a 
part of the cross section. It is visible, that the upper side is even. 
The separation between the single tracks is only possible to be 
recognized by the waviness of the lower section of the coating. 

Both mentioned characteristics of the deposited layer, the 
even upper side as well as the low dilution, are advantageous. 
The edge evenness is a necessary condition for the following 
laser welding process for which a technical zero gap is 
preferred. The thickness of the coating is approx. 0.5 mm and 
thus sufficient to produce a laser weld within the coated 
material. In combination with the low dilution, this enables 
defined weld properties due to a known composition of the 
filler material, as well as a good connectivity between the base 
metal and the coating.  

3.2. Double-sided joints 

The two passes of the double-sided joints showed a good 
outer appearance with no visible defects. For both passes cross 
sections were made, to allow an inside impression of the weld’s 
quality (cf. Fig. 5). Those showed solidification cracks and 
pores for both layers. The formation of hot cracks was 
investigated by different authors [9-11] and is influenced by a 
combination of the alloy composition and the welding 
conditions. The counter pass was done as a partial penetration 
weld and due to the high cooling rates typical for laser welding 
the degassing was hindered, which also results in pores and is 
a known problem for this type of weld seams [12]. 
Additionally, due to their crystal lattice and thus a lower 
dissolving ability for low melting elements austenitic stainless 
steels have a higher susceptibility for hot cracks than mild 
steels, so cracks were to be expected, but they were not under 
investigation and thus no efforts were made to prevent them 
[13].  

a b 

Unexpected was the high penetration depth of the first pass. 
Initially, a welding depth of slightly over half of the material 
thickness was aspired. With 23.6 mm for the coated edges this 
value was far higher than expected (< 20 mm [14]) and more 
than three quarters of the material thickness. This condition can 

Fig. 4 Cross section of buttered edge 

Fig. 5 Cross sections of double-sides joints (a) after the first pass; (b) 
after the counter pass 

Fig. 3 Experimental setup for the laser welding of the double-sided joints 
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be explained with the geometry of the coatings. Even though 
they were quite even, due to the overlapping between single 
tracks a slight waviness was still evident und thus a wider gap 
between the valleys of coatings, which allowed for an 
unhindered passage of the laser beam. The influence of the 
edge roughness on the penetration depth was also investigated 
by Sokolov et al. [15] and they confirmed, that a certain 
roughness as well as a slight increase of the air gap have a 
positive influence on the penetration depth as well as the weld 
quality. 

This was the reason for an adjustment of the welding 
parameters to a significant reduction of the laser power for the 
counter pass. Still the penetration depth was 13.4 mm which 
resulted in the overlap of approx. 7 mm. 

With its slim shape the appearance of the weld seam is 
typical for laser welds. The low heat input as well as the 
welding speed allow for only a small volume of molten 
material. The waviness of the fusion line at the transition to the 
heat affected zone (HAZ) indicates, that the laser beam only 
reached the coated areas, as intended to realize known 
properties in the weld seam, as discussed above. 

3.3. Single-pass welds with electromagnetic weld pool 
support 

The single-pass welds also showed a good outer appearance 
without any visible defects. The cross section is depicted in 
Fig. 6 and indicates a well-formed weld seam without visible 
defects apart from a small pore. According to 
EN ISO 131919-01 the root quality is sorted to the highest 
evaluation group B. 

The x-ray analysis of the weld seams confirmed that no 
defects except in the starting and ending region were detected. 
Those areas are known for defects due a stabilization phase in 
the beginning and the collapse of the keyhole in the end. 
Usually this problem is solved by the usage of run-on or run-

off tabs, respectively. Fig.7 shows the x-ray images with the 
defects highlighted by black circles. 

In comparison to the double-sided joints the single-pass 
welds are wider, with no rest coatings visible. Also, the heat 
affected zone appears more prominent. This increase of volume 
of the molten material and the HAZ was to a small part due to 
the higher laser power of 18.8 kW, but the main reason was the 
far lower welding speed of 0.5 m ∙ min-1. Without the 
electromagnetic support systems such low velocities would 
result in dropouts in the root region.  

The wider weld seam resulted in a melting of not only the 
coating but the base material as well. This leads to a change in 
the composition of the weld seam alloy and thus in a probable 
change of the properties. To avoid this there are two possible 
solutions: For one the application of thicker LMD coatings with 
changed parameters or multiple layers. Another solution is an 
adjusted element distribution in the powder composition, that 
reacts to the changed volume of molten material and thus 
results in the initial aspired properties of the weld seam. 

4. Conclusions

The presented two-step process, where the filler material is
deposited to the edges of the weld partners by LMD in the first 
step, prior to the laser beam process as a second step, is a 
solution to realize a homogenous distribution of the filler 
material in the weld seam for thick plates. 

The double- sided joints showed slim weld seams with a rest 
coating visible and thus a known element distribution in the 
molten material but having imperfections like hot cracks and 
pores. 

The single-pass welds with electromagnetic weld pool 
support allowed for a slower welding velocity. Except for the 
starting and ending regions, those weld seams were defect free. 
The weld seams as well as the HAZ were wider due to the 
higher heat input and all the coating was molten as well as parts 
of the base material. As a result, the element distribution 
changed. The knowledge of the geometry and volume of the 
weld seams enables to adapt the coatings element composition 
and thus realize the aspired properties in the weld seam. 
Alternatively, thicker coatings realize the same goal. 
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the higher laser power of 18.8 kW, but the main reason was the 
far lower welding speed of 0.5 m ∙ min-1. Without the 
electromagnetic support systems such low velocities would 
result in dropouts in the root region.  

The wider weld seam resulted in a melting of not only the 
coating but the base material as well. This leads to a change in 
the composition of the weld seam alloy and thus in a probable 
change of the properties. To avoid this there are two possible 
solutions: For one the application of thicker LMD coatings with 
changed parameters or multiple layers. Another solution is an 
adjusted element distribution in the powder composition, that 
reacts to the changed volume of molten material and thus 
results in the initial aspired properties of the weld seam. 

4. Conclusions

The presented two-step process, where the filler material is
deposited to the edges of the weld partners by LMD in the first 
step, prior to the laser beam process as a second step, is a 
solution to realize a homogenous distribution of the filler 
material in the weld seam for thick plates. 

The double- sided joints showed slim weld seams with a rest 
coating visible and thus a known element distribution in the 
molten material but having imperfections like hot cracks and 
pores. 

The single-pass welds with electromagnetic weld pool 
support allowed for a slower welding velocity. Except for the 
starting and ending regions, those weld seams were defect free. 
The weld seams as well as the HAZ were wider due to the 
higher heat input and all the coating was molten as well as parts 
of the base material. As a result, the element distribution 
changed. The knowledge of the geometry and volume of the 
weld seams enables to adapt the coatings element composition 
and thus realize the aspired properties in the weld seam. 
Alternatively, thicker coatings realize the same goal. 
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