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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 

Coaxial Laser wire Direct Energy Deposition (L-DED) promises a direction-independent buildup due to a centric supply of the welding material. 
To fabricate Functionally Graded Materials (FGMs), a processing head was designed that is capable of supplying two wire materials into the 
processing zone. This study investigates the direction dependency of welding seams produced by two 1.4718 metal wires with a diameter of 0.8 
mm in a coaxial laser setup using three separately controllable single laser beams with a maximum combined laser power of 660 W. The welding 
wires are supplied simultaneously to the laser spot under an incidence angle of 3.5° to the middle axis of the processing head. The seam geometry 
is investigated using a confocal laserscanning-microscope. A comparison of the height, width and macroscopic seam geometry reveals the 
influence of the welding direction on the seam geometry and quality in Laser Double wire Direct Energy Deposition (LD-DED).  
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1. Introduction 

Laser wire Direct Energy Deposition (L-DED) is an 
Additive Manufacturing (AM) process that is capable of 
building near net shape geometries and can further be used 
for coating and cladding applications. With a high material 
utilization of almost 100 %, the wire L-DED process 
promises a relatively clean and material-efficient working 
environment. In general, two solutions exist for AM with 
laser and metal wire.  

A lateral system is characterized by a centric laser beam 
and a laterally supplied welding material. The welding result 
is dependent from the beam incidence angle as well as the 
wire placement in the laser-wire interaction zone. [1,2] A 
coaxial system uses a centric wire-feeding nozzle with 
several laser beams or one ring shaped beam that envelop the 

wire and provide the thermal energy necessary to melt it in 
the processing zone. The coaxial system therefore requires 
several beam splitting, shaping and guiding elements. While 
the lateral setup is particularly easier to realize, the most 
important advantage of a coaxial system in comparison to its 
lateral counterpart is the direction-independency of the 
welding result. [3,4] 

AM increases the availability of custom-built parts as well 
as customized material behavior. Functionally Graded 
Materials (FGMs) are gaining increased interest as they 
promise improved mechanical and thermal properties 
compared to conventionally fused multi-materials. The 
graded transition zone between at least two materials is less 
likely prone to cracking or failure and allow combinations of 
materials with partly contradictory properties thus enhancing 
the range of available materials. [5,6] Multiple processes 
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Additive Manufacturing (AM) process that is capable of 
building near net shape geometries and can further be used 
for coating and cladding applications. With a high material 
utilization of almost 100 %, the wire L-DED process 
promises a relatively clean and material-efficient working 
environment. In general, two solutions exist for AM with 
laser and metal wire.  

A lateral system is characterized by a centric laser beam 
and a laterally supplied welding material. The welding result 
is dependent from the beam incidence angle as well as the 
wire placement in the laser-wire interaction zone. [1,2] A 
coaxial system uses a centric wire-feeding nozzle with 
several laser beams or one ring shaped beam that envelop the 

wire and provide the thermal energy necessary to melt it in 
the processing zone. The coaxial system therefore requires 
several beam splitting, shaping and guiding elements. While 
the lateral setup is particularly easier to realize, the most 
important advantage of a coaxial system in comparison to its 
lateral counterpart is the direction-independency of the 
welding result. [3,4] 

AM increases the availability of custom-built parts as well 
as customized material behavior. Functionally Graded 
Materials (FGMs) are gaining increased interest as they 
promise improved mechanical and thermal properties 
compared to conventionally fused multi-materials. The 
graded transition zone between at least two materials is less 
likely prone to cracking or failure and allow combinations of 
materials with partly contradictory properties thus enhancing 
the range of available materials. [5,6] Multiple processes 
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exist that are capable of producing FGMs with at least one 
material supplied in wire form.  

Lin et al. used a combination of copper powder and nickel 
wire material in a lateral wire-feeding setup to produce 
functionally graded transition zones between the two 
materials. A graded transition could be obtained by varying 
the wire feeding velocity and powder flow rates [7]. 
Osipovich et al. investigated the manufacturing of graded 
samples made of copper and steel in double wire electron 
beam AM using two lateral wire-feeding nozzles. The 
microscopic analysis showed no defects such as cracks or 
pores. [8] Weisheit et al. investigated a lateral laser double 
wire process to build graded samples for application in the 
tooling industry. It was proven that a functionally graded 
transition with two wire materials was possible but the 
process showed a direction-dependency due to the lateral 
setup. [9]  

However, no laser wire process has been investigated that 
provides two wire materials in a coaxial manner into the 
processing zone. To fill this gap, a multiple Diode Coaxial 
Laser processing head (DiCoLas) that uses three individually 
controllable laser beams has been developed at the Laser 
Zentrum Hannover e.V. It is capable of simultaneously 
providing two wire materials centrically to the processing 
zone under a small angle of incidence to the processing 
heads’ middle axis. As a result, the orientation of the two 
welding wires towards the welding direction differs when 
changing the movement direction of the specimen. Therefore, 
the influence of the material distribution on the formation of 
the welding seam geometry needs to be investigated.  

2. Materials and methods 

The aim of this work is to investigate the direction-
dependency of coaxial Laser Double wire DED (LD-DED) 
with regard to the difference in the distribution of the welding 
material into the processing zone. Therefore, the welding 
seam geometry as well as the seam quality is investigated.  

2.1. Experimental setup 

The experiments are conducted using the DiCoLas 
processing head. This device uses three individually 
controllable laser beams that are arranged circularly to the 
middle axis of the process. The laser source consists of three 
fiber-coupled laser diodes with a wavelength of 
λ = 970 ± 7 nm and a maximum single beam output power of 
P = 220 W. With a focusing length of ffocus = 100 mm a 
combined laser spot diameter of dspot = 1.6 mm is formed. 
Two wire materials with a diameter of dwire = 0.8 mm are 
provided to the melting pool simultaneously. Fig. 1 shows a 
schematic drawing of the LD-DED process. The two welding 
wires are introduced to the processing zone under a beam 
incidence angle of α = 3.5°. The stick-out between the 
welding nozzle and the base material has a fixed length of 
lStick-out = 7 mm. The Argon 4.6 shielding gas flow is set to 
V̇Ar = 10 l/min based on preliminary testing. 

 

Fig. 1. Schematic drawing of the process zone. 

2.2. Materials 

Sandblasted plates of 1.0577 mild steel with a thickness of 
10 mm as the base material and 1.4718 steel welding wires 
are used for the application of welding seams. The materials 
were chosen based on preliminary testing that showed good 
results concerning the process stability which is defined by 
the absence of welding spatters and defects like pores as well 
as an equal material distribution along the seam geometry. 
Table 1 shows the chemical composition of both materials.  

Table 1. Chemical composition of the base and wire material in wt. % 
according to manufacturer datasheet. 

Material C 

[%] 

Si 

[%] 

Mn 

[%] 

P  

[%] 

S 

[%] 

Cr 

[%] 

Ni 

[%] 

1.0577 0.23 0.60 1.70 0.035 0.035 - - 

1.4718 0.50 3.30 0.60 0.040 0.030 10.0 0.5 

 

2.3. Methods 

Fig. 2 shows the wire alignment towards the welding 
directions as well as the exemplified laser beam arrangement. 
It can be seen that the laser beam positioning towards the 
welding direction differs. Therefore, eight welding directions 
are required to investigate both the orientation of the wire as 
well as the impact of the laser beam placement towards the 
welding direction. 

 

 

Fig. 2.Schematic drawing of the welding directions with the welding wire 
and laser orientation in the middle.  
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Fig. 3.Thermographic images of the wire alignment for specimen 
movement in x-direction (a) and y-direction (b). 

The thermographic images of the double wire welding 
process (cf. Fig. 3) show the wire orientation towards the 
main specimen movement directions x and y. In the 
x-direction the wires are placed behind each other, while they 
are adjacent in the y-direction. Accordingly, the question 
arises whether the adjacent wire alignment produces a 
different seam geometry than the trailing wire alignment. 
Thus, the influence of the two wires on the seam geometry, 
especially on the seam width, is of major interest. The 
process parameters are listed in Table 2.  

Table 2. Process parameters for the investigation of the LD-DED process. 

Process parameter Name Unit Value 

Laser output power  PLaser W 600 

Spot diameter in focus dspot mm 1.6 

Wavelength  λ nm 970 ± 7  

Specimen velocity  vspecimen mm/s 3.5 

Combined wire feeding 
velocity  

vwire mm/min 550 

Welding seam length lseam mm 20  

Shielding gas flow (Argon 
4.6) 

V̇Ar  l/min 10 

Amount of seams per 
direction 

- - 4 

2.4. Analysis 

Four seams per direction are generated and measured at 
three points per seam orthogonally to the welding direction 
using a Keyence VK-X1100 confocal 3D laserscanning-
microscope. The seams are evaluated by measuring the seam 
height, seam width, seam contact angle as well as the 
macroscopic analysis concerning defects such as surface 
pores or delamination of the welding seams from the base 
material. To further detect pores or interconnection defects in 
the seam geometry, polished cross-sections of the seams are 
investigated. The samples are etched with Adler for better 
visibility of the welding seams. For further analysis of the 
process stability, a line measurement of the waviness Wa is 
performed with a cut-off Filter λc = 0.25 mm to cut off the 
roughness profile from the waviness. To determine the 
dependency of the seam quality and geometry, an ANOVA 
(Analysis of Variance) test with a significance level of 
α = 0.05 is conducted for each parameter. 

3. Results and discussion  

3.1. Seam quality  

Fig. 4 displays the 3D-scan of welding direction 1 next to 
the macroscopic appearance of the welding seam. The 
welding seam shows evenly distributed material and a 
constant seam height along the welding direction. At the 
starting and ending point of each seam, an increase of the 
height mainly due to the acceleration and deceleration of the 
axis is detectable. These observations were made for all 
welding seams investigated. 

 

 

Fig. 4. Top view on the 1.4718 welding seam of direction 1. Comparison 
between the height mapping (top) and macroscopic seam appearance 
(bottom). 

Defects such as surface pores, bonding defects or 
detachment of the molten wire material from the base 
material were not detected in the macroscopic analysis for 
any of the produced welding seams. Furthermore, the process 
showed no sparking nor welding spatters in the surrounding 
area of the welding seams. 

 

 

Fig. 5. Cross-section of the etched welding seams showing the seam 
quality and geometry. Welding seams numbered according to Fig. 2. 
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Fig. 5 shows seam cross-sections for each investigated 
welding direction with no defects and an overall good 
interconnection with the base material. Besides missing 
defects, the stability of the process is further investigated 
measuring the waviness Wa (cf. Fig. 6) for each welding 
seam. The results show no significant influence of the 
welding direction on the seam waviness with a P-value of 
P = 0.3121. 

 

 

Fig. 6. Boxplot of the seam waviness for each welding direction. 

3.2. Seam height 

The influence of the welding direction on the seam height 
in LD-DED is shown in the boxplot of Fig. 7. There is a slight 
deviation between the individual welding directions. 
However, an overall good dimensional accuracy considering 
the seam height can be seen. With a P-value of P = 0.0772 
there is no significant dependency between the welding 
direction and the welding seam height detectable. A constant 
seam height is of major importance for a multiple layer 
L-DED since the distance between the nozzle and processing 
zone is critical regarding the process behavior. [10]  

 

 

Fig. 7. Boxplot of the seam height for each welding direction. 

3.3. Seam width 

The comparison of the welding seam width shows a 
comparable behavior to the welding seam height. The 
difference in seam width is partly contrary to the welding 
seam height, which shows a direct connection between the 
two values (cf. Fig. 8).  

This link can be derived from the mass balance of the 
process. At a constant wire feeding speed coupled with a 
constant specimen feeding velocity, the applied mass and 
consequently volume of the resulting welding seam 
maintains the same for each seam considering the almost 
complete material utilization of the LD - DED process. With 
a P-Value of P = 0.0576 there is no considerable difference 
in the welding seam width. However, to determine the 
resulting seam geometry, the contact angle of the seam to the 
substrate needs to be taken into account.  

 

 

Fig. 8. Boxplot of the seam width for each welding direction. 

3.4. Seam contact angle  

In order to confirm the independency of the resulting seam 
geometry from the welding direction, the seam contact angle 
is measured. The boxplot in Fig. 9 shows the values of the 
median contact angle for each welding direction. The 
relationship introduced in the observations of the seam width 
and height is supported by the absence of a considerable 
difference in the contact angles with a P-value of P = 0.0518. 
 

 

Fig. 9. Boxplot of the seam contact angle for each welding direction. 

The observations lead to the conclusion that the coaxial 
laser double wire process is direction-independent when two 
wire materials are coaxially provided into the processing 
zone with the same wire feeding velocity. A significant 
variation of the seam width mainly caused by the wire 
alignment towards the specimen movement direction (cf. Fig. 
2 and Fig. 3) cannot be detected leading to the assumption 
that the wire alignment plays a minor role in the formation of 
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the melt pool. According to this, the two metal wires are 
expected to melt entirely above the substrate forming a 
common melt pool that is then formed by gravity and 
consequently connected to the substrate. Following that, the 
seam formation behaves equivalently for each direction. 

Furthermore, the impact of the laser beam orientation 
towards the welding direction was negligible for the 
formation of single welding seams. This observation 
corresponds well with the results of the literature for coaxial 
L-DED processes with three single beams [11]. Regarding 
coating applications and 3D-structures, this factor has to be 
considered once more since the amount of laser beams 
involved in the melting of the already applied welding seam 
changes with direction in the three-beam setup. 

It can be assumed that smaller wire incidence angles 
behave equivalently since the interaction zone between the 
laser beams and the wire material is not moved further in the 
direction of the welding nozzle. Consequently, the potential 
for the occurrence of wire burn ups is not increased.  

4. Conclusion and outlook 

In this research, the influence of the different wire 
alignment towards different welding directions in Laser 
Double wire Direct Energy Deposition was investigated. It 
was shown that no significant impact on the formation of the 
individual geometry of single welding seams is detectable 
when introducing two wires simultaneously to the processing 
zone with the same wire feeding velocity. The following 
conclusions can be drawn:  

 
• The welding process showed a stable melt pool behavior 

without splatters or process failures. The macroscopic 
and microscopic analysis of the welding seams showed 
no defects and an overall good seam quality.  

• The formation of the welding seams showed no 
significant changes in the seam geometry over the entire 
range of investigated welding seams. Welding seam 
height, width and the mean contact angles behaved 
similarly for each investigated welding direction.  

• Three laser beams are sufficient for the direction-
independent welding of single welding seams. This 
factor has to be reevaluated for investigations of 2D- and 
3D-structures. 
 

The coaxial LD-DED process promises a direction-
independent formation of welding seams, thus making it 
suitable for the application of coatings or the use in Additive 
Manufacturing. Furthermore, it provides a promising 
approach for in-situ alloying and the formation of 
functionally graded parts while using two different wire 
materials. To increase the process understanding, further 
studies should focus on the melt pool formation and behavior. 
Therefore, the melt pool formation shall be investigated using 
thermal imaging methods in order to occupy the melting and 
mixing of the two wire materials in the processing zone. 
Furthermore, simulations can be conducted for the prediction 
of the intermixing behavior and the formation of the 
microstructure. 
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