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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 

This work presents a geometrical model of coatings fabricated by powder-fed Directed Energy Deposition (DED) and defines guidelines and 
manufacturing strategies for multilayered structures based on the geometrical model results. This model obtains as output both the overlapped 
clad geometry and the dilution area of the coating at different input parameters and defines the strategy of multi-layer structures. 
The results of this work validate the model that comes in handy: a) To understand the influence of each parameter and the single clad geometry 
when fabricating coatings and structures; b) To select the parameters depending on the requirements of the coating like effective thickness and 
dilution; c) To detect lack of fusion with the substrate due to an excessive overlap percentage; d) To select the deposition strategy and the tool 
path for additive manufacturing; e) To select the subsequent machining strategy based on the predicted geometry of the model. 
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1. Introduction 

The powder-fed Directed Energy Deposition (DED) 
technology is an Additive Manufacturing process that employs 
a laser beam to create a melt pool in a metallic substrate where 
the material is injected in powder form. The added material is 
fused and solidified by creating a high-quality metallurgical 
union between the substrate and the added material. The desired 
part is created layer by layer, thus allowing to manufacture 
near-net-shape parts with complex geometries that must be 
finished by a machining process. 

Currently, there are different powder injection techniques 
depending on the application and the kinematic configuration 
of the DED system: the off-axis powder injection when the 
deposition strategy is unidirectional [1], the continuous coaxial 
powder injection for vertical configurations [2], the discrete 
coaxial powder injection when it is necessary to tilt the nozzle 
in a multidirectional deposition strategy [3] and the inside beam 

powder injection with an annular laser beam when it is 
necessary to achieve a wider tilt range comparing to the 
commercially available nozzles [4]. 

One of the most relevant challenges of the DED is the 
geometric uncertainty of the additive process that must deal 
with the tool in the subsequent machining operation [5]. 
Although recently, it has been made great progress in the 
numerical simulation [6-8], a complete model considering all 
stages and process parameters is still a complex procedure and 
far from the real status [9] with a high computational cost and 
time consuming of the simulation [10]. 

As an alternative, many authors developed empirical 
geometrical models [11-14] that cannot predict characteristics 
as the grain size, hardness, and porosity but that are useful for 
answer pure geometrical requirements as height, width, 
waviness or thickness of the deposited material trying to reduce 
significantly the time rely on expensive and time-consuming 
techniques, such as multiple experimental runs [15].  
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1. Introduction 

The powder-fed Directed Energy Deposition (DED) 
technology is an Additive Manufacturing process that employs 
a laser beam to create a melt pool in a metallic substrate where 
the material is injected in powder form. The added material is 
fused and solidified by creating a high-quality metallurgical 
union between the substrate and the added material. The desired 
part is created layer by layer, thus allowing to manufacture 
near-net-shape parts with complex geometries that must be 
finished by a machining process. 

Currently, there are different powder injection techniques 
depending on the application and the kinematic configuration 
of the DED system: the off-axis powder injection when the 
deposition strategy is unidirectional [1], the continuous coaxial 
powder injection for vertical configurations [2], the discrete 
coaxial powder injection when it is necessary to tilt the nozzle 
in a multidirectional deposition strategy [3] and the inside beam 

powder injection with an annular laser beam when it is 
necessary to achieve a wider tilt range comparing to the 
commercially available nozzles [4]. 

One of the most relevant challenges of the DED is the 
geometric uncertainty of the additive process that must deal 
with the tool in the subsequent machining operation [5]. 
Although recently, it has been made great progress in the 
numerical simulation [6-8], a complete model considering all 
stages and process parameters is still a complex procedure and 
far from the real status [9] with a high computational cost and 
time consuming of the simulation [10]. 

As an alternative, many authors developed empirical 
geometrical models [11-14] that cannot predict characteristics 
as the grain size, hardness, and porosity but that are useful for 
answer pure geometrical requirements as height, width, 
waviness or thickness of the deposited material trying to reduce 
significantly the time rely on expensive and time-consuming 
techniques, such as multiple experimental runs [15].  
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On the basis of the single clad characteristics (height, width, 
area and penetration) and based on both the model developed 
by Ocelík et al. [16] and an own-developed model of the 
dilution zone, this work validates a geometrical model of 
coatings fabricated by powder-fed Directed Energy Deposition 
(DED) and defines guidelines and manufacturing strategies for 
multilayered structures based on the experimental results.  

 
 
 

Nomenclature 

A        Area 
do       Overlap percentage 
h         Height 
i          Overlapped clad number 
Oi        Origin of the overlapped clad i 
Oi+1       Origin of the overlapped clad i+1 
p         Penetration 
w        Width 
Yi       Height in the point P of the clad i 

2. Materials and methods 

2.1. Materials 

The material used in the experimental tests as filler and 
substrate material was the Nickel-based Alloy 718. The filler 
material consisted of powder with a granulometry between 45 
and 150 µm, from Flame Spray Technologies (FST), and the 
substrate material was in an annealed state. Table 1 presents the 
chemical composition of the powder and the substrate 
materials. This Nickel-based alloy presents excellent properties 
at high-temperature applications (useful up to 980°C), 
oxidation, and corrosion-resistant properties, and it is widely 
used in the aeronautical sector. 

 

Table 1. Chemical composition (Wt. %) of Alloy 718 powder and substrate.  

 Ni Cr Fe Nb+Ta Mo Ti Al 
Powder 52.8 18.5 18 4.8 3.5 0.75 0.3 

Substrate 53.5 18.7 17.7 5 2.9 0.94 0.58 
 

2.2. Machine 

All tests were performed in an IBARMIA ZVH45/1600 
Add+Process hybrid machine (Fig. 1). This multiprocess 
machine combines the DED technology with 5-axis milling and 
turning (horizontal and vertical) capability. This machine is 
equipped with a Precitec YC52 cladding head with a 
collimating and focusing optics of 125 mm and 250 mm 
respectively, a Sulzer Metco TWIN-10-C Powder Feeder, and 
an Yb-Fiber Rofin FL030 Laser generator of 3 kW with a 
continuous wavelength of 1.07 µm. For nozzle, a 4-stream 
coaxial discrete nozzle from Precitec was used. 

2.3. Geometrical model of single layer coatings 

This work proposes a model for the overlapped clad based 
on the model developed by Ocelík et al. [16], supposing that 
each new clad of the coating has a second-degree parabolic 
shape. This model achieved a high level of accuracy by taking 
into account purely geometrical parameters such as the 
characteristics of the single clad (Fig. 2) and the overlap 
percentage (do) of the coating.  

The model supposes that each new clad is deposited with the 
same characteristics than the single clad (Fig.3.a) forming a 
new clad i+1 with the overlapped area of the previous clad i 
(Fig. 3.b). This clad i+1 is calculated by assuming the height Yi 
in the overlapped point P is the same as in the previous (clad i) 
and it has a second-degree parabola shape with a higher width 
(wi+1). The area from the origin Oi+1 to P is the sum of the single 
clad area and the overlapped area of the previous clad i. The 
distance from the from the origin Oi+1 to P is the same than the 
single clad width (w). In the first iteration, the clad i is the 
single clad.  

 

  
a) b) 

Fig. 2. Single clad: a) Macro photograph of a cross-section of a single clad; b) 
Single clad characteristics. 

 
 

Fig. 1. IBARMIA ZVH45/1600 Add+Process hybrid machine. 
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a) 

 
b) 

Fig. 3. Geometrical model of the deposited material. a) Clad deposited 
overlapping the previous clad; b) Clad i+1 of the model. 

Furthermore, to complete the model, it is proposed a simple 
model of the dilution zone of the overlapped clad based on 
experimental results of previous works [17-19].  

This model simplifies the real dilution of the clad (Fig. 4.a) 
to a second-degree parabola in the substrate (Fig. 4.b) and 
supposes that the sum of the height and penetration remain 
constant in all the clads that belong to the coating (eq.1). This 
assumption is a simplified form of energy balance between the 
deposited material and the melted substrate and it was obtained 
by analysing all the fabricated coatings in previous works with 
different nozzles, metallic powders and substrates. 

 
 
ℎ𝑖𝑖𝑖𝑖 + 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖 = ℎ𝑖𝑖𝑖𝑖+1 + 𝑝𝑝𝑝𝑝𝑖𝑖𝑖𝑖+1 (1) 

 
 
 

  
a) b) 

Fig. 4. Dilution of the adjacent clad i+1. a) Real; b) Model. 

The model serves to calculate and simulate the geometry of 
the coatings and the dilution area, including the prediction of 
lack of fusion with the substrate due to a high overlap 
percentage, by knowing the height, area, width and penetration 
of the single clad. In addition, the characteristics of the single 

clad can be estimated using empirical models obtained in 
previous works [17-18]. 

2.4. Strategy for multilayer coatings 

When fabricating a multilayer structure with more than two 
clads per layer, the coating thickness increases from the first 
clad until it reaches to constant thickness. In addition, the last 
clad presents a sharp curve from the top to the substrate. Both 
situations generate a lack of material on the edges (Fig. 5.a), 
generating a distortion on the edges that increases at a higher 
number of layers. 

This work proposes to deposit one extra clad on the edge of 
the layer to compensate this phenomenon of lack of material. 
The model can be used to predict the area needed on the edges 
of the layer to obtain a constant growth without distortions. The 
growth per layer it is the constant thickness obtained supposing 
a coating formed by rectangular blocks at the same area than 
the area within the overlapped parts of the model (Fig. 5.b). The 
extra clad area is the needed area to obtain a constant thickness 
in each edge.  

 
 

 
a) 

 
b) 

Fig. 5. Lack of material predicted by the model in the edges of the layer. a) 
Second degree parabola shape; b) Supposing rectangular blocks. 

The extra clad parameters must be calculated depending on 
the area needed for a straight growth. The simplest way to 
obtain them is to adapt the feed rate maintaining the same laser 
power and powder mass flow rate. This occurs because the area 
of the single clad presents a linear trend with the inverse of the 
feed rate [17-18]. The area of the extra clad needed per layer is 
significantly lower than the area of the clad used for coating. 
Thus, the extra clad must be deposited at higher feed rates. As 
the powder efficiency is lower at higher feed rate, it was 
determined to deposit one extra clad every two layers with 
twice the calculated area to obtain an extra clad with similar 
feed rate (thus, similar efficiency) to the coating clads. The 
accuracy of the model depends on the accuracy of the single 
clads characteristics. 

2.5. Experimental validation 

To validate the model when employing Alloy 718 with the 
4-stream nozzle three coatings of Alloy 718 were deposited for 
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validating the model. Each coating was done overlapping 8 
clads employing different single clads characteristics (Table 2). 
The cross-sections of the coatings were compared with the 
model, and the error was calculated.  

Table 2. Single clad characteristics of each coating.  

Single clad 
Characteristics Coating 1 Coating 2 Coating 3 

h (mm) 1.22 0.63 0.88 
w (mm) 3.22 2.72 2.90 
A (mm2) 2.63 1.15 1.68 
p (mm) 1.88 1.25 1.61 
do (%) 40 50 60 

 
The distance from the 4-stream coaxial discrete nozzle to the 

substrate was 14.5 mm. As a carrier and protective gas, 4.5 and 
18 l·min-1 of argon flow were used respectively. Finally, a spot 
size of 2.6 mm was employed.  

After the validation of the geometrical model, two walls 
were fabricated at the same conditions (Table 3) with and 
without extra clads to compare the results and thus, for 
validating the proposed strategy for multilayer coatings. The 
extra clads were added in the edges of the wall every two layers 
at the same parameters than the rest of the clads excepting a 
feed rate of 600 mm·min-1 to obtain the calculated area by the 
model for correct growth. The wall was fabricated with 12 
layers, the growth per layer was 1.3 and the number of clads 
per layer was 6.  

Table 3. Straight wall parameters.  

Laser Power 
(W) 

Feed rate 
(mm·min-1) 

Powder mass flow  
(g·min-1) 

do  
(%) 

2500 500 18 40 
 

3. Results and discussion 

3.1. Validation of the geometrical model 

The obtained results were close to the real cross-section in 
all coatings (Fig. 6). The maximum deviation of the real coating 
thickness and the model was 0.14 mm. In the case of the 
penetration, although most of the overlapped clads are close to 
the model, the deviation reaches 0.3 mm in one of them, due to 
the process variability. The maximum deviation of the real 
value of the coating thickness and penetration are calculated, 
and it is shown in Table 4. 

 

 
a) 

 
b) 

 
c) 

Fig. 6. Real Coatings macrographs compared with the model: a) Coating 1; b) 
Coating 2; c) Coating 3. 

Table 4. Coatings thickness and penetration: maximum and minimum 
deviation of the real section regarding the model. 

 Coating 
Characteristic Error (mm) Coating 

1 
Coating 

2 
Coating 

3 

Thickness Maximum 
deviation  

 

0.14 0.1 0.13 

Penetration 0.3 0.25 0.19 

3.2. Validation of the strategy for multilayer coating 

In the case of the multilayer structures (Fig. 7), the wall 
deposited with the extra clad strategy presents a rectangular 
shape without distortions in the edge and a total wall height 
close to expected with low variability. The obtained structure 
allows to deposit accurately more layers. 

 On the contrary, the wall deposited without the extra clad 
presents a high distortion with a bullet shape. The distortion 
increases sharply at a higher number of layers.  

In addition to the loose of the geometrical accuracy, this 
distortion has one additional effect over the material deposition: 
the decrease on the powder efficiency. In fact, the powder 
efficiency of the first structure was 52.4%, while it increased to 
a 60.1% in the structure with extra clads. 

 

 

Fig. 7. Straight wall results. In red, cross-section without extra clad strategy; 
In blue, cross-section with extra clad strategy. 

4. Conclusions and future work 

The model allows to select the single clad geometry and the 
overlapped percentage for a determinate thickness or dilution 
of the coating based on pure geometrical characteristics of the 
single clad. At higher accuracy of the single clad 
characteristics, higher accuracy of the model can be obtained. 

The model could also determine the possible maximum 
thickness without a lack of fusion due to an excess of overlap.  

The accuracy of the model allows to select the tool path of 
the machining process and predicts the material that is 
necessary to remove until it reaches to a constant thickness,  
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In addition, thanks to the extra clad strategy, it has been 
demonstrated that it is possible to obtain constant growth when 
fabricating a multilayer structure, which increases also the 
powder efficiency of the process.  

In future works, it would be advisable to address the 
following aspects:  

- To develop geometric models for coatings and walls 
using the equations for the single clad characteristics 
and the evolution of the characteristics linked to head 
tilting and non-perpendicularity.  

- To use the models that are developed to manufacture 
walls of variable thickness. 

- To include the models developed in Computer-Aided 
Manufacturing software, in order to calculate the DED 
process toolpath, the Computer Assisted Design 
expected from the DED process and the subsequent 
machining toolpath. 
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