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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

Construction Laser Additive Direct (CLAD®) is a blown powder additive manufacturing process in which complex and functional parts can be 
created layer-by-layer. This process is characterized by a direct injection of metallic powder under the laser beam and now allows the 
manufacturing of custom-made part such as functionally graded materials (FGM). Microstructures and crystallographic orientation will depend 
on the chemical composition of the deposited layer as well as the process parameters and the part dimensions. 
This article describes microstructures and crystallographic orientations of functionally graded titanium-molybdenum alloys with different 
chemical composition variation and different shape configurations. Microscopy observation and EBSD analysis provides information about 
behavior of such materials used in biomedical applications. 
© 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/)
Peer-review under responsibility of the Bayerisches Laserzentrum GmbH.
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1. Introduction

Nomenclature

AM           Additive Manufacturing
FGM         Functionally Graded Materials 
DED         Direct Energy Deposition
CLAD®   Construction Laser Additive Direct
EBSD       Electron Backscatter Diffraction

For some years now, AM processes have been rapidly 
developed. Contrary to machining processes which are based 
on removing material, AM processes consist to create a part 
layer-by-layer by adding material. These processes are used in 
several fields such as automotive, aerospace and biomedical 
sector for large parts manufacturing or repairing [1]. 

Irepa Laser had developed its own process called CLAD®. 
This blown powder process, where process parameters are 
numerous, allows the manufacturing of very complex parts 
thanks to 5-axis machine (3 translations, 2 rotations). CLAD®
is today adapted to manufacture functionally graded materials. 
These new materials have been developed in 1984 to obtain 
high-performance heat-resistance materials [2]. FGM consist 
of a modification of the chemical composition during the part 
manufacturing. This leads to mechanical, thermal and 
microstructural variation along one or more space direction. 
Blown powder processes are suitable to perform FGM because 
the powder is directly injected under laser beam.

Today, the possibility to manufacture custom-made parts 
with specific properties is became a real asset. In-situ
manufacturing also allows to respond to the unavailability of 
specific alloy in the market.

This article present study on functionally graded Ti6Al4V-
Mo alloys. In biomedical area such as orthopedic application,
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the most widely used alloy is Ti6Al4V thanks to its 
outstanding combination of strength, corrosion resistance and 
biocompatibility. However, the presence of Al and V may 
cause long-term health problem such as Alzheimer’s diseases
or peripheral neuropathy [3,4]. Combined with a non-
allergenic and non-toxic beta-stabilizer such as molybdenum, 
Ti6Al4V with a good alloying element concentration provides 
lower Young’s modulus than α-phase. Ti6Al4V-Mo alloys 
have been already studied with a maximum Mo content of 
25wt.%. However, behavior of this couple of material when 
molybdenum varied from 25% to 100% is not fully
established. 

2. Materials and methods

DED-CLAD® process was used to manufactured FGM 
samples with two different materials: Ti6Al4V (hereafter 
‘Ti6Al4V’ will be referred to as Ti64) and molybdenum. The 
variation of the chemical composition along the walls 
manufacturing is control by the use of two powder feeder. By 
adjusting the rotating speed of each powder feeder, the 
powder ratio can be set for each material to meet the required 
chemical composition. Both materials are mixed before being 
injected in the laser beam and deposited onto the Ti64 
substrate. 

The CLAD® process developed by Irepa Laser is equipped 
with a 2 kW laser diode (fiber Ø600 µm, λ=980 nm). The 
coaxial nozzle in which the metallic powder is injected (US 
Patent n°5418350) was adapted to work with refractory 
material such as molybdenum and to be resistant to high 
temperature (>2000°C). The manufacturing processes were 
carried out under argon gas due to affinity of titanium alloys 
with oxygen. For each deposition of different chemical 
composition, process parameters were adjusted. 

The initial particles size distribution of Ti64 and Mo
powders ranging from 45 to 90 µm. However, due to the high 
difference in melting point temperature between both powder
(Tf(Ti64)=1670°C; Tf(Mo)=2617°C), Mo powder was sieved 
to keep particles size distribution from 45 to 75 µm only. The 
particles size distribution of both powders is reported in table 
1.

Table 1. Particles size distribution of Ti64 and Mo powders.

Size distribution (µm) D10 D50 D90

Ti64 57,9 79,6 109,2

Mo 44,9 60,6 81,5

Three types of sample are presented in this study:

• a single-track width wall manufactured with an increase or 
a decrease of 25% between each gradient (ie 5 FGMs)

• a single-track width wall manufactured with an increase or 
a decrease of 20% between each gradient (ie 6 FGMs)

• a two-track width wall manufactured with 4 gradients of 
chemical composition

To perform microstructural and crystallographic analyzes 
in the transversal direction, samples were cut, mechanically 
polished and etching with a Kroll solution. The 

microstructures were observed by optical microscopy and 
scanning electron microscopy (Zeiss Supra 40). 
Crystallographic analyses were carried out by EBSD with a
Jeol 6490 equipped with a tungsten filament. EBSD data were 
then processed with AZtech (Oxford Instrument, HKL 
Technology). 

3. Results and discussion

The modification of the chemical composition along the 
wall manufacturing leads to a microstructural evolution
(fig.1), as explained previously by Schneider-Maunoury et al.
[5]. Martensite needles are visible at higher magnification 
(fig.1-A). The initial α’-phase present in the first 100% Ti64 
deposition disappears to take place to a β-phase dominant 
from 25% Mo. Authors have demonstrate that molybdenum 
operates as a beta-gene element which avoid the martensitic 
transformation [6,7,8].

Fig. 1. (1) Optical microstructure; (A-E) Microstructures of Ti64-Mo alloys 
with Mo content from 0% to 100% Mo and a variation of 25% Mo.

This evolution of chemical composition also leads to a 
crystallographic modification from the substrate to the top of 
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the wall (grain size, grain shape, crystallographic orientation), 
as shown in fig.2. Authors have demonstrated the influence of 
process parameters such as scanning velocity and hatch 
spacing as well as scanning strategy on the morphological 
grains [9]. 

Fig. 2. EBSD analysis of Ti64-Mo alloys with a variation of 20% Mo content.

The β-phase grain structure of 100% Ti64 deposition was 
reconstructed from the α-phase orientation map thanks to 
Merengue 2 software which is based on Burgers relationship. 
This first graded deposition composed by 100% Ti64 present 
large columnar β-grain grows parallel to the build direction 
with a strong fiber texture <100>β, as confirmed by 
Antonysamy [10]. This specific orientation of Ti64 alloys is 
found in all the additive manufacturing process. By adding 

molybdenum up to 20% content, a significant change of 
morphology is observed marked by the appearance of coarse 
equiaxed grains. Gäumann and Hunt explained the CET 
(Columnar to Equiaxed Transition) by the equiaxed grains 
nucleation and growth ahead of the moving solidification 
interface when there is a region of undercooled liquid [11,12]. 
Then, the more content of molybdenum into the deposition, 
the smaller the equiaxed β-grains. Any crystallographic 
orientation is observed in the x% Ti64 - y% Mo deposition 
(20% < x; y < 80%). 

Fig.2 also reveal the presence of lines of very small 
equiaxed grain (around 15 µm diameter) at regular interval 
corresponding to one-layer thickness. As explained previously 
by Schneider-Maunoury et al., these lines may result from the 
remelting of the previous layer, which lead to a change in 
grains morphology at the interface between two deposited 
layers [5].

Crystallographic analysis of sample manufactured with two 
tracks width is shown in fig.3. This sample was manufactured 
by two tracks width deposition with a round trip strategy for 
each layer and 30% overlapping, as shown in fig.4.

Fig. 3. EBSD analysis on the width of the wall at the interface between 65% 
Ti64 - 35% Mo (at the bottom) and 40% Ti64 - 60% Mo (at the top).

EBSD map shows a deposition composed by beta grains 
only. Depending on the chemical composition of the 
deposition, the beta grains present different morphologies. 
Indeed, on the bottom of the map, coarse elongated grains are 
found near the face of the wall whereas the overlap zone is 
composed by smaller equiaxed grains. The elongated grains 
have an inclination of 50° with an orientation toward the 
edges of the wall. The top of the map shows a modification of 
grain shape due to the alloy composition. Grains are equiaxed 
on the entire width of the wall although they are bigger in the 
overlapping zone (around 140 µm diameter compared to 50-
80 µm diameter for grains outside the overlapping zone).

2000 µm BD

2000 µm

BD
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The presence of equiaxed grains in the overlapping zone is 
due to the partial remelted of the first deposited track which 
leads to recrystallisation phenomenon. Moreover, the 
orientation of elongated grains in 50° toward the edges of the 
wall is explain by the thermal gradient involved by the laser 
heat source as well as the convection effect between the 
molten pool and the air which contribute to cooling track. 

Fig. 4. Scheme of scanning strategy for two tracks width deposition.

4. Conclusion

The manufacturing of FGM with DED-CLAD® process 
has been demonstrated in this study. Ti64-Mo alloys have
been successfully manufactured with different variation in 
chemical composition (20% or 25% steps between each 
graded deposition) and different shape configurations (single 
or two tracks width deposition). The variation from 0% to 
100% of molybdenum content is easily controlling with 
blown powder processes thanks to multiple powder feeder. 
Results show that microstructure, grains morphology and 
crystallographic orientation depends on the chemical 
composition, as well as the dimensions of the part. 
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