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ABSTRACT 

The objective of the current work is the manufacturing of a 

defect-free functionally graded material thin wall structure 

by the CLAD® process (Construction Laser Additive 

Direct). Functionally Graded Materials (FGM) are 

materials whose chemical composition, and thus 

mechanical and microstructure characteristics are 

gradually varied along one or more spatial directions. The 

interest of these materials is thus to associate the benefits 

of two or more materials into one part. Two binary alloys 

have been manufactured with a variation step of 25% in 

chemical composition: titanium-molybdenum and 

titanium-niobium alloys. The study examined the 

transition between the two different grades to understand 

microstructural evolution (shape and size grain, phase, 

etc.) and evaluate mechanical properties using several 

characterization techniques. 
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INTRODUCTION 

Additive manufacturing processes, which have been 

developed since the eighties, consist in creating a part 

layer-by-layer by addition of material. The most 

significant advantage of additive manufacturing processes 

is the lack of tooling and mould to manufacture a part. 

These processes are used in several sectors such as 

biomedical, aerospace and automotive [Naebe, 2016].  

Functionally Graded Materials (FGM) were developed in 

1984 to produce high-performance heat-resistance 

materials [Koizumi, 1997]. These new types of materials 

are manufactured by gradually adjusting the ratio of the 

chemical composition of the different alloys injected and 

melted under the laser beam. Thus, microstructural, 

thermal and mechanical properties evolve depending on 

the chemical composition.  

As the powder is directly injected under the laser beam, 

blown powder processes equipped with several powder 

tanks are suitable to perform FGM, contrary to bed powder 

processes such as SLS [Carroll, 2016], [Hofmann, 2014]. 

The possibility to manufacture custom-made parts in situ 

has become a real asset and allows to overcome the 

unavailability of specific alloys on the market.  

This work describes the additive manufacturing process 

used to produce such materials and the results obtained for 

two binary alloys. 

 

THE ADDITIVE MANUFACTURING 

DED-CLAD® PROCESS 

The DED-CLAD® process is a blown additive 

manufacturing process allowing to manufacture layer-by-

layer a part in 3D. It is equipped with a 2 kW laser diode 

characterized by a fibre of Ø600 µm and a wavelength of 

980 nm. The metallic powder is injected in a coaxial 

nozzle (US Patent n°5418350 [Freneaux, 1995]) and is 

melted under the laser beam before being deposited on the 

substrate. When refractory materials were used to perform 

FGM samples, the coaxial nozzle was adapted to be more 

resistant to high temperature (>2000 °C). To avoid 

problems such as meltdown or nozzle clogging, the 

cooling system of the coaxial nozzle was also modified.  

Two powder feeders were used to manufacture binary 

FGM. They allow controlling the chemical composition 

variation of each material at each step of the part 

manufacturing (Figure 1).  

FGM sample requires a variation in the chemical 

composition and thus a homogeneous mixture of the 

different elements. For this reason, a tool was developed to 

perform this homogenization before injecting the powder 

under the laser beam.  

 

 

Figure 1:  Working principle of DED-CLAD® process to 

manufactured FGM sample. 

 



PROPERTIES OF BINARY FGM 

ALLOYS 

Two binary alloys have been studied: titanium-

molybdenum (Ti64-Mo) and titanium-niobium (Ti-Nb). In 

both cases, the chemical composition varied from 100% to 

0% in titanium and from 0% to 100% in refractory 

material, with step variation of 25%.  

Regardless of the nature of the alloy, the microstructural 

and the mechanical properties evolve depending on the 

chemical composition. For example, while dendritic 

substructure is observed from 50% to 75% Mo in Ti64-Mo 

alloy, it is present for a content higher than 25% Nb in Ti-

Nb alloy.  

The evolution of the chemical composition also leads to a 

crystallographic modification along the wall 

manufacturing.  In the case of Ti64-Mo alloy, the 100% 

Ti64 deposition shows, after the β-phase reconstruction, 

large columnar β-grain with a strong fiber texture <100>β, 

while the deposition composed of 20% Mo presents coarse 

equiaxed grains. By adding a content of molybdenum 

higher than 20%, a decrease of the equiaxed grain is 

observed. In the case of Ti-Nb alloy, the modification of 

the grain size is less significant than in Ti64-Mo. 

However, in both studies, lines of very small grains 

(around 15 µm diameter) were observed at regular 

intervals which correspond to one-layer thickness. Authors 

explain these lines by the remelting of the previous layer 

which leads to a modification of the grain morphology at 

the interface between two layers [Schneider-Maunoury, 

2017].  

EBSD analysis confirms the strong metallurgical bonding 

between two depositions of different nature (Figure 2). 

This proves the ability of CLAD® process to manufacture 

FGM. 

 

 

Figure 2:  Crystallographic orientation at 100% Ti64 / 

75%Ti64-25%Mo interface. 

 

Mechanical tests show a modification of the 

microhardness from the substrate to the top of the wall. In 

the case of Ti64-Mo alloy, the 100% Ti64 deposition has a 

microhardness of 350 HV, in accordance with the 

literature [Nunes, 1990]. When Mo is introduced up to 

25%, the microhardness decreases to 265 HV before 

slowly increasing up to 50% Mo. For 75% Mo, the 

microhardness scattered around 450 HV. The 100% Mo 

deposition shows a microhardness value of 190 HV, 

slightly lower than the literature (230 HV). In case of Ti-

Nb alloy, the 100% Ti and 100% Nb depositions have a 

microhardness of 215 HV and 124 HV, respectively. When 

Nb is introduced up to 25%, the microhardness increases 

to 258 HV before slightly decreasing to 100% Nb.  

 

CONCLUSION 

The ability to manufacture FGM samples with DED-

CLAD® process has been demonstrated with two binary 

alloys: the Ti64-Mo alloys and the Ti-Nb alloys. The 

variation in the chemical composition along the wall 

manufacturing leads to the modification of microstructural 

and crystallographic properties, as well as mechanical 

properties. EBSD results highlight the appropriate 

metallurgical bonding between two depositions of different 

nature. 
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