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This paper presents the results of functionally graded Ti6Al4V-Mo alloy manufactured with directed
energy deposition called CLAD® (Construction Laser Additive Direct) process. Single track width sample
with five gradients of composition, from 0 to 100 wt.% Mo, was manufactured using a coaxial nozzle. Both
Ti6Al4V and Mo ratios were modified with a 25 wt.% increase or decrease in the chemical composition of
each gradient. A two-powder feeder was used to input the correct ratio of each powder, so as to obtain
the desired chemical composition. XRD analysis allowed to define the phases present in each deposition,
as well as the lattice parameter. SEM observations showed microstructural evolution from 25 wt% Mo
on, namely where the (3-phase becomes dominant. Moreover, dendrites appear from 50 wt.% Mo on.
Microhardness analysis revealed variation along the deposition depending on the chemical composition.
The homogeneity of the powder mixture under laser beam was highlighted thanks to tomography on
the manufactured samples, which validates the processability of functionally graded material (FGM) by

CLAD® process.

1. Introduction

Additive manufacturing (AM) was developed during the eight-
ies and is currently used by companies in numerous sectors such as
the biomedical sector, aerospace, as well as automotive prototyp-
ing. In AM process, a part is created by adding layers of materials,
contrary to conventional process such as machining which con-
sists in removing material from a blank. There are two types of AM
metallic processes: Powder Bed Fusion processes such as Selective
Laser Melting/Sintering (SLM/SLS), and Directed Energy Deposition
(DED) processes such as Laser Engineered Net Shaping (LENS) or
Construction Laser Additive Direct (CLAD). In all of these processes,
parts are manufactured layer-by-layer to obtain the required geom-
etry. Initially developed for prototyping, AM is now used in parts
production. However, these technological processes are less pro-
ductive than usual machining, and thus are more adapted to part
production in small series [1]. DED process has a wide and promis-
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ing range of applications such as the manufacturing of large parts
and the repair of existing parts [2].

Functionally Graded Materials (FGM) were developed to asso-
ciate and concentrate the benefits of physical and mechanical
properties of two or more materials into one part. During the
manufacturing of such materials, the chemical composition of the
deposited material is modified gradually by adjusting the ratio of
different alloys injected and melted under the laser beam. There-
fore, mechanical and microstructural properties gradually vary
along one or more space directions. These types of materials are
suitable candidates for numerous high tech applications such as
nuclear industry, aerospace and bioengineering [3]. In the CLAD"
process, as the powders are injected in the laser beam, and contrary
to powder bed fusion techniques, the manufacturing of function-
ally graded materials parts is made easier by using several powder
tanks [4,5].

In the case of biomedical applications, Ti6Al4V is widely used
because of its outstanding combination of strength, corrosion
resistance, biocompatibility and low density [6]. Nevertheless, the
difference in the Young Modulus of this alloy (106-108 GPa) is too
large compared to that of the bone (10-30 GPa), creating a stress
shielding effect which can lead to osteoporosis. Moreover, the Al
and V elements contained in this alloy could cause long-term health
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Table 1
Chemical composition of both Ti6A14V and Mo powders.

Molybdenum Ti6Al4V

Elements Mo Ti \% W (6] Ti Al V (6}
wt.% >99.95 <0.05 <0.05 <0.05 0013 <90 6 4 <0.13

damages in case of release into the body [7]. Furthermore, Ti6Al4V
is combined with a non-toxic and non-allergenic Mo element which
is a 3-stabilizer and has lower Young’s Modulus than a-phase.
FGM manufacturing is very complex with powder bed fusion
process, while the CLAD® process allows to control the variation
of the chemical composition at each step by the use of numerous
powder feeders. Some alloys were already studied, namely:

- Inconel 718 on Ti6Al4V substrate [8] or functionally graded
Ti6Al4V-Inconel 718 [9] where cracks appear due to the presence
of intermetallic phases TiyNi, TiNi, TiNi3, TiFe and TiFe,

- 304 L stainless steel - Invar 36 [4] and 316 L stainless steel - Invar
[10] was well manufactured without defect

- 304L stainless steel - Inconel 625 [5] where cracks were found for
approximately 79 wt.%SS304L and 21 wt.%IN625

Some authors have already worked on Ti6Al4V-Mo or Ti-Mo
alloys by using AM process for biomedical applications such as
orthopaedic implants or trauma surgery. However, they have lim-
ited their study to a maximum of 25wt.%Mo amount in the
deposition [11,12]. This paper is focused on Ti6Al4V-Mo alloy with
a chemical composition which varied from 0 to 100 wt.% Mo with
an increment of 25 wt.% Mo.

2. Materials

The baseplate is made of Ti6Al4V with dimensions of
100 mm x 100 mm x 8.8 mm. Ti6Al4V and Mo powders used in this
study have a particle size ranging from 45 to 90 pm. The chemical
composition of each powder is reported in Table 1. Ti6Al4V pow-
ders were provided by TLS Technik and Mo powder by Tekna. As
the difference in melting temperature between molybdenum and
Ti6Al4V is high (AT~ 950°C), the Mo powder was sieved in order
to keep particles with a size distribution from 45 to 75 pm only.
Fig. 1 shows the particle size distribution of both Ti6Al4V and Mo
powder, but also the morphology.

3. Experimental procedure

FGMs samples were manufactured by differential injection
using two powder feeders, each one containing a different material
(Ti6Al4V and Mo). The powder ratio can be set for each material
to meet the required chemical composition by adjusting the rotat-
ing speed of the powder feeder. Both materials are mixed before
being injected in the laser beam. Then the melted particles are
deposited onto the baseplate (Fig. 2). The chemical composition of
the deposited material can be adjusted layer by layer to create a gra-
dient of composition. The miscibility on Ti in Mo is total in 3-phase
at high temperature, as shown in phase-diagram [13]. A 2000W
laser diode was used, characterized by a 600 .m fibre diameter and
a 980 nm wavelength. The energy distribution of the laser beam is
homogenous and the laser beam profile is top hat in the focal plane.
The diameter of the beam at the focus point is 2.2 mm. Manufac-
turing processes were carried out under argon gas due to the high
affinity of Ti alloys with oxygen. Thanks to a gas purification sys-
tem, O, level was maintained below 20 ppm and H,O level below
50 ppm during manufacturing. The coaxial nozzle (developed by
Irepa Laser, US patent n°5418350) was also adapted to be thicker
and thus more resistant to very high temperature (>2000 °C). The

cooling system of the nozzle was modified to improve its efficiency
and thus to avoid problems such as nozzle clogging and meltdown.

The process parameters such as laser power, powder feed rate,
travel speed and layer height step on z axis were adjusted according
to the chemical composition. Thanks to the industrial experience of
several years with the CLAD® technology, the main process param-
eters are well known and controlled for some materials such as
Ti6Al4V and Mo. To manufacture a gradient of composition by mix-
ing Ti6Al4V and Mo, a compromise was reached between the two
laser power references for these two materials (internal data from
Irepa Laser). Indeed, three laser powers were used to manufac-
ture the wall: 1600, 1800 and 2000 W, for 100% Ti6Al4V, for the
3 different gradients of composition and for 100% Mo, respectively.

Samples were cut to analyse the cross-section along the man-
ufacturing direction, and prepared for metallurgic observation by
standard polishing methods and etching with Kroll solution for 10 s
(95 ml demineralized water, 6 ml of HNO3 and 3 ml of HF). The
microstructures were observed by optical microscope and by scan-
ning electron microscopy (FEG Zeiss Supra 40). The crystallographic
orientation analysis was carried out by Electron Backscatter Diffrac-
tion (EBSD) with a W Jeol 6490 microscope and data were processed
with AZtech (Oxford Instruments, HKL Technology). Meringue 2
software was used for the reconstruction of the 3-phase, based on
Burgers relationship [14]:

{100}g//{0002}q, (111)g// < 1120 > 4

Chemical analysis was done by energy dispersive X-ray spec-
trometry (SEM-EDX) and data were processed with Esprit. The
phases constitution of the alloys was determined by X-ray diffrac-
tion, using Bragg-Brentano diffractometer and Co Ka radiation
(A =1,78026 A). Microhardness tests were made on a Buehler
machine with 500¢g load and 15s of indentation time. Tomogra-
phy tests were performed with Easytom Nano machine and data
were processed with both WAct and Avizo software.

4. Results and discussion
4.1. Sample manufacturing

A single-track width wall was manufactured with 5 gradients of
chemical composition using the CLAD" process (Fig. 3). In order to
get at least two tracks with nominal composition which would not
be influenced by dilution, 4 tracks were deposited for each gradient
of composition. Deposition started with 100% Ti6Al4V at the bottom
of the wall and finished with 100% Mo at the top. Both Ti6Al4V and
Mo ratios were modified with a 25 wt.% increase or decrease in the
chemical composition between each gradient. The final wall dimen-
sions are 80 mm in length, 3 mm in width and 12 mm in height.
Optical observations do not show any cracks or porosities.

4.2. Chemical analysis

Chemical analysis was performed by SEM-EDX to verify the
amount of all elements in each gradient of composition (ie Ti, Al,
V and Mo) depending on the programmed chemical composition.
These analyses also allow to control the distribution of each chem-
ical element present in the gradient of composition, and thus to
ensure that the chemical composition is in accordance with the
programmed ratio. Fig. 4 shows the variation in Ti, Al, V and Mo
amounts at the interfaces between each gradient of composition.
Results show that deposited layers with 100 wt.% Mo (Fig. 4a) pre-
sented a constant and correct chemical composition. The same
observation can be made for the analyses across the baseplate in
Ti6Al4V and the deposited layers with 100 wt.% Ti6Al4V (Fig. 4e).
However, gradients from 25 wt.% to 75 wt.% Mo (Fig. 4b-d) reveal a
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Fig. 3. Wall of functionally graded Ti6Al4V-Mo alloy with 25wt.% Mo increment.

difference of ~10% between the expected and the measured chem-
ical composition. The presence of unmelted Mo particles in the
deposition may be responsible for this gap between programmed
and real compositions. Thus, the Mo content is lower than expected
due to the presence of these unmelted Mo particles. Fig. 4 also
revealed that transitions between each gradient are relatively soft.

Variation in the gradient composition from 50 wt.% and 75 wt.%
Mo content can also be observed. This variation, more or less sig-
nificant depending on the Mo amount, is explained by the dendritic
substructure presented in the 3-grains (Fig. 5). Indeed, light regions
correspond to dendritic arms rich in Mo while the dark regions are
rich in Ti. Fallah shows similar results with his work on TiNb alloy
deposited with similar powder blown process [15], where white
coarse dendrites are Nb-rich while the dark fine dendrites are Ti-
rich regions. This is owing to a too low interaction time T between
the laser beam and the substrate as defined in Eq.(1):

t=D/V (1)

where D is the laser beam diameter and V the travel speed. This
beam interaction time may be insufficient to create a uniform lig-
uid composition and two molten and chemically different regions
cohabit when solidification starts. The metastable state of the 8-
phase may be another hypothesis for this difference in chemical
composition.

Fig. 6 shows the repartition of Ti, Al, V and Mo along the depo-
sition. Each transition between two gradients of composition is
clearly visible, and the modification of the composition is observed
by a higher or lower amount of elements. Then, the distribution of
all elements in the deposition is homogeneous. Spherical unmelted
particles are defined as molybdenum, which is confirmed by both
EBSD and XRD analyses. These first results allow to validate the fact
that the materials are well homogenised under the laser beam.

4.3. Microstructure

The crystallographic phases were indexed in the diffractogram
in Fig. 7. Ti6Al4V baseplate presents a-phase (hexagonal structure)
as well as a small fraction of B-phase (centred cubic structure),
around 8%. This peak is hidden in the foot of a-phase peak.
The 100 wt.% Ti6Al4V layers deposited present o’-phase with fine
martensitic needle. The alloys containing up to 25 wt.% Mo consist
of B-phase and Mo (centred cubic structure). Mo phase provides
unmelted Mo particles. From 25wt.% Mo content, [3-phase of
Ti6Al4V is dominant. The o’-phase initially present in the 100 wt.%
Ti6Al4V disappears from 25wt.% Mo. These results prove that
molybdenum operates as a beta-gene element which avoids the
martensitic transformation during cooling. These results also show
that the B-phase is stabilized from 25wt.% Mo content by using
CLAD" process. Previous results show that a minimum of 10 wt.%
Mo is required to stabilized 3-phase [11,16]. As the chemical com-
position increased or decreased by a 25 wt% step in this study, it is

difficult to identify this stabilization for 10 wt.% Mo amount. From
25 wt.% Mo content, pure Mo was detected and proves the presence
of unmelted Mo particles in the deposition. The last 100 wt.% Mo
layers are pure molybdenum.

A modification of the lattice parameter between the substrate
in Ti6Al4V and the 100 wt.% Mo deposition, as shown in Fig. 8, can
also be noted. This lattice parameter was calculated with the Bragg
relationship as defined in Eq. (2):

2dsinf = A (2)

where d is the interplanar spacing, 0 is the Bragg angle, and \ is the
x-ray wavelength (Ac,=1.78 A).

The value of the lattice parameter for the 100 wt.% Mo deposited
(3.14A) is similar to the one found into the JCPDS data file 42-1120
(3.13 A). The lattice parameter of the substrate in Ti6AI4V is 3.16 A,
which is close to the one found into the literature (3.19A) [17].
This value is lower than pure Ti (3.32 A) [18] due to the presence of
vanadium. An increase in the amount of Mo in the deposition leads
to a decrease in the lattice parameter, which is consistent with the
observations of Qiang [19]. The value of the lattice parameter of the
gradient with both Ti6Al4V and Mo is lower than expected due to
the presence of unmelted molybdenum particles.

The microstructural evolution of the Ti6Al4V-Mo alloy is shown
in Fig. 9. The authors wish to focus on the difference in scales
between the microstructures. As explained previously, Weiss et al.
have shown that Ti6Al4 V deposited by CLAD® is principally com-
posed of o’ phase formed by the rapid cooling of columnar beta
grains [20]. The microstructure of 100 wt.% Ti6Al4V is principally
o’ martensitic with very small amount of 3-phase (Fig. 9a). From
25wt.% Mo the 3-phase is predominant (Fig. 9b), which confirms
the XRD results. Dendritic substructure is visible in (3-grain for
50 wt.% and 75 wt.% Mo content (Fig. 9c-d). Many unmelted Mo par-
ticles were observed when Mo was introduced in the deposition.
This can be explained by the insufficient energy density com-
pared to the high molybdenum melting temperature. The amount
of unmelted particles grows with the increase in Mo content. For
100 wt.% Mo (Fig. 9e), no unmelted particles were observed in the
deposition due to the use of the highest energy density avail-
able with the laser. Unmelted Mo particle size distribution were
estimated for the three gradients of composition depending on
their diameter range (Fig. 9f-h). Results reveal that the majority
of unmelted particles have between 20 and 30 wm diameter. For
75 wt.% Mo, there are twice many unmelted particles between 20
and 30 wm diameter as for the gradient with 50 wt.% Mo. More-
over, these results also allow to say that, in fact, these particles are
partially melted. The initial sieved particle size distribution of Mo
is 45-75 pm, while the residual particles size distribution of Mo in
the deposition is 20-60 m.

The morphological evolution of the grains along the direction
of manufacturing is shown in Fig. 10. EBSD maps were performed
at the interface of each gradient of chemical composition. The
first transition (Fig. 10a) shows the interface between 100%Ti6Al4V
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and 75%Ti6Al4V-25%Mo (in wt.%). The 3-phase grain structure was
reconstructed from the a-phase orientation map.

EBSD maps (Fig. 10a-d) show a perfect continuity of (3-grain
at the interface between each gradient of composition, reveal-
ing excellent metallurgical bonding. For 100 wt.% Ti6Al4V, coarse
columnar (3-grain grows parallel to the build direction, and a strong
texture is visible as shown by the red colour in the IPF map, indi-
cating a (100)g fibre parallel to the build direction in accordance
with the results of Antonysamy [21]. When Mo is introduced up
to 25wt.% of content, smaller columnar (3-grains are observed,
growing up parallel to the build direction, without specific crystal-
lographic orientation compared to the previous 100 wt.% Ti6Al4V
composition. Coarse equiaxed grains are also present in this gra-
dient. Increasing the Mo content in the deposition leads to a
morphological modification of the (-grains. Indeed, the colum-
nar [3-grains become equiaxed and the grain size distribution of
equiaxed grains decreases from 10-200 wm for 25 wt.% Mo, to 5-
60 wm for 75 wt.% Mo. Some authors have shown that equiaxed
grains can nucleate and grow ahead of the moving solidification
interface when there is a region of undercooled liquid. This can
eventually lead to the transition from a columnar to an equiaxed
dendritic morphology, referred to as CET (Columnar to Equiaxed
Transition) [22-24].

Lines of very small equiaxed grains were observed at regular
intervals along the wall manufacturing. The distance between two
lines of this type corresponds to one track height. The remelting
of the previous layer can lead to the hypothesis of the presence of

these lines, and thus leads to the modification of grains morphology
at the interface between two deposited tracks.

EBSD map also allows to check the crystallographic relation
between the partially melted Mo particles in 3-grains. The mis-
orientation angle used to differentiate two adjacent grains was
set to 10°. While two adjacent -grains present a different crys-
tallographic orientation, no significant orientation variation in an
individual 3-grain was observed (misorientation lower than 2°)
in accordance with Almeida’s works [11]. However, the misori-
entation profile across a partially melted Mo particle in a 3-grain
shows a slightly marked orientation (6° as show in Fig. 11). This
result proves that, although some partially melted Mo particles are
present with a slightly marked misorientation, they are included in
the (3-grain to which they belong.

4.4. Tomography

Tomography tests were performed to estimate the amount of
partially melted Mo particles in the deposition. It also allows to
know the spatial repartition of these partially melted particles, and
thus the reparation of all elements, into the sample. Fig. 12 shows:

e the amount of partially melted Mo particles depending on the
percentage of expected Mo

e the evolution of laser power parameter depending on the per-
centage of expected Mo
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The blue curve (Fig. 12a) shows that the greater the amount of
Mo programmed, the greater the number of partially melted Mo
particles to be found in the deposited layer, except for 100 wt% Mo
amount. Moreover, the orange curve (Fig. 12b) shows that the laser
power was modified depending on the amount of Mo programmed.

During the construction, the laser power was adjusted depend-
ing on the chemical composition. When Mo is introduced from
25wt.% to 75 wt%, laser power is increased up to 1800 W. How-

ever, this value still remains too low compared to the melting
temperature of molybdenum to avoid partially melted particles
(Tgmoy =2617°C [25]). Up to 15% of partially melted Mo particles
are measured in the gradient. For the last deposition with 100 wt.%
Mo where the laser power is maximal (2000 W), no partially melted
Mo particles were detected in the deposit. This involves that Mo
particles could be fully melted by using a minimum power in the
range of 1800-2000 W. Reducing the particle size distribution of Mo
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powder (<63 wm) could probably be an additional solution with between the matrix and the Mo partially melted on tomography
the increase in laser power to reduce/avoid partially melted Mo results, it was not possible to measure the amount of partially
particles in the deposit. Due to the absence of marked contrast melted particles for 75 wt.% Mo. Nevertheless, the amount of par-
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tially melted Mo particles for this composition could be expected 4.5. Microhardness
to be found from ~20% considering the linearity of the three previ-

ous points. Tomography results also show that partially melted Mo Microhardness measurements were performed using a Vickers
has homogenous distribution in the observed volume (see video 1 microhardness indentor. Fig. 13 shows the microhardness variation
given with the article). as a function of the sample length from the baseplate to the top of

the wall. Three measurement lines made of different width and sep-
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arated by 0.75 mm were performed. Each indentation is separated
by 0.33 mm in the manufacturing build direction. Fig. 13a revealed
a very heterogeneous result. Microhardness increases from 250 to
450 HV when molybdenum is introduced, before dropping to 190
HV for pure molybdenum. The hardness in the substrate was found
around 295 HV, slightly lower than conventional Ti6Al4V (350 HV)
[26]. The hardness in the first Ti6AI4V layer deposited increased up
to around 390 HV, probably due to the rapid cooling of this deposi-
tion in contact with cold substrate. During the Ti6Al4V deposition
along the wall, hardness stabilized around 345 HV, which is con-
sistent with the literature. When up to 25 wt.% Mo was introduced,
hardness decreased to around 265 HV before gradually increasing
again until 50 wt.% Mo amount was reached. Recent works on Ti-

Mo alloy show a peak of hardness value up to 450 HV for 10 wt.% Mo
before decreasing to around 300 HV for 20 wt.% Mo (the maximum
Mo amount introduced in these works) [12]. Collins et al. explained
this hardness peak value by the modification of the volume fraction
of the B-phase which is higher than that of the a-phase, but also
by a microstructure consisting of a fine dispersion of o precipitates
within the 3 matrix.

As no data are reported in literature for alloys with more than
20wt.% Mo, it is difficult to explain the hardness evolution from
25wt.% to 100wt.% Mo, as well as the scattering variation for
gradient with 75wt.% Mo. For 75wt.% Mo amount, the hardness
scattered from 385 to 450 HV. The lowest value (below to 350 HV) is
explained by the indentation that was performed on or at the vicin-
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ity of partially melted Mo particles, which is softer than the Ti6Al4V
area. The possible formation of MosAl intermetallic in the depo-
sition may justify this high hardness scattering [13,27]. Further
works are ongoing to explain the relationship between hardness
and microstructure. The last deposited layers with 100 wt.% Mo
shows a hardness value around 190 HV, which is slightly lower than
conventional annealed Mo (230 HV).

5. Conclusion

This work allowed to highlight the processability of FGMs sys-
tem with the DED-CLAD® process, with a demonstration for the
Ti6Al4V-Mo system. Several conclusions can be outlined:

- In this study, functionally graded Ti6Al4V-Mo alloys were suc-
cessfully manufactured with DED-CLAD" process. A specimen
was manufactured with several incremental increases of 25 wt%
of Mo in Ti6Al4V, starting from 100% Ti6Al4V at the base of the
construction to reach 100% Mo at the top of the construction.
There is satisfactory metallurgical bonding between the deposit
and the substrate, but also between each deposited layer.
Tomography and chemical analysis have confirmed the unifor-
mity of the powder mixture before being melted under the laser
beam. Thus, the homogeneity of the powder mixture was vali-
dated.

Microstructural results have shown an evolution in the
microstructure along the deposition build direction, as shown by

the transformation of coarse columnar beta grains to equiaxed
grains. The size distribution of equiaxed grains decreases with
the increase in molybdenum content.

Microhardness varied along the deposition due to the increase
in molybdenum amount. Minimum value (265 HV) is reached for
25 wt.% Mo amount, while maximum value (450 HV) is attained
for 75wt.% Mo amount. The microhardness of pure Ti6AI4V is
around 345HV, and around 190HV for pure molybdenum. The
modification of the microstructure is responsible for the variation
in the microhardness throughout manufacturing.

Future works are ongoing to reduce/avoid partially melted Mo
particles in the deposition. Another chemical composition will be
tested with 15% or 10% increment between each gradient.

As this work allowed to validate the manufacture of FGMs with
the DED-CLAD" process, future work is ongoing on other metal-
lurgical systems. Tests were performed to manufacture walls with
Ti6Al4V-Inconel 718 alloys. The study of this system is very com-
plex due to the formation of intermetallic phases for a given Inconel
718 amount. However, this alloy opens up opportunities for new
applications for aerospace industry.
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