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Abstract

Introduction: Considering the nature of the additive manufacturing
process and the produced layered structure, the possible gradient in
microstructure can be predictable. For this purpose, the morphology and
microstructure of the cross-section from top to bottom was evaluated.
The morphology of the last and first printed layers, were also
investigated.

Methods: Ti-10Mo was printed using mixed powder in 120 layers, each
thickness of 25um, by selective laser melting (SLM) with a laser power
of 95 W, a scanning speed of 600 mm.s-1, and a hatching distance of 88
pm under argon atmosphere. Density was measured, and the constituent
phases were identified by XRD. The microstructural feature was studied
by optical and scanning electron microscopies.

Findings: The printed samples were dense, and the relative density was
about 98.53%. Details in microstructural evaluation show spectacular
Mo-enriched rims, which reveal the circumstance of Mo dissolution in
molten Ti and homogenization, consequently. Also, a gradient in Mo
dissolution is seen along the cross-section. So that, at the top, the sides
of molten pools that are mostly Mo enriched are seen as thick white and
bright rims in electron microscopy and as white to light purple in optical
microscopy. However, at the bottom, the rims seem to be really thinner
and smoother, which can be in consequence of enhanced diffusion of the
Mo to Ti matrix. Here, the promoted diffusion could be in the result of
heat transfer from the newly printed layer to the previous printed ones.
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Extended Abstract

Introduction
The titanium alloys based on the content of o

and P phases in their microstructure are divided
into three main groups of a, o + 3, and P alloys
and broadly classified into alloys that are near
a and those that are near B depending on the
proportion of each phase present in their
microstructure (1,2). Among the non-toxic
alloying elements that stabilize the beta phase
in titanium, Mo is considered the most
preferred P-stabilizing element in titanium
alloy, and it is also able to stabilize the 3-phase
even at low concentrations of the alloying
element (3-6).

Usually, most of the Ti-xMo alloys are
produced from Ti-xMo Bar stock using the
vacuum arc melting process, and subsequent
machining processes cause waste of materials
and increase the production cost. On the other
hand, preparing Ti-xMo alloy using
conventional powder metallurgy techniques
(such as pressing and sintering or even spark
plasma sintering) results in insufficient
molybdenum dissolution and microstructure
heterogeneity. However, adding ceramic
particles such as TiB.-TiC and B4C due to their
exothermic reaction with Ti can improve
molybdenum dissolution between
reinforcement and matrix; using selective laser
melting would be more beneficial (7-10).

Although pre-alloyed powders would be
suitable for better homogenization, the pre-
alloyed powder is expensive. Improving in-situ
alloying of molybdenum and titanium
elemental powders by selecting proper
manufacturing  parameters provides the
possibility of using mixed powder instead of
pre-alloyed powder, which seems to be
reasonable (11,12).

Considering the higher melting temperature and
laser radiation reflection of molybdenum than
those of Ti, it can be expected that a part of Mo
particles remains fairly unmelted in molten Ti.
The remained Mo particles will tend to settle at
the bottom of the melt pool because of their
much higher density as well as, and some of

them will be accommodated in the surrounding
of the melt pool as a consequence of the
Marangoni effect and convective flow (12,13).

Totally, the printing method (scan strategy) and
build direction can lead to anisotropy.(14,15).
Considering the nature of the layered structure
in the SLM process, the bottom layers (already
printed) are exposed to more thermal cycles
than the top layers. So, a gradient in the
molybdenum dissolution along the cross-
section from top to bottom can be expected. In
fact, the suggestion of such a gradient
originated from Azadbehs' Previous findings
(16), in studying the super solidus liquid phase
sintering of brass alloys in the liquid phase
settling cause’s gradient structure (17-21).

To demonstrate such an eventual feature, Ti-

10Mo mixed powder was printed by SLM.
Then, layered structure and microstructural
gradients were investigated.

Materials and Methods

spherical titanium powder with 99% Purity, 15-
45 um Particle size (TLS Technik GmbH & Co)
and irregular shape molybdenum powder with
dual morphology and Particle size less than 20
pm  (Sigma-Aldrich) were used as starting
materials. The powders were mixed
mechanically in ceramic jars without any balls
for 24 h.

The printing was performed by adopting a
commercial Concept Laser M-Lab machine
equipped with a 100 W Nd-YAG laser with a
laser spot diameter of 50 um. The protective
atmosphere was Ar, and the oxygen content
inside the chamber was kept below 0.1%. The
samples were produced using a constant laser
power of 95 W, a scan speed of 600 mm/s, a
hatching distance of 0.088 mm, and a layer
thickness of 25 microns.

The density of the printed sample was measured
according to the ASTM B962 standard.

The constituent phases were evaluated using a
Siemens D5000 X-ray diffraction machine
equipped with Cu Ka cathode source.

The microstructure of the last printed layer, the
first printed layer, and also the cross-section
was studied using Olympus BH2-UMA optical
microscope and FE-SEM, Tescan Mira 3.
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Findings and Discussion

The printed samples were dense and had a
relative density of 98.53%. The constituent
phases of the printed sample, were alpha + beta,
whereas the mixed powder contained only the
alpha phase and Mo. Some of the alpha peaks
in the printed sample were shifted partially to
the lower degree which indicates the diffusion
of molybdenum in the titanium matrix.

During the scanning of the powder bed by the
laser beam, molybdenum particles are scattered
mainly to the sides of the molten pool due to the
laser force and also to the inside of the pools
because of the Marangoni current. In that way,
they dissolve in the titanium melt and leave a
trace as rims in their behind. The remaining
molybdenum is terminated mostly in the sides
of the molten pools. Rarely, some Mo cluster is
found in the powder mixture without
comminution, and when the molten metal
reaches them, it passes through the open pores
of the cluster, and larger areas of molten Ti,
which is enriched with dissolved molybdenum
are formed. Spherical pores, which are likely to
be Kirkendal porosity, are also observed inside
these areas.

Furthermore, considering the nature of the
selective laser melting process, when a new
layer is printed on the already printed one, some
of the heat of the currently melted layer is
transferred to the near bottom layers. Therefore,
the molybdenum diffusion/dissolution in the
titanium matrix is affected more at the bottom
than at the top. Therefore, the bottom layers
will be more homogeneous than the top layers.
For the same reason, the path of the Mo
movement in the Ti molten (the formed rims) at
the early printed layers appears faded and with
calmer waves.

Conclusion

A layered structure Ti-10Mo, in 120 layers and
the thickness of each layer equal to 25 pm, was
successfully printed. The relative density was
high, at about 98.53%. In SLM processing of

Journal of New Materials. 2023; 14 (53): 1-20

mixed Ti-10Mo powder, the Mo particles are
not directly melted in the laser beam effect. The
dissolution of Mo in Ti as a consequence of a
higher diffusion coefficient of Mo in Ti is the
most probable event for the homogenization of
Mo in Ti.

The appearance of the beta phase and partially
shifting alpha peaks to the lower degree
indicate the diffusion of Mo in Ti and,
consequently, its dissolution during the
fabricating process.

The surveillance of Mo movement in molten Ti
is very important to know the circumstance of
homogenization. Here, laser force and the
Marangoni current are responsible for pulling
Mo particles to the sides and within the molten
pool.

Another important event during the fabricating
of this alloy is the creation of microstructural
gradient, which would be due to experiencing
the transferred heat of the early printed layer to
the previous ones. This improves the diffusion
of Mo in Ti at the bottom layers and a kind of
in situ homogenization occurs.
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