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A B S T R A C T

Ti15Mo is a generic alloy that has been around for a long time, however, it could not attain widespread appli-
cations compared to the Ti6Al4V due to the inherent limitations of the conventional methods of manufacturing
the alloy. Laser powder bed fusion (LPBF) an additive manufacturing technology was used to determine the
possibility of manufacturing the Ti15Mo alloy with improved mechanical properties for widespread applications.
85 wt% of Ti was mechanically mixed with 15 wt% Mo and in situ alloyed by the laser beam. The laser beam
could not melt the Mo powder particles completely due to the thermophysical differences between the elemental
powders. The ultimate tensile strength and the microhardness results obtained for the LPBF Ti15Mo samples were
within the range of Ti15Mo alloy manufactured by conventional methods, which indicated that LPBF technology
could be used to in situ alloy different elemental powders with mechanical properties comparable to samples
manufactured using the conventional methods. The ductility of the LPBF Ti15Mo samples was lower than samples
manufactured using conventional methods. The low ductility value was attributed to the high rate of heating and
cooling simultaneously by the LPBF process.
1. Introduction

β-type Ti alloys have attracted great research interests, probably due
to the wide range of mechanical properties they can provide for engi-
neering and biomedical applications. A survey of the literature revealed
that the binary Ti15Mo alloy has taken the center stage and has become
the main focus of many researchers [1], probably due to its low elastic
modulus, high strength, excellent fatigue strength, good ductility/form-
ability, and exceptional corrosion resistance. The Ti15Mo is a generic
alloy that has been around for a long time, however, unlike the Ti6Al4V
alloy which is widely used in the aerospace and the biomedical in-
dustries, the Ti15Mo has never found wide applications in engineering
but has attracted significant attention in the medical and surgical device
industry for about three decades [2,3]. Two important factors held
Ti15Mo back from widespread applications: “the physical metallurgy of
the alloy and the inability of the then-current reactive metals melting and
processing machinery to handle this unusual binary alloy” [3]. The
inherent limitations of the conventional methods resulted in the pro-
duction of the alloy with metallurgical defects, such as porosity,
shrinkage, and inhomogeneous microstructure which adversely affect
the mechanical properties of the alloy hence its limited applications [3,
4]. Conventionally the Ti15Mo alloy products are machine from Ti15Mo
bar stocks which are manufactured using the vacuum arc melting pro-
cess. The production of the Ti15Mo bar stocks and the subsequent
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subtractive process of machining make the entire process of producing
the Ti15Mo products conventionally very expensive and waste of mate-
rial. Laser powder bed fusion (LPBF) which is a subset of additive
manufacturing (AM) is currently considered as the renaissance of the
manufacturing industry and would probably manufacture the Ti15Mo
alloy without the above-mentioned metallurgical defects at a lower cost,
as a result of the additive manufacturing process as opposed the sub-
tractive manufacturing process [5–7].

Pre-alloyed powders are the desired feedstocks for the LPBF process.
However, the production of the pre-alloyed powder required
manufacturing billets, wires, sheets, etc. of the intended alloyed before
converting it into spherical gas atomized pre-alloyed powder [8]. Before
commercializing novel pre-alloy powder, it is logically required to
develop confidence in the material’s processability and properties. This
would require further metallurgical analysis on batch elements [9,10].
These multiply steps involved in the production of the pre-alloyed
powders make the whole production process of pre-alloyed powders
capital intensive, especially when developing new pre-alloyed powders.
Such developmental steps that are capital intensive can inhibit the
experimental development of novel alloys. From basic economics, it is
proven that if the initial input material for production is expensive the
final product is likely to be very expensive [9]. To possibly reduce the
cost of manufacturing the Ti15Mo alloy with improved mechanical
integrity and to enhance the possibility of its widespread application; the
20
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Fig. 1. LPBF Ti15Mo samples (A) The laser scanning coordination system (the top will be referred to as perpendicular direction and the side longitudinal direction (B).
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LPBF process would be used to in-situ alloy Ti and Mo elemental pow-
ders. In-situ alloying using the LPBF would enable a faster, more
cost-effective development of new pre-alloyed powders which could be
used for both conventional and additive manufacturing processes. Easy
processing (cost-effective) of different elemental powders would
certainly broaden the material database for additive manufacturing [10,
11]. Successful realization of using the AM process for in-situ alloying
and not relying on pre-alloyed powders would give the material scientist
great freedom of mixing different elemental powders for specific engi-
neering and biomedical applications [12,13]. The possibility of tailoring
alloying content to induce a particular microstructure and meeting a
specific required mechanical property makes in-situ alloying via LPBF a
prime technology of the day.

The LPBF process of manufacturing is an evolutional paradigm shift
from the conventional methods of fabrications. The conventional
methods (Turning, milling, grinding, drilling, etc.) of manufacturing
involved part-specific tooling (subtractive manufacturing) as opposed to
the additive manufacturing strategy used by the LPBF technology. The
high degree of freedom offered by the LPBF technology of building
complex geometries that would otherwise be difficult or impossible to
produce using conventional manufacturing processes makes it a prefer-
able choice for high-value markets [14,15]. The one-step manufacturing
potency of the AM process eliminated the need for assembling multiple
components [8], which would greatly reduce the cost of manufacturing
[10]. The LPBF manufacturing process would permit the manufacturing
of near-net-shapes with the possibility of production intricate biomimetic
structures and engineering products with customized geometries.
Fig. 2. SEM image of the TI15Mo in BSE mode (A
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2. Materials and methods

The samples were manufactured with spherical argon atomized Ti
(CpTi, grade 2) andMo powders procured from TLS Technik. The powder
characteristics were specified by the supplier. The chemical composition
of the Ti powder is presented in wt.%: Ti (bal.), O (0.17), Fe (0.062), C
(0.006), H (0.002), N (0.012). The 10th, 50th and 90th percentiles of
equivalent diameter (weighted by volume) of the powder Ti particles
were d10¼ 11.6 μm, d50 ¼ 24.6 μm and d90 ¼ 38.4 μm. The percentiles
equivalent diameter of the Mo powder was d10 ¼ 10.9 μm, d50 ¼ 22.4
μm and d90¼ 31.9 μm15wt% of Mowas mechanically mixed with 85 wt
% of the CpTi powder until a homogenous mixture was obtained. The
mixture of Ti15%Mowas dried in an oven for about 15 h at a temperature
of 85 �C. The powder was stirred at 30 min interval.

EOSINT M280 machine (EOS GmbH) equipped with 400 W Yb-fibre
laser was used for manufacturing the Ti15Mo alloy by in situ alloying
the elemental powders. The Ti15Mo samples were manufactured with
optimum process parameters at a laser power of 150 W with a corre-
sponding scanning speed of 1.0 m/s and a hatch distance of 80 μm based
on the initial results presented elsewhere [16] according to the algorithm
proposed by Yadroitsev et al. [17]. The laser spot size diameter was 80
μm and CpTi plate was used as the substrate. The powder layer thickness
was 30 μm. The samples were of a dimension of 10 mm � 10 mm x 10
mm (length x width x thickness). The samples were stress relieved in an
argon atmosphere at a temperature of 650 �C for 3 h and were cut from
the base plate using electrical discharge machining and cross-section into
smaller units for mounting.

The samples were metallurgically prepared for optical and scanning
) Perpendicular view (B) Longitudinal view.



Table 1
Thermal and physical properties of Ti and Mo [24,25,27].

Property CpTi (grade 2) Mo

Density, Kgm�3 4500 10,220
Melting point, oC 1650–1670 2617
Boiling point, �C 3287 4640
Thermal conductivity, Wm�1K�1 17 138
Thermal diffusivity, m2s�1 7.15 � 10�6 54.3 � 10�6
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electron microscope (SEM) analysis based on the protocol suggested by
Struers [18]. The microhardness test was conducted with FM-700 Digital
Vickers Microhardness Tester at a constant load of 200 g for 15 s. The
tensile specimens were prepared according to E8/E8M ASTM standard.
The samples were rectangular with a 10 mm gauge length, 2 mm width
and 1 mm thickness, which was described as a mini sample [19]. The
samples were tested with the MTS Criterion Model 43 Electromechanical
Universal Test System machine at room temperature at a strain rate of
0.5 mm/min. The surface roughness of the samples was measured using
Surftest SJ-210 portable surface roughness tester from Mitutoyo
Corporation.

3. Results and discussions

3.1. Microstructure

With the selected optimum process parameters 3D samples (Fig. 1)
were manufactured for the study.

The constituted SEM micrographs (Fig. 2) demonstrates a Ti15Mo
alloy matrix of partially melted randomly distributed Mo parities
embedded in the Ti alloy, observed from both the top (perpendicular)
and side (longitudinal) directions of the 3D samples. The distribution and
the mixing of the partially melted Mo particles in the solidified melt pool
could be related to the convective flow in the liquid melt pool [20]. The
convective melt flow pattern of the solidified melt pool is due to the
inherent non-uniform distribution of the Gaussian laser beam that melts
the metallic powders leading to a non-uniform temperature gradient of
the molten pool [21]. The hydrodynamic movement of the molten liquid
is governed by the temperature gradient in the molten pool. The tem-
perature gradient induces recirculating flow within the molten pool
which resulted in the dispersed and random distribution of the partially
melted Mo particles in the Ti alloy matrix. K€orner et al. [22] and K€orner
et al. [23], also pointed out that the Gaussian laser beam melting process
is very complex, and it is governed by laser beam absorption, Marangoni
flow, viscosity, surface tension, capillary effects, gravity, etc., which
leads to stochastic melt flow of the molten liquid and the resultant
Fig. 3. Ti15Mo microstructure (A) Perpe
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random distribution of the partially melted Mo particles in the solidified
alloy.

The partial melting of Mo is due to the thermophysical differences
(Table 1) between the two elemental powders. Mo has a melting point of
2623 �C [24] while Ti has a melting point in the range of 1650–1670 �C
[25], obviously with a temperature difference of almost 1000 �C Ti
would melt completely before Mo. The laser reflectance of Mo is also
higher than that of Ti [26], hence Mo powder particles would reflect
more of the laser radiation while Ti would absorb more laser radiation
than Mo. The higher absorptivity of the laser radiation by Ti cum the low
melting point would cause it to melt first before Mo. The density of Mo is
higher than that of Ti, which means it could sink to the bottom of the
molten pool during the LPBF melting process and be shielded from the
full intensity of the radiation of the laser beam. As a result, Mo could only
be melted partially by the laser beam before the solidification process
was completed.

The high rate of heating and cooling (10̂4–10̂6 K/s) [28,29] simul-
taneously of the LPBF process could also contribute to the partial melting
of the Mo particles. The LPBF melting and solidification occurs very fast
that the Mo particles could not melt completely before the solidification
process. The thermal conductivity and thermal diffusivity (Table 1) of Mo
is higher than Ti, which implies the rate of heat conduction between its
particles should be higher than that of Ti. Hence, if the rate of the so-
lidification could be controlled to occurs slowly, perhaps the Mo powder
particles could have melted completely and form a homogenous micro-
structure before the solidification process. Vrancken et al. [30] also
investigated the possibility of using the LPBF process to manufacture
Ti6Al4V–10Mo through the in-situ alloying process. Ti6Al4V-ELI was
mixed with 10 wt% Mo powder. The Ti6Al4V–10Mo microstructure
presents partially melted Mo particles distributed randomly in the β-ti-
tanium alloy matrix, which concurs with the experiment. The gray and
dark varying contract areas (Fig. 2) represent dissolved Mo in the Ti alloy
matrix whiles the white contrasting areas represent the partially melted
Mo particles.

The optical micrographs obtained for the Ti15Mo microstructure
(Fig. 3) present three distinct phases; the partially melted Mo particles,
gray and dark varying contrast areas as observed along the perpendicular
and the longitudinal directions. The Ti15Mo micrographs are αþβ
microstructure with randomly dispersed partially melted Mo particles.
Needles fine acicular martensite could be observed in the dark filed
(Fig. 4A) and the SEM micrographs (Fig. 4B). The fine acicular mar-
tensites were woven inside the prior β grains. The martensitic nature of
the micrographs corresponds to the general nature of LPBF micrographs
due to the rapid solidification of the LPBF process. It is this rapid solid-
ification process which reduces the ductility of the LPBF manufactured
ndicular view (B) Longitudinal view.



Fig. 4. Dark filed optical micrograph (A) SEM micrograph (B).

Fig. 5. EDS elemental mapping of Ti15Mo.

Fig. 6. Interlayer micropores in the Ti15Mo microstructure (white arrows).
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samples and induces other undesirable issues such as residual stress [31].
The wavy like nature of the micrograph (Fig. 4B) is due to the Marangoni
flow (convective flow within the molten pool) [20].

EDS elemental mapping (Fig. 5) analysis was conducted to determine
the distribution of Mo in the Ti matrix. Generally, the Mo distribution
was the same in the perpendicular and longitudinal direction. Mo was
evenly distributed in the Ti matrix with pockets of high concentration of
Mo. The pockets of high contraction of Mo could be attributed to the
hydrodynamics movement (convective flow) of the molten flow and the
homogeneity of the Ti15Mo powder mixture before the in-situ alloying.
When a pre-alloyed powder is used for manufacturing, each powder
particle has the composition of the desired alloy composition in the final
part [34] therefore producing a component with a homogeneous distri-
bution of the alloying element. In the case of elemental powder mixture
such as Ti15Mo used for the current experiment, the individual powder
particle has an elemental composition of the element, therefore the in-
dividual elements could be distributed inhomogeneously in the alloy.
The degree of the homogeneity of the Ti15Mo powder mixture could also
4

contribute to the formation of the concentrated Mo pockets in the
Ti15Mo alloy. Though every step was taken to mechanically mixed the Ti
and Mo powder thoroughly to obtained homogenous mixture before the
in-situ alloying. This observation of pockets of high concentration of Mo
is similar to what was reported by Vrancken et al. [30] in their attempt to
in situ alloy Ti6Al4V-ELI with 10 wt% Mo powder using LPBF
manufacturing method.

Due to the single-track side-by-side and subsequent layer-by-layer
manufacturing method of the LPBF process, the microstructure of
Ti15Mo samples was examined for the presence of micropores. As
already stated, the non-uniform distribution of the Gaussian laser beam
during the LPBF melting process induces temperature difference in the
molten pool which triggers surface tension gradient between the center
and the edges of the molten metal [21]. The temperature gradient gen-
erates waves (Fig. 4B) in the liquid. The waves within the molten pool
would amplify deformation and oscillation of the pool surface, and ripple
formation as the molten metal solidifies leading to corrugated (rough)
surfaces. The surface morphology of the solidified layer affects the even
deposition of the powder on the previous layer. A rough surface would
lead to inhomogeneous powder deposition, which would trigger incon-
sistency in the melt flow in the subsequent layers leading to interlayer
pore formation.

Interlayer micropores were present (Fig. 6 – white arrow) in the
Ti15Mo samples due to the morphology of the surface. A surface



Fig. 7. Dimensions sketch of the tensile test samples (A) LPBF Ti15Momanufactured tensile test samples (B).

Fig. 8. Optical image of tensile test specimen showing the absence of gross
necking before fracture.

Fig. 9. SEM micrograph of fracture surface – total view (A) Fracture surface at higher
at fracture surface (B).
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roughness value of 35 μm for Rz was recorded in the perpendicular di-
rection and 43 μm in the longitudinal direction of the samples. The high
value of the surface roughness along the longitudinal direction (side) is
due to the stair-step effect [32,33]. Due to the LPBF building mecha-
nisms, measuring surface roughness from the perpendicular direction
takes into account only one layer which is the last layer at the top.
However, surface roughness along the side takes into consideration the
multiple layers. The multiple interlayer connections and possible
entrained powder particles that adhere and agglomerate to the external
edge cumulatively increase the surface roughness value along the build
direction (side). A similar observation was reported by Kr�ol & Ta�nski
[32]. The sizes of micropores due to the surface roughness were
measured and were found less than 20 μm, hence the samples were
considered as well-built dense 3D objects as reported elsewhere [31]. It
was empirically proven and generally accepted that LPBF samples with
pores size less than 20 μm would demonstrate stable mechanical prop-
erties for engineering applications and are therefore considered as dense
well-built 3D objects [34].
3.2. Mechanical properties

Five of the prepared tensile test samples according to the E8/E8M
magnification showing predominant brittle fracture with some cleavage features
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ASTM standard (Fig. 7) were tested. The samples were fixed with zero
displacements in the x and z direction and were only allowed to move in
the vertical direction (along the y-axis). The samples were pulled verti-
cally and the motion in the vertical y-direction with the respect to the
bottom plane was registered until the samples fractured (Fig. 8). The
stress was determined as the ratio between the applied load and the
nominal cross-section of the samples while the strain is taking as the ratio
between the normal height and the increased height after the tensile test.

The fractured surface was rough and irregular without gross necking
(Fig. 8) as expected of martensitic material. Ultimate tensile strength
(UTS) value of 894 � 24 MPa was recorded and the percentage of
elongation was 2.8 � 1.7%. This value compares to 858 � 16 MPa re-
ported by Vrancken et al. [30] for Ti6Al4V-ELI with 10 wt% Mo in situ
alloyed using the LPBF manufacturing technology. The UTS obtained for
the Ti15Mo alloy manufactured by the conventional methods ranges
from 800 to 900 MPa [35] which is comparable to the LPBF UTS value.
The percentage of elongation of Ti15Mo was reported as 16% by Disegi
et al. [36] when manufactured by the conventional methods and heat
treated.

Though the LPBF manufacturing process is considered as a renais-
sance of the manufacturing industry due to its freedom of design, the fast
rate of heating and cooling leads to the martensitic formation which
inevitably reduces the ductility of the Ti15Mo samples manufactured by
the LPBF process.

SEM analysis of the fracture surface reveals the occurrence of complex
ductile/brittle fracture (Fig. 9) with the predominance of brittle fracture
(Fig. 9A), which explained the absence of gross necking before fracture
(Fig. 8). There was evidence of areas of ductile tearing (quasi-cleavage
fracture) (Fig. 9B). This type of fracture is due to the occurrence of both
ductile (dimples) and brittle fracture together on a single fracture surface
(mixed mode).

The microhardness of the samples was determined from the perpen-
dicular and the longitudinal directions to study the anisotropic behaviour
typical of LPBF build parts [35]. Due to the layerwise (step-by-step)
building process used by the LPBF technology the microstructure and
mechanical properties of LPBF build parts could be different when
viewed from different directions [31,33,37]. The directional variation in
the microstructure and the mechanical properties of LPBF built parts is
due to the directional heat flux and the large thermal gradient [36,38].
The FM-700 Digital Vickers Microhardness Tester at a constant load of
200 g for 15 s was used to make 15 indentations on the surface of the
Ti15Mo samples and the average calculated. A microhardness value of
410 � 17 HV was recorded for the perpendicular direction and 441 � 12
HV for the longitudinal direction. The difference in the microhardness
values attest to the fact that LPBF build parts are not homogenous
throughout the bulk material as reported in the literature. The micro-
hardness values of the current experiment correlate with the result of
Collins et al. [39]. They produced a compositionally graded structure of
Ti-xMo (x ¼ 0-25 at.%) by laser engineered net-shaping (LENS™) and
reported a microhardness value of 450 HV at 10 wt% Mo concentration
and noted that the microhardness value of the samples reduces with
increasing Mo content.

As demonstrated by the current experiment and other previous
research output [12,13], in-situ alloying is an efficient way to manufac-
ture new materials, nevertheless, to manufacture homogeneous alloy is
still a challenge that needs to be resolved. Perhaps for the current
experiment using Mo powder of smaller particles size <45 μm or nano-
powder particles could have resulted in the complete melting of the
powder and improve the homogeneity of the alloy without pockets of
concentrated Mo areas.

4. Conclusion

The study demonstrated that the LPBF process could be used to in-situ
alloy different elemental powders successfully. The UTS and micro-
hardness values obtained for the LPBF Ti15Mo were in the range of
6

samples produced by the conventional methods, which shows that the
LPBF methods of manufacturing could be used to produced 3D samples
with mechanical properties comparable to the conventional methods.
However, for the current experiment the inability of the laser beam to
melt the Mo powder particles completely due to the thermophysical
differences between the two materials, suggest that the idea of using the
LPBF process for in-situ alloying different elemental powders for specific
engineering and biomedical applications is still at its infant stage and
further research is required to achieve complete melting and “absolute”
homogeneity.
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