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Abstract: The principal optimum process parameters for printing Ti5Mo fused tracks and layers
were determined. The laser power, scanning speed and hatch distance were varied to study their
influence on fused track and layer formation. The morphology, geometry, homogeneity, surface
roughness, solidification structure, microstructure and microhardness of the fused tracks and layers
were analysed. It was observed that, based on the laser energy density, different fused tracks and
layers can be achieved. It is only at a certain critical threshold that optimum process parameters
could be obtained. Laser power of 200 W with a corresponding scanning speed of 1.0 m/s at a hatch
distance of 80 µm was obtained as the optimum process parameter set. As opposed to previous
research by the authors, the Mo powder particles in the current investigation melted completely in the
Ti5Mo alloy matrix due to the small Mo powder particle size (1 µm). A 50% offset rescanning strategy
also improved the surface quality of the layers. The solidification front is predominantly cellular, and
the microhardness values obtained fall within the values reported in the current literature.

Keywords: LPBF; Ti5Mo; fused tracks; fused layers; spatter particles; biomedical applications

1. Introduction

Ti-based alloys have been used extensively for biomedical applications with laudable
success because they demonstrate excellent combinations of biomechanical and biochemical
properties [1,2]. These properties enhance rapid anchoring of Ti-based implants (osseointe-
gration) resulting in a clinical success rate up to 99% over a period of 10 years [3]. These
observations demonstrated the good interaction of Ti-based implants with the host bone
tissue. This could be due to the unique properties of Ti, which is the precursor powder
in the Ti-based alloys. Titanium is a nontoxic element even when ingested in large quan-
tities [4]. Geetha et al. [5] and Sandu et al. [6] demonstrated the influence of ingestion
of Ti by humans of up to 0.8 mg per day, proving that Ti was eliminated without being
digested/assimilated. This confirmed that Ti, as the precursor alloy in Ti-based alloy, would
not have harmful effects on the human body, but rather promote good interaction with the
host bone [4]. However, it was empirically proven that the Ti6Al4V alloy, which is known
as the working horse of the Ti-based alloys, has some drawbacks due to alloying elements
used in formulating the Ti6Al4V alloy [7]. The aluminium in the Ti6Al4V alloy was re-
ported to cause allergic reactions and the use of vanadium was associated with neurological
disorders (such as Alzheimer’s disease) [7]. As a result, there has been a consistent attempt
by researchers and industry practitioners to developed new Ti-based alloys with nontoxic
elements. Experimental results proved that Be, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn and Ag
are harmful elements, whereas Ti, Mo, B, Mg, Si, P, Ca, Sr, Zr, Nb, Pd, In, Sn, Ta, Pt and
Au are considered biocompatible (nontoxic) elements [8]. As a result, materials scientists
have been alloying the nontoxic elements with Ti to produce Ti-based alloys which would
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not be harmful to the body. Binary Ti-Mo alloys have been the subject of several studies,
because Mo is considered as the most preferred β-stabilizing element, since it is able to
stabilize the β-phase with a low solute concentration [9]. Being a β-stabilizing element,
Mo would widen the β-phase domain of the alloy, leading to production of biomedical
devices with a lower elastic modulus as compared to the high elastic modulus of Ti6Al4V
(100–120 GPa) [4]. The high elastic modulus of Ti6Al4V leads to incomplete stress transfer
between bone and implant, resulting in the stress shielding effect [10]. Stress shielding
leads to bone resorption in the interface with the implant and increases the risk of implant
failure [11]. Alloying Mo with Ti could help overcome the downsides (toxicity and stress
shielding) inherent in Ti6Al4V implants.

Ho et al. [12] were among the first in the 1990s to use the conventional methods of man-
ufacturing (casting) to produce the Ti-Mo alloys for biomedical applications. The authors
investigated various compositions, from 6 to 20 wt% Mo, and reported that the Ti with
15 wt% Mo and elastic modulus <80 GPa was best suited for biomedical applications. Lee
et al. [13] also investigated Ti-xMo (x = 5, 10, 15 and 20 wt.%) alloy compositions by using
an arc-melting vacuum-pressure casting system and observed the lowest elastic modulus
at 15 wt.% Mo concentration. The preferred suitability of Ti15Mo alloys for biomedical
applications as compared to Ti6Al4V was confirmed by a host of other researchers [14–17].
The investigation of Chen et al. [18] with Mo composition ranging from 5% to 20% (mass
fraction) revealed that Ti 10 wt.% Mo with elastic modulus of 29.8 GPa was the most ideal
for biomedical applications. Other researchers [19–21] also investigated the suitability of
Ti-Mo binary system for biomedical applications with 10 wt.% Mo and reported low elastic
moduli (23–40 GPa), no cytotoxicity and preferential properties for biomedical applications
as compared to Ti6Al4V. The investigations of Heimann et al. [22] focused on Ti-xMo (x = 1,
5 and 10 wt.%) alloy compositions. The experimental results reveal that 5 wt.% Mo demon-
strated the least cavitation erosion and was the best suited for biomedical applications.
Sung et al. [14] also investigated the suitability of Ti-xMo with compositions 3, 7, 10 and
15 wt% and reported the lowest elastic modulus (<50 GPa) for 7 wt% Mo. These authors
concluded that 7 wt% Mo was preferred for biomedical applications. The work of Kumar
and Narayanan [23] and Martins et al. [24] confirmed that the amount of Mo ions released
in the Ti-xMo alloys systems were within a safe range. Consequently, the suitability of
Ti-xMo alloys for biomedical applications was incorporated into the ASTM F2066 implant
material standard [25].

Although the pioneers were able to use the conventional methods (casting, forging,
etc.) of manufacturing the Ti-xMo alloys ‘successfully’, Mo is a refractory metal with a
high melting point [26]. Therefore, alloying Mo with Ti increases the melting point of
the powder making the processing of the material very difficult [27]. As a result, the
conventional methods of manufacturing could not be used to produce the alloy without
defects, such as porosity, shrinkage and inhomogeneous microstructures [27]. However,
laser powder bed fusion (LPBF), a subset of the additive manufacturing technology which
is currently considered as a renaissance of the manufacturing industry, could be used to
manufacture the Ti-xMo alloys without the above-mentioned defects, due to the layer-wise
manufacturing strategy employed by the LPBF process. In addition, the versatility of the
LPBF process to produce 3D objects with intricated geometries in one manufacturing cycle,
opens the window for producing biomimetic objects which would enhance the geometrical,
technical and functional properties of biomedical components [28,29].
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The authors have previously demonstrated the possibility of in-situ alloying Ti-xMo
(x = 10, 15 wt.%) via LPBF [30,31]. However, since the LPBF process is non-linear, the au-
thors wanted to determine the optimum process parameters to produce Ti-xMo (x = 5 wt.%)
alloy and compare the mechanical properties of the alloys Ti-xMo (x = 5, 10, 15 wt.%) in
subsequent research, because the literature presents divergent results about the best-suited
composition of the Ti-xMo alloys for biomedical applications. To the best of the authors’
knowledge, such comparisons have not yet been done for the Ti-xMo alloys using the LPBF
manufacturing process.

Single tracks are the initial units produced during the LPBF process and it is the
overlapping of the fused tracks that creates single layers. Subsequently, the superposition
of the single layers creates a 3D structure. Therefore, the properties of LPBF products
depend on the quality of the fused tracks and layers. It is generally accepted that laser
power and scanning speed, which have a decisive effect on the quality of the fused tracks,
and hatch distance, which influences the quality of the layers, are the principal process
parameters [32]. Consequently, the current research seeks to determine the optimum
principal process parameters (laser power, scanning speed and hatch distance) that could
be used to produce Ti5Mo alloy fused tracks and layers, which could be used to produce
the Ti5Mo 3D structures in subsequent investigations. Approximating the laser melting
process of building a 3D object to single fused tracks and layers might be a concern, since
heat accumulation during thermal recycling of multiply layers enlarge melt pools and
increase maximum temperatures [33]. However, literature demonstrated that only single
fused tracks alone [32,34,35] have been used as representative of the full LPBF process
to investigate the physics of the LPBF process. The current research adopted the same
approach of using single fused tracks and layers to obtain optimum process parameters
that could be used to produce Ti5Mo 3D structures in subsequent investigations.

2. Materials and Methods

The samples were produced using gas-atomised Ti (Cp Ti, grade 2) powder and Mo
powder procured from Sabinano (Pty) Ltd, Johannesburg, South Africa. The nominal
chemical composition of the Cp Ti powder as received was: Ti (bal.), O (0.17), Fe (0.062), C
(0.006), H (0.002) and N (0.012) in weight percent (wt.%), and the particle size distribution
in sieve diameters weight by volume were: d10 = 12.6 µm, d50 = 29.8 µm and d90 = 41.5 µm.
The Ti powder particles had high sphericity and smooth surfaces, whereas the Mo powder
particles were plate-like with smooth surfaces (Figure 1). The LPBF feedstock was obtained
by mechanically mixing 95 wt.% of Ti with 5 wt.% of Mo, referred to as Ti5Mo. A 3D
Turbula®-like mixer procured from SSP Processing Equipment (Pty) Ltd., Johannesburg,
South Africa was used to mix the Ti and Mo powder blend for 30 min at 150 rpm.

An Electro-Optical Systems (EOS) direct metal laser sintering (DMLS) machine (EOSINT
M280) supplied by EOS GmBH, Munich, Germany was used for the studies. The machine
is equipped with a continuous-wave ytterbium fibre laser operating at 400 watt. The laser
beam had a TEM00 Gaussian profile of 80 µm spot size. Argon was used as the inert gas
(protective atmosphere) in the build chamber. A Cp Ti plate was used as the substrate and
the chemical composition of the substrate was the same as the chemical composition of the
Ti powder used for the experiments. Fused single tracks were produced over a wide range
of laser powers (50–350 W) and scanning speeds (0.08–3.4 m/s). For each combination
of the process parameters, three single tracks were produced. The tracks were 10 mm
in length and the optimum process parameters obtained from fused track analysis were
used to produce double layers. These layers were produced at hatch distances of 80 µm,
90 µm and 100 µm and rescanned at a 50% offset hatch distance. (Thus, for the 80 µm hatch
distance, the laser moves 40 µm before rescanning, and for 90 µm and 100 µm, it moves
45 µm and 50 µm, respectively, before rescanning—Figure 2).



Metals 2022, 12, 950 4 of 21Metals 2022, 12, x FOR PEER REVIEW 4 of 22 
 

 

 
Figure 1. SEM images of the powders: (A) Cp Ti powder, (B) Mo powder, and (C) Ti5Mo powder 
blend. 

 
Figure 2. A schematic representation of the rescanning strategy. 

Figure 1. SEM images of the powders: (A) Cp Ti powder, (B) Mo powder, and (C) Ti5Mo pow-
der blend.

Metals 2022, 12, x FOR PEER REVIEW 4 of 22 
 

 

 
Figure 1. SEM images of the powders: (A) Cp Ti powder, (B) Mo powder, and (C) Ti5Mo powder 
blend. 

 
Figure 2. A schematic representation of the rescanning strategy. Figure 2. A schematic representation of the rescanning strategy.



Metals 2022, 12, 950 5 of 21

The top and cross-sectional views of the sintered tracks and layers were analysed
using optical and scanning electron microscopy supplied by Carl Zeiss AG, Oberkochen,
Germany. The cross-sections of the samples were subjected to standard Struers metallurgical
preparation procedures (grinding with 320 papers, polishing by diamond suspensions of
9 µm, 3 µm and 1 µm size [36]) and etched with Kroll’s reagent). The reagent was supplied
by Advanced Solution, Johannesburg, South Africa. The cross-sections of the fused tracks
were geometrically analysed by measuring the width of the track (W), height of the track
(H) and penetration depth (D) as demonstrated elsewhere [35,37]. The surface roughness
(Rz) of the samples was measured using a Surftest SJ-210 portable surface roughness meter
supplied by Mitutoyo, Tokyo, Japan. The microhardness of the samples was measured
with a FM-700 Digital Vickers Microhardness Tester at a constant load of 200 g for 15 s. The
a FM-700 Digital was purchased from Future-Tech-Corp, Kanagawa, Japan. Thirty (30)
measurements were taken on the polished cross-sections of the samples perpendicular to
the building direction, for statistical purposes.

3. Results and Discussion
3.1. Geometry and Morphology of the Fused Single Tracks

The LPBF process is a very complex process of manufacturing a 3D object. It is a
multidisciplinary manufacturing process based on laser physics, optics, heat and mass
transfer, mechanics, metallurgy, etc. The process is closely related to the laser welding
process, which has been studied extensively in the literature [38]; hence, laser welding
theories are normally used to explain the LPBF phenomenon [39]. Just as in laser welding,
there are two main modes of laser radiation when the laser beam impinges on the powder
bed, which are the conduction mode and the keyhole mode [40]. When the laser beam
impinges on the powder bed the laser energy is absorbed by the skin of the upper powder
particles. The powder particles at the top begin to melt and the heat is transmitted to the
remaining powder particles until a molten pool is formed. Depending on the laser energy
density (laser power(P)/scanning speed(V)) of the laser beam [33], a conduction mode
profile or keyhole mode profile of the melting process can be formed. A conduction mode
is achieved when the thermal transport is mediated mainly via conduction and convection
within the molten pool (Figure 3a) [41].
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Figure 3. Geometry and morphology of the fused powder tracks at various process parameters,
(a) conduction mode: 200 W, 1.0 m/s; (b) deep penetration: 350 W, 1.2 m/s; (c) no penetration: 50 W,
0.4 m/s; (d) insufficient penetration: 150 W, 1.0 m/s; (e) undercut: 300 W, 2.2 m/s; (f) displacement
of track head: 350 W, 2.6 m/s; (g) humping effect: 100 W, 1.0 m/s. (a1) Continuous track: 200 W,
1.0 m/s; (b1) Continuous track: 350 W, 1.2 m/s; (c1) Balling effect: 50 W, 0.4 m/s; (d1) Irregular
continuous track: 150 W, 1.0 m/s (e1) Discontinuous track: 300 W, 2.2 m/s (f1) Discontinuous track:
350 W, 2.6 m/s; (g1) Discontinuous track: 100 W, 1.0 m/s.
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However, if the laser energy density exceeds certain criteria, the mode of melting
could change from conduction mode to keyhole mode (Figure 3b) [37]. Thus, there is a
threshold for the combination of the process parameters that determines the laser energy
density (P/V) which influences the geometrical characteristics and the morphology of the
fused tracks.

From Figures 3 and 4, it could be seen that the laser-matter interaction could result
in other melting features, such as no penetration, insufficient penetration and defects
(undercut, displacement, humping effect etc.). No penetration or insufficient penetration
occurs when the laser energy density is not enough to melt the powder particles and
penetrate the substrate (previously solidified layers) [32]. As observed from Figure 3c,d
of the current study, the laser energy density was sufficient to melt the Ti5Mo powder
completely but could not penetrate the substrate or penetrate the substrate sufficiently. The
laser interaction with the Ti5Mo powder bed also presents other forms of laser melting
profiles (Figure 3e–g). These variations in the geometry of the fused tracks are due to the
hydrodynamic movement of the molten pool which is greatly influenced by the Gaussian
laser beam [42]. The Gaussian laser beam that melts the constituent powder has spatial
intensity distribution. As a result, the laser intensity at the centre of the molten pool is
higher than at the periphery of the cylindrical molten pool. The non-uniform distribution of
the laser intensity creates a temperature gradient in the molten pool. From the temperature
gradient, differences in surface tension between the centre and the edge of the molten pool
arise. The surface tension induces recirculation of the molten pool (Marangoni effect) [33],
resulting in different track geometry as the molten liquid solidifies. Kou et al., [43] also
reported that the non-uniform temperature fields across the molten pool could induce
waves in the molten pool. The waves would cause deformation of the molten track
geometry as the molten pool solidifies. Qiu et al. [44] reported that the complex melt flow
governed by several operating parameters (laser beam absorption, viscosity, surface tension,
capillary effects, gravity, etc.) caused the cylindrical molten pool to move in a dispersed
and random manner provoking molten pool surface oscillation and ripple formation, which
could lead to the deformation of the tracks. As a result, as presented in Figure 3e–g, the
sintered tracks demonstrated different types of deformation due to the spatial intensity
distribution of the Gaussian laser beam. King et al. [41] and Khairallah et al. [33] noted
that Rayleigh capillary and thermocapillary instabilities have a significant effect on the
LPBF process. According to the Plateau–Rayleigh instabilities theory, a cylindrical molten
pool would be unstable if its ratio of length L to its diameter W exceeds unity π. Thus,
a thermocapillary liquid with a high aspect ratio would break down to lower its surface
energy. The Plateau–Rayleigh effect pushes the molten pool upwards by fluid flow and
shrinks by surface tension (Marangoni effect) [43]. The upward pushing of the molten
pool and the shrinkage due to the surface gradient could lead to deformation of the tracks,
forming undercuts (Figure 3e), displacement of the track head (Figure 3f) and the humping
effect (Figure 3g). The Marangoni effect and the thermocapillary instability are surface
tension phenomena that influence the fluid flow from regions of lower surface tension to
regions of higher surface tension and can be expressed as in Equation (1) [33].

Ma =
dγLV
dT

dT
dr

L
2ηα

(1)

where Ma is the Marangoni number,
(

dγLV
dT

)
is the surface tension gradient, dT

dr is the
temperature gradient, L is the length of the melt pool, η is the viscosity and α is the
thermal diffusivity.
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If the surface tension gradient is negative, a shallow and broad molten pool of large
liquid phase (large surface curvature) is formed, but if the surface tension gradient is
positive, a deep narrow melt pool would be formed. The surface tension for most alloys
including Ti-Mo alloys was reported to be negative [45]. It is, therefore, expected that
the Ti5Mo melt pool would form a shallow and broad cylindrical melt pool with high
surface energy. Due to the recirculation in the molten pool, the broad liquid curvature
surface would break down (deform) to lower its surface energy. The tracks (Figure 3e–g)
deform to lower their surface energy per Lord Rayleigh–Plateau [46] instabilities theory of
thermocapillary flow. As can be observed (Figure 3), the instability (deformation) of the
molten pool increases with increasing scanning speed and laser power. The simulation
report of Khairallah et al. [33] demonstrated that the deformation of the melt pool was
dependent on the operating temperature within the molten pool. According to Fischer
et al. [47], the operating temperature in the molten pool could be estimated as [47]:

∆T =
2AE

K

√
kthTp

π
(2)

where A is the laser absorption coefficient, E is the laser beam energy, k is the thermal
conductivity, kth is the heat diffusivity and Tp is the laser irradiation duration.

A high laser power produces a high E (higher laser energy density), which causes
the operating temperature of the molten pool to increase. A higher operating temperature
amplifies the recirculation waves within the molten pool, leading to a higher stochastic
melt flow. The high turbulence within the molten pool would result in the deformation of
the tracks with increasing laser beam energy (E). As a result, the deformation of the tracks
increased with increasing laser power (Figure 4).

Also, the fast-advancing laser beam (high scanning speeds) have a high tendency of
splashing the molten pool. As observed in nature, as boats move through water, bow waves
develop in front of the motion [48]. The fast-advancing laser beam splashes the molten pool
(bow wave) and due to the inherent high rate of melting and cooling of the LPBF process,
the splash rapidly solidifies to form a deformed geometry. For the current experiments,
the deformation of the tracks seemed to increase with increasing scanning speed and laser
power (Figure 4).
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The conduction mode (Figure 3a) and keyhole mode (Figure 3b) tracks have been the
focus of many researchers, probably due to the unique mechanical properties they could
provide. The two groups of laser melting modes have their own superiority and inferiority.
The advantages of the keyhole mode are that it is characterized by a large penetration
depth, small heat-affected zone and high-energy efficiency. These have always attracted
more industrial applications in the field of laser welding as compared to the conduction
mode profile [49]. The main advantages of the conduction mode are high-process stability
and more accurate control of the heat input to the base material as compared to the
keyhole mode [50]. Due to the different melting depth and thermal recycling associated
with the two laser sintering processes, the microstructure and mechanical properties of
samples produced by the two modes are entirely different [51]. Yang et al. [50] used the
two modes to produce Ti6Al4V samples and reported that the keyhole mode samples
demonstrated poorer formability, but better ductility; conversely, the conduction mode
samples demonstrated more outstanding formability but worse ductility. As presented in
Figure 3, only samples produced at laser power 200 W at a corresponding scanning speed
of 1.0 m/s demonstrated conduction mode. Keyhole mode profiles were present at all laser
powers (50–350 W) at relatively lower scanning speeds (Figure 3).

As mentioned earlier, keyhole modes are formed when the energy density is high
enough to melt the Ti5Mo powder and drill into the previously solidified layers. The
deep melting could cause the Ti5Mo powder particles to vaporize in some local regions
within the molten pool. The dense vapour plume, consisting of a cluster of atoms, ions and
electrons, produces a recoil momentum on the molten material to form a cavity. Due to the
rapid hydrodynamic movement of the thermocapillary melt flow, coupled with the rapid
solidification rate, the vapour may not be able to escape before the solidification, but rather
be entrapped in the solidified molten pool, resulting in defects in the final 3D parts [41].
Due to the deep penetration into the substrate, the keyhole mode melting resembles a
V-shape profile, whereas conduction mode melting resembles a U-shape profile, since there
is no further deep absorption of the laser energy below the substrate [50]. Although in
the current study the keyhole mode profiles were of the V shape, there was no entrapped
gas present in the deep penetrations. This might have been due to the thermophysical
differences between the constituent powders. The melting point of Mo is higher than the
melting point of Ti (Mo = 2623 ◦C, Ti = 1668 ◦C) and the density of Mo is higher than the
density of Ti (Mo = 10,220 Kgm−3, Ti = 4500 Kgm−3) [52]. In addition, the laser reflectance
of Mo is higher than that of Ti [53]. Therefore, during the LPBF process, the Ti would
melt first due to its lower melting temperature and Mo would move to the bottom of
the molten pool due to its higher density. After the laser energy had melted, the Ti5Mo
powder particles and the laser were about to start drilling the substrate when the Mo
powder particles reflected most of the laser energy at the bottom of the molten pool and the
remaining laser energy could not entrap the vapour in the wake of the laser beam before
the rapid solidification.

Apart from the U-shape and V-shape description of the conduction and keyhole mode
profiles, there are other boundary conditions that establish the differences between the
keyhole mode and the conduction mode. Nakamura et al. [54] stated that a conduction
mode is present when half the width (W) of the track equals the penetration depth (D) of
the fused track ∴ 0.5 W = D = 1.

As presented in Figure 5, only laser power of 200 W with a corresponding scanning
speed of 1.0 m/s has its ratio of 1

2 W = D = 1 (Figure 5, the purple circle). The combination
of all the other process parameters were above or below the purple dotted line at unity
(1), demonstrating no penetration, insufficient penetration and deep penetration. The
conduction mode process parameters (200 W, 1.0 m/s) could be considered as the preferred
optimal process parameters for manufacturing the Ti5Mo powder blend. However, the
literature has revealed that moderate penetration keyhole mode could also be considered
as optimal for LPBF process [50].
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According to Rai et al. [38], the laser melting process would produce keyhole mode
results when

Tmax ≥ Tb (3)

where Tmax is the maximum temperature of the molten pool and Tb is the boiling tempera-
ture of the material.

The normalized enthalpy model proposed by Hann et al. [39] further expanded
Equation (3) in terms of the spatial intensity distribution of the Gaussian laser beam. Hann
et al. [39] assumed that the penetration by the Gaussian laser beam was a function only
of the ratio of the deposited energy density to the enthalpy at melting (hs). King et al. [41]
made a very impressive derivation that described the transition from one mode to another
more perfectly as compared to the initial derivations based on the normalized enthalpy ∆H

hs
proposed by Hann et al. [39] for laser welding. According to the King et al. [41] derivation,
for a Gaussian beam diameter of d, the maximum temperature Tmax of the molten pool
could be estimated as:

Tmax =

√
2AId

k
√

π
tan−1

√
2Dt
d

(4)

where A is the absorption coefficient of the material, I is laser intensity, d is the laser spot
size, k is the thermal conductivity of the molten material, D is thermal diffusivity of the
molten material and t is the interaction time between the laser beam and the metal powder.
At a selected scanning speed, v, the interaction time between the laser beam and the metal
powder could be estimated as t = d

V .
Then, the keyhole threshold in terms of normalized enthalpy ∆H

hs
could be written

as [41]:

∆H
hs

=
AP
√

D

KTm
√

πVd3
≥ πTb

Tm
(5)
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where hs is enthalpy at melting, Tm is the melting point and hs =
KTm

D .
From Equation (3), the keyhole mode threshold according to the LPBF process could

be written as [41]:

P√
Vd3

≥ KTb
√

π3

A
√

D
(6)

From the detailed analytical presentations of King et al. [41], it could be stated that
the threshold for the keyhole mode was directly determined by the applied laser power,
scanning speed and beam size diameter. Since the beam size diameter was constant in the
current research, laser power and scanning speed were considered as the main determining
factors that influenced the molten pool geometries. From Figure 5, the threshold enthalpy
for switching from conduction mode to keyhole mode is ∆H

hs
∼ 47. Since the constituent

powder is made up of 95 wt.% Ti, only the thermophysical properties of Ti (Table 1) were
used for the enthalpy calculations.

Table 1. Thermophysical properties of titanium.

Thermophysical Properties of Ti Values [52,55]

Thermal conductivity, k (W m−1 K−1) 17

Boiling point, Tb (K) 3560

Melting point, Tm (K) 1941

Absorption coefficient, η 0.77

Thermal diffusivity, D (m2 s−1) 7.15 × 10−6

Any value above the threshold value would produce a keyhole profile and values
below would produce insufficient or no penetration. However, there were values below
the threshold value that demonstrated keyhole characteristics (Figure 5, the blue circle).
This could be due to the fact that the normalised enthalpy theory scaling is lacking some
physics and fails to account for the additional physics that exist in the keyhole formation
process, as explained by King et al. [41].

It could be observed that the ratio of penetration depth to half-width decreased
with increasing scanning speed (Figure 5). The decrease in the enthalpy (linear energy
density—Figure 6) with increasing scanning speed resulted in the decrease of the depth of
penetration with increasing scanning speeds. As the scanning speed increased, the laser
energy input of the molten pool decreased (Figure 6). The low molten pool operating
temperature was not sufficient to melt the Ti5Mo powder and drill into the substrate. As a
result, the depth of penetration as ratio of half-width decreased with increasing scanning
speed (Figure 5). Additionally, the time of radiation of the powder bed decreased with
increasing scanning speed. The short dwelling time of the laser beam on the powder bed
could lead to a reduction in the absorption of the laser energy at a particular spot on the
powder bed. As a result, the depth of welding of the new layer into the previous layer
(substrate) reduced with increasing scanning speeds at the same laser power as shown
in Figure 5.

The effect of the laser power on the width of the fused tracks at the various scanning
speeds was also investigated. Such investigations would enable the selection of the appro-
priate hatch distance for manufacturing a 3D object. The results revealed that the width
of the fused tracks also reduced with increasing scanning speeds because the laser energy
density reduced with increasing scanning speeds (Figure 6). As the linear energy decreased,
the temperature in the molten pool decreased. The low fusing temperature led to a viscous
melt flow with a small liquid phase. As a result, the curvature of the cylindrical molten pool
reduced, leading to a reduction in the widths of the fused tracks with increasing scanning
speeds as shown in Figure 6.
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3.2. Formation of Spatter Particles on the Fused Tracks

Spatter particles, also known as satellites, were observed at the surfaces and edges of
the fused tracks (Figure 3b1, the green circle). During the LPBF process, spatter particles
may be formed by two main mechanisms: melt spattering and partial powder melting
in the peripheral zone of the laser spot. Melt spattering occurs when the molten liquid
is separated and splashes ahead of the advancing laser beam and is pinched off onto
the powder bed. Due to the rapid rate of solidification during the melting process, the
splashing molten liquid solidifies on the surfaces of the fused tracks as spatter particles.
From Equation (2), the molten pool temperature increases with increasing laser power. At a
higher laser power, the recirculation of the molten pool also increases. The amplified waves
on the surface of the molten pool have a higher probability of ejecting liquid particles onto
the powder bed. As a result, spatter particles on the surfaces of the fused tracks produced
in the current experimentation increased with increasing laser power (Figure 3. Track a1
was produced at 200 W and it had fewer spatter particles as compared to track b1 produced
at 350 W).

3.3. Analysis of Ti5Mo Layers

It is the line-by-line arrangement of the sintered tracks that would lead to the pro-
duction of a layer. To obtain a 3D object with good mechanical integrity, there is a need
to determine the appropriate hatch distance that should be placed in between adjacent
sintered tracks. For the current experiment, layers were produced at three different hatch
distances of 80 µm, 90 µm and 100 µm with the conduction mode optimal process pa-
rameters (200 W, 1.0 m/s) obtained from the sintered tracks analysis. The hatch distances
were selected based on Yadroitsev et al. [32] hierarchical principles of printing a 3D object.
Yadroitsev et al. [32] stated that the hatch distance should not be less than the average
width of the sintered tracks to ensure sufficient overlapping between neighbouring tracks.
From Figure 5, it could be seen that the width of the sintered tracks ranges between 70–210.
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Hence, it is logical and convincing to experiment with the selected hatch distances in order
to select the most suitable option to produce a 3D object.

From Table 2, it could be observed that at all the selected hatch distances, the sintered
tracks overlapped with wavy-like patterns due to recirculation of the molten pool [37].
Satellites were present at the surface of the layers (Table 2, single scan—the blue arrow).
The number of satellites seems to increase with increasing hatch distance. A fewer number
of satellites were present on the surface of the layers produced at 80 µm hatch distance.
This is due to the large overlapping of tracks produced at 80 µm compared to the other
hatch distances. The solidified molten pool reveals that pockets of Mo concentrations were
present at the periphery of the sintered layers (Table 2, the red and the black dotted circles).
This could be the result of the pushing effect [56]. Due to the thermophysical differences
between the two elemental powders (the higher density of Mo as compared to Ti), the
rate of motion of the solidification front of the molten pool is faster than the motion of Mo
powder particles in the molten pool. The slow-moving Mo powder particles were captured
in the solidification front and were pushed to the peripheral of the sintered tracks. Due to
the fast-cooling rate of the LPBF process [33] Mo at the borders of the sintered tracks could
not mix homogenously with the molten pool before the molten liquid solidifies. As a result,
pockets of Mo concentration could be seen at the periphery of the sintered tracks.

To improve the surface quality of the layers, a rescanning strategy was employed
(Figure 2). The samples were rescanned at a 50% offset of the hatch distances. Thus,
for the 80 µm hatch distances layer, the laser beam shifted 40 µm in the plane of the
laser beam; for 90 µm, the laser beam shifted 45 µm and 50 µm for the 100 µm hatch
distance. The rescanning strategy of 50% offset would ensure that all the Mo concentration
at the boarders of the sintered tracks could be homogenised with the bulk material. The
rescanning strategy removes almost all satellites from the surface of the layers and improves
on the homogeneity of the Ti5Mo alloy matrix (Table 2, rescan samples). However, there
isstill Mo concentration at the edges of the tracks after the rescanning (Table 2, the yellow
and the blue dotted lines). The average wt.% (Figure 7) distribution of Mo in the Ti5Mo
alloy matrix attest to the improvement in the homogeneity in the alloy due to the unique
rescanning strategy employed.

There is almost 50% improvement on the surface quality (surface roughness) of the
samples after the rescanning strategy was employed (Figure 8). The improvement on the
surface quality of the Ti5Mo layers after the second exposure of the powder bed would
enhance the agility of adopting of LPBF processes for most industries. It is well known that
surface roughness is one main drawbacks of the LPBF process. Using the current rescanning
strategy to improve the surface quality of LPBF products would certainly enhance the
widespread industrial application of the LPBF process.

From the cross-sectional observation, there is not much difference between the single
scan and the rescan. Hence, only the double scan results were presented (Figure 9, cross-
sectional view). Just as observed from the top surface, pockets of Mo concentration were
observed from the cross-sectional view of the layers (Figure 9, cross-sectional view—the
black and the purple dotted circles). The pockets of Mo-rich areas were distributed ran-
domly in the Ti5Mo alloy matrix. The dispersed distribution of Mo is due to the Marangoni
convective flow within the molten pool. This observation indicated that in-situ alloying of
elemental powders to print 3D objects has not yet attained maturity and further research is
required to be able to print complete homogenous 3D structures via in-situ alloying.
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Table 2. Surface morphology and Mo distribution map by EDS of the Ti5Mo double layers with
different scanning strategies and hatch distances.

Top View—Single Scan
80 µm 90 µm 100 µm
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The molten structure is predominately cellular (Figure 10. Area B). This is expected
because alloys do not solidify in a planar mode due to solute redistribution resulting
in constitutional undercooling that destabilise the solidification front. There appears to
be a region of planar mode (Figure 10. Area A). This is possible because as the laser
traverses the powder bed and begins to melt the powder, the Mo concentration gradients
at the liquid-solid interface of the Ti5Mo molten pool are still increasing and have not
reached a steady state. At a low solute concentration of Mo in the Ti5Mo molten pool, the
critical thermal gradient for planar solidification is low and a planar front is stable. As



Metals 2022, 12, 950 15 of 21

a result, there are regions of planar solidification front in the solidified structure. As the
concentration gradient of Mo in the Ti5Mo alloy molten pool increases, the solidification
front changes from planar to cellular mode. Since planar solidification normally occurs in
pure metals and is rare for alloys, for the current experiment, the solidification structure is
predominantly cellular for the Ti5Mo alloy. The switching between solidification modes
during the LPBF process also contributed to the heterogeneous microstructure nature of
LPBF as built components before heat treatments [57].
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The microstructure of the Ti5Mo layers (Figure 11) is constituted with α and β phases
showing as dark-grey varying contrast, acicular martensite and pockets of Mo concentration.
The martensitic feature (needle-like structures) is due to the inherent high rate of heating
and cooling of the LPBF process. Scipioni et al. [58] reported that the cooling velocity
during the LPBF process is greater than 106 K s−1 and the thermal gradient is reported
as104 K mm−1 by Shi et al. [59].

It is worth mentioning that a thorough review of the literature reveals that in all
the previous studies [30,57,60,61], it was not possible to melt the Mo powder particles
completely in the Ti-xMo alloy matrix due to the thermophysical difference and the powder
particle distribution between the precursor powder and the Mo powder. It is the numerical
simulation conducted by Dzogbewu et al. [60] which paved the way for possible printing
of the Tix-Mo alloys without unmelted Mo particles via LPBF using an elemental powder
blend. The numerical simulation reveals that if the Mo powder particle size is <20 µm, it
would be possible to completely melt Mo in the Ti-xMo alloy matrix. The 1 µm powder
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particle size used in the current experiment is the main reason for the complete melting
of Mo in the Ti5Mo alloy matrix. The small particle size of Mo also increases the packing
density of the powder bed because the 1µm Mo powder particle filled the gap between the
large 45 µm powder particles on the powder bed. The improved packing density of the
powder bed enhances the wetting of the substrate preventing pronounced balling effect [62].
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3.5. Microhardness

The microhardness of the Ti5Mo samples were investigated. From the box plot
(Figure 12), it could be observed that the is a great degree of disparity between the mi-
crohardness values of the sintered tracks and the layers. This difference could be due to
the experimental setup. The FM-700 Digital Vickers Microhardness Tester machine used
a pyramid-shaped diamond indenter. The pyramid-shaped indenter indented the track
and the substrate since the height of the tracks averagely equals the deposited powder
layer thickness (50 µm). The depth of indentation at 200 g is more than 50 µm [63]. Hence,
the microhardness of the CpTi substrate affects the measured microhardness value of the
sintered tracks. Secondary, there is a high degree of disparity between the values obtained
for the sintered tracks and layers. This could be attributed to the switching between the
solidification structure. If the indenter indented a cellular region, a higher microhardness
value is obtained, and if it indents a planar region, a lower microhardness value is ob-
tained. This observation synchronised with what is normally observed when measuring
the microhardness of a bulk LPBF sample due to the directional heat flux and the large
thermal gradient [33]. The microhardness values obtained in the current experiment for
the Ti15Mo layers fall within the range reported in the literature. Collins et al. [64] mea-
sured the microhardness of Ti-xMo (X = 0–25 wt.%) manufactured by laser engineered
net-shaping (LENS™) and reported 280 HV for 5 wt.% Mo composition. Chen et al. [13]
obtain microhardness values ranging from 381–451 HV for Ti10Mo bulk samples manu-
factured via a commercial arc-melting vacuum-pressure casting system. It is reported that
the microhardness value increases with increasing Mo content. For the 5 wt.% Mo of the
current experiment, the values obtained are in accordance with the literature, indicating
that the obtained optimum principal process parameters (200 W, 1.0 m/s and hatch distance
of 80 µm) could be used to produce a dense 3D object.
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4. Conclusions

The optimum process parameters for in-situ alloying Ti5Mo powder blend via LPBF
process were determined. The investigation attests that the LPBF process is a non-linear
process and only a particular combination of the principal process parameters could yield
optimum results. The penetration profile, 1⁄2 W = D = 1, and the normalised enthalpy
theories were used to analyse the data. The normalised enthalpy theory did not align com-
pletely with all the results, since it lack some physics to explain the laser melting behaviour
transition from the conduction mode to keyhole mode. The other theories explained the
data thoroughly and 200 W, 1.0 m/s at a hatch distance of 80 µm was obtained as the
optimum process parameters for manufacturing the Ti5Mo tracks and layers. The range of
values obtained for the microhardness corresponds to what is reported in the literature, indi-
cating that the optimum process parameters obtained could be used to produce a dense 3D
structure without unmelted Mo particles with an improved homogenous microstructure.
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