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Abstract. Optimum process parameters for manufacturing a Til0Mo alloy for biomedical applications via the
laser powder bed fusion (LPBF) process were determined. Fused tracks were produced over a wide range of laser
powers and scanning speeds, and layers were fused at varied hatch distances. The samples were analysed for
continuity of the fused tracks, melting and distribution of the Mo powder particles in the TilOMo alloy layers,
surface roughness, homogeneity of Mo in the alloy matrix and microhardness. The analysis revealed that the Mo
powder particles melted completely in the alloy matrix with only pockets of Mo concentrations, mostly at the
peripheries of the fused tracks due to the pushing effect. Complete melting of Mo in the Til0Mo alloy matrix was
due to the small size (1 wm) of the Mo powder particles used in the current experiment. The addition of Mo
enhanced the wetting of the powder bed and prevented a pronounced balling effect. From this study, the
parameter sets 150 W, 0.5m/s and 200 W, 1.0m/s both at a hatch distance of 80 pm, were obtained as the
optimum process parameters. However, the Mo concentrations at the peripheries of the molten pool indicated
that further research was required before a ‘completely’ homogenous sample could be manufactured via the

LPBF process using elemental powder blends.
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1 Introduction

A material with potential to be selected for a biomedical
application must fulfill several requirements, such as
biocompatibility, corrosion resistance, bio-adhesion
(allowing bone ingrowth), favourable mechanical proper-
ties (e.g. Young’s modulus similar to that of bone, fatigue
strength according to the application), processability
(powder metallurgy, casting, deformation, machinability,
welding, brazing), affordability (low price) etc. [1-3].
Ti6Al4V came to the fore as the most preferred biomaterial
according to the ISO 10993 standard and has been used
extensively for load-bearing implants [4-6]. Despite the
well celebrated and clinical success achieved with the
Ti6Al4V alloy, it has some drawbacks, such as high elastic
modulus (100-110 GPa) [7,8], which is about two to four
times higher than that of human cortical bone (10-30 GPa)
[9]. This mismatch between the implants and the bone
tissue leads to incomplete load transfer to the bone [10,11].
This phenomenon is known as stress shielding effect [11].
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Apart from the stress shielding effect, it is also reported
that the use of aluminium in the Ti6A14V alloy could cause
allergic reactions and the use of vanadium is associated
with neurological disorders (such as Alzheimer’s disease)
[7]. These observations triggered the search for biometals
(alloys) that can offer more suitable biomechanical
properties (e.g. lower elastic modulus, similar to bone
tissue, to prevent the stress shielding effect) that can
enhance osseointegration and without any toxic effects.

As a result, most recent research in the field of implant
manufacturing has focused on alloying nontoxic beta stabling
elements (Mo, Nb, Ta, Zr and Sn) with Ti [1]. The Ti-Mo
binary alloys have been the subject of several studies due to
their unique mechanical properties and corrosion resistance,
B phase predominance and non-cytotoxic behaviour. This is
because molybdenum is nontoxic and is considered as the
most preferred B-stabilizing element. It is able to stabilize
B-phase with low solute concentrations [11]. The molybde-
num equivalent theory is normally used to determine the
amount of Mo concentration of the alloying elements that can
stabilize the B phase. It was determined that from 10 wt.% Mo
the B phase is already reached [12].
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Ho et al. [12] were one of the first in the 1990s to
investigate the suitability of Ti-Mo alloys for biomedical
applications using the conventional method of manufac-
turing (casting). The authors varied the Mo content from 6
to 20 wt.% and reported that the Ti-Mo alloy demonstrated
low elastic modulus (<80 Gp) and it was a potential
candidate for dental material. Chen [1] investigated the
microstructure and biomechanical properties of the binary
Ti-Mo alloys with molybdenum contents ranging from 5%
to 20% (mass fraction) and reported that the Ti with 10%
Mo (Til0Mo) was the most ideal for biomedical applica-
tions. Other researchers also investigated the suitability of
the 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 [13-15]. Despite
these confirmations of low elasticity, non-toxicity, prefer-
ential biomechanical and biochemical properties of the Ti-
Mo alloy, the processing of the TilOMo alloy via the
conventional methods (casting, forging, sheet forming,
extrusion, etc.) was very difficult [16,17]. This is because
Mo is a refractory metal with a high melting point [18]. The
addition of Mo to T1i increases the melting point of the alloy
making the processing of the material very difficult [16,19].
As a result, the conventional methods of manufacturing
could not be used to produce the alloy without defects
(porosity, shrinkage, inhomogeneous microstructures) [17].

According to Jablokov et al. [19], the Ti-Mo alloys are
generic alloys that have been around for a long time,
however, unlike the Ti6Al4V alloys that have gained wide
applications, the Ti-Mo alloys could not find wide
industrial applications. This is due to “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” [19]. The high melting
point of the alloy makes it difficult to use the conventional
methods to produce the alloy. There is a need to use an
alternative efficient method/s to produce the alloy without
defects to promote its wider industrial application.

Additive manufacturing (AM) technology is gradually
attaining maturity and being used to produce end-user
products [6,20-22]. The technology could be used to
produce biomedical objects monolithically with tailored
geometrical configurations as opposed to the conventional
methods [23,24]. AM technology, such as laser powder bed
fusion (LPBF) could be used to in-situ alloy different
elemental powders to produce intricate (biomimetic) 3D
objects with tailored biomechanical properties without
using the pre-alloyed powders, which are normally used for
LPBF processes [25,26]. The approach of in-situ alloying of
different elemental powers without depending on pre-
alloyed powders, would lead to cost reduction in the final
product, since the production of pre-alloyed powders is a
capital intensive process [27].

Other researchers touted the capacity of other
advanced manufacturing technologies, such as the elec-
trical discharge machining (EDM) method, which is a non-
conventional process normally used to machine hard
materials into intricate shapes [28,29]. The EDM technol-
ogy could certainly be used to produce Ti-based
alloy components with intricate shapes for biomedical

applications [30]. However, unlike the LPBF manufactur-
ing process, which is considered a monolithic additive
manufacturing process, for EDM the traditional methods
such as casting, vacuum arc remelting etc. are required to
produce the Ti-based alloyed prior to machining (sub-
tractive manufacturing) the workpiece into the required
intricate shaped. Such an approach of depending on the
classical methods to produce the Ti-based alloy compo-
nents prior to machining could not yield the desired results
[19]. As explained by Jablokov et al. [19] and Khanna et al.
[31], the conventional methods of producing the Ti-based
ingot required remelting to homogenise the alloy. The
remelting process could lead to carbon and oxygen
contamination of the product prior to the EDM machining
[19]. As aresult, LPBF which does not depend on any prior
conventional methods, might be the most ideal technology
to be used to produce the Ti-zMo alloy with the required
properties for biomedical applications.

Therefore, the current research, seeks to determine
process parameters that could be used to produce the
Til0Mo alloy in near-net shapes. Production of the Til0Mo
alloy with complex geometrical characteristics (near-net
shapes) would enhance its technical and functional
applications, leading to widespread industrial applications.
The LPBF process is a layer-wise building process and
single tracks are the basic unit building blocks [26]. It is the
side-by-side arrangement of the fused tracks that results in
a single layer, and it is the superposition and fusion of the
layers that result in a 3D object [32]. To produce fully dense
3D objects from the Til0OMo powder material, optimal
process parameters that could produce quality fused tracks
and layers are paramount. Spears and Gold [33] stated that
there were more than 50 process parameters influencing the
mechanical properties of LPBF products. However, it could
be inferred from the hierarchical principle of Yadroitsev
et al. [34] that laser power, scanning speed and hatch
distance were the principal process parameters having a
direct decisive effect on the final 3D components produced
by the LPBF process. Therefore, the current research
determined the laser power, scanning speed and hatch
distance that could be used to produce Til0Mo fused tracks
and layers. Determination of the optimum process
parameters that could be used to produce the TilOMo
fused tracks and layers would pave the way for the possible
production of dense Til0Mo 3D structures without defects,
which could promote the widespread industrial application
of the Til0Mo binary alloy.

2 Materials and methods

Spherical argon atomised Ti (CpTi, grade 2) and plate-like
Mo powders procured from TLS Technik GmbH were used
for the studies (see Fig. 1). The chemical composition of the
Ti as analysed by the supplier, was presented in wt.%: Ti
(bal.), O (0.17), Fe (0.062), C (0.006), H (0.002), N (0.012)
and the particle size distribution was expressed as:
dip=11.6 pm, dsy=24.6 pm, dyy=38.4 um. The average
particle size of Mo was 1 wm and the purity was 99.9%. In
the mixing process 90 wt.% of Ti was mixed with 10 wt.%
of Mo in a 3D Turbula®-like mixer, driven by a
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Fig. 1. SEM images of the powders: (a) Ti powder, (b) Mo powder, (c) Til0OMo powder blend.

SEW-Eurodrive motor and Movitrac controller for 30 min
at 150rpm. The resultant 90 wt.% Ti and 10wt.% Mo
powder mixture is referred to as TilOMo powder blend
throughout the article. It was dried in an oven for 12h at
80°C and stirred at 30min intervals to enhance the
flowability of the powder during the LPBF process.

An Electro-Optical Systems GmbH (EOS) EOSINT
M280 direct metal laser sintering (DMLS) machine was
used for the studies. The machine was equipped with a 400
watt Yb-fibre laser and operated at a laser spot size of
80 pwm. Argon was used as inert gas during the build
process. CpTi, grade 2 plate was used as the substrate and
the powder layer thickness was 50 pm. Fused tracks were
produced over a wide range of laser powers (50-350 W) and
scanning speeds (0.08-3.2m/s). Three fused tracks were
produced for each combination of laser power and scanning
speed. The optimum parameters obtained from the top and
cross-sectional views of the fused tracks were used to
produced layers at varied hatch distances of 80 wm, 90 pm
and 100 pm.

The cross-sections of the fused tracks and layers were
subjected to standard Struers [35] metallurgical sample
preparation protocol (grinding with 320 SiC papers,
polishing with diamond suspensions of 9, 3 and 1pm
sizes) and etched with Kroll’s reagent. For analysing the
top view and cross-sectional view of the fused tracks and
layers, optical and scanning electron microscopy was used.

The geometrical characteristics of the fused tracks, their
width (W), height (H) and penetration depth (D), were
analysed as demonstrated elsewhere [36]. The surface
roughness of the fused layers was measured using a Surftest
SJ-210 portable surface roughness tester procured from
Mitutoyo America Corporation. Microhardness tests of the
samples were conducted on polished cross-sections per-
pendicular to the building direction at 200 g loading for a
holding time of 15s. For statistical purposes, 20 measure-
ments were taken for each cross-section.

3 Results and discussion

Formation of continuous stable tracks is a prerequisite for
successful manufacturing of a 3D object through the LPBF
process. Stability of the geometrical characteristics of each
fused track and good adhesion (cohesion) between the
layers are critical factors for structural integrity and high-
quality manufacturing of LPBF components. The stability
of the geometry of the fused tracks is governed by the
energy parameters of the laser radiation [37,38], substrate
system phenomena (absorption, radiation and heat trans-
fer, reflection, fluid flow driven by surface tension gradients
and mass transfer within the molten pool, phase trans-
formations, chemical reactions etc.) [39], granulomorpho-
metric characteristics of the powder (powder particles size
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Fig. 2. Classification of the nature of the fused tracks.

and distribution, powder bed density) [40,41], thermo-
physical properties of the powder (absorptivity, specific
heat capacity, thermal conductivity, density, coefficient of
thermal expansion, phase transformation temperatures)
[40], peculiarities of the powder deposition and spreading
[41] and machine-based conditions [33]. The above-
mentioned parameters determined the hydrodynamic
movement of the molten pool [10,42].

3.1 Top surface analysis of the fused tracks

For the current experimentation, single tracks were
produced over a wide range of laser powers and scanning
speeds (varying laser energy density). The threshold
parameters that produced continuous tracks are presented
in Figure 2 and the morphology of the tracks are presented
in Figure 3. It could be observed that at all the lower laser
powers (50-150 W) and low scanning speeds (<2m/s) all
the tracks were continuous (Fig. 2).

According to the Plateau-Rayleigh effect [43], “a free
liquid cylinder is unstable if the ratio of its length L to
diameter W exceeds 7 (unity or 1)”. This implies that the
Til0Mo molten metal cylindrical liquid would produce
continuous tracks if the ratio of the width of the tracks to the
diameter <1 and discontinuous tracks if the ratio >1. The
width of the fused track is generally dependent on the laser
energy input (P/V) [38]. At a higher laser input the
temperature in the molten pool increases. A high fusing
temperature would produce a large liquid phase with low
viscosity which would lead to a prominent flow of the molten
liquid (enlarged liquid phase curvature). The large liquid
phase produces fused tracks with a large width, while low
fusing temperature produces tracks with a smaller width. It
could be postulated that for the current experiment the
width of the tracks produced at low fusing temperatures
correspond to the diameters of the fused tracks resulting in
width to diameter ratios <1, while the width to diameter
ratio of tracks produced at higher operating temperatures
resulted in width to diameter ratios >1. This could be
attributed to the fact that at a higher input temperature the
convective flow (Marangoni effect) [44] within the molten
pool increases. The high convective melt flow coupled with
the rapid solidification of the hydrodynamic capillary fluid
could trigger Rayleigh-Plateau capillary instability [45]
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Fig. 3. Geometry of fused tracks from the top view. (a) 150 W,
0.5m/s; (b) 200W, 1.6m/s; (c) 200 W, 2.2m/s.

leading to the formation of discontinued tracks at high input
temperatures. The operating temperature of laser melt pool
was computed by Fischer et al. [46] as:

2AFE [k, T
AT = —— P
K T

(1)

where A is the laser absorption coefficient, F is the laser
beam energy, k is the thermal conductivity, ki, is the heat
diffusivity and T), is the laser irradiation duration.

A high laser power induces a high E, resulting in a
higher operating temperature of the molten pool [47]. For
the current experiment, discontinuous tracks were formed
at high laser powers (300 and 350 W) and high scanning
speeds (>2.0m/s) (Figs. 2 and 3b,c). The discontinuous
tracks could be pre-balling (long beads — Fig. 3b) or balling
(Fig. 3c) depending on the nature of the solidified molten
front [40,41]. The molten front basically depends on the
wettability of the powder and the underlying substrate by
the molten liquid. For the laser melting process, wetting
could be defined as the spreading of the molten liquid on the
substrate (the previously solidified layer) instead of balling
up on the surface of the substrate. The adhesive force
between the solid and liquid is greater than the cohesive
force of the liquid during the laser melting process [34]. This
phenomenon makes it possible for the molten liquid to wet
the powder bed. The wettability of the powder and the
underlying substrate also depends on the density of the
powder bed [40]. For the current experiment, the density of
the powder bed improved due to the small particle size of
Mo. The 1.0 pm Mo powder particle would fill the gaps
between the 45 wm Ti powder in the powder bed. Due to
the high density of the powder bed, most of the fused tracks
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were continuous and the discontinuous tracks were mostly
long beads (200 W, 1.6-2.2m/s; 300 W, 2.0-2.6 m/s and
350 W, 2.0-2.8m/s) (Figs. 2 and 3b). Only tracks
produced at a laser power of 200-350 W at scanning
speeds above 2.2m/s formed balls (Figs. 2 and 3c).
Previous research by the authors with Mo powder particle
size of 45 pm could not yield continuous tracks at most of
the laser powers and scanning speeds [38,42]. Das [40] also
reported that ‘balling becomes very pronounced if the
molten liquid fails to wet the powder or the plate’. Thus,
wetting ridges could affect the behaviour of the cylindrical
molten fluid and the spreading of the molten liquid on the
substrate [48]. However, because of the high degree of
wettability of the powder and the underlying substrate
due to the improved powder density of the powder bed, the
balling effect much less pronounced in the current
experiment. This observation confirmed that the gran-
ulomorphometric characteristics of the powder size have a
significant effect on the geometry of the solidified
fused tracks.

3.1.1 Spatter particles

Spatter particles, which are commonly known as satellites
[34], are observed on the surfaces and edges of the fused
tracks (Fig. 4-the yellow dotted circle).

As the laser beam traverses the powder bed, it does not
only melt the powder positioned directly under the laser
spot, but also powder particles in the peripheries of the
laser beam. Melting of the powder particles at the borders
of the laser beam occurs due to scattering of the laser
radiation, capillary phenomena, conduction through the
substrate and neighbouring particles [49]. The melting of
the powder particles at the edge of the cylindrical molten
pool occurs towards the end of the solidification process
[42]. As a result, there is not sufficient energy to melt the
powder particles completely and incorporate them into the
bulk material. Consequently, the partially melted powder
particles stick to the edges of the fused tracks as spatter
particles [25]. In addition, spatter particles could form due
to the diving of the molten liquid ahead of the laser spot
similar to the movement of a boat through water [50]. As a
boat moves through water, bow waves develop in front of
the advancing motion of the boat. Similarly, during the
laser melting process, the molten liquid builds up ahead of
the laser spot and could deposit onto the powder bed as

spatter particles [49]. Due to the rapid solidification process
during LPBF, the spill-off liquid solidifies on the surface of
the cylindrical melt pool as spatter particles.

For the current experiment, it appears that there are no
spatter particles on the edges and surfaces of tracks fused at
lower laser powers (50-150W) and scanning speeds
<14m/s (Fig. 3a). It was noted that the number of
spatter particles increased with increasing laser power and
scanning speed on the surfaces and edges of the fused
tracks. At a lower scanning speed, the dwell time of the
laser beam at a particular spot on the powder bed is longer.
Due to the longer dwell time (slower movement) of the laser
beam, the powder particles at the peripheries of the laser
spot have greater chances of being melted completely and
incorporated into the bulk material, as compared to high
scanning speeds where the dwell time of the laser beam on a
particular spot on the powder bed is shorter. As result, the
number of spatter particles on edge of the solidified molten
pool decreases with decreasing scanning speed. Secondly,
at a high laser power the operating temperature in the
molten pool increases (Eq. (1)). Higher melt temperature
implies higher convective melt flow (Marangoni effect) [44].
This higher convective melt flow at a higher operating
temperature leads to a higher probability of the molten
liquid being deposited ahead of the advancing laser spot. As
result, there are more spatter particles at the surfaces of the
solidified fused tracks at higher laser powers than at lower
laser powers.

Partial melting of the powder particles at the border of
the laser spot and the deposition of the molten liquid ahead
of the laser spot could provoke pore formation in 3D parts
and increase surface roughness [51]. Partial melting of the
Til0Mo powder in the peripheral zone of the laser spot is
the main cause of the denudation effect [52]. This results
from the diminishing of the amount of power available to
produce the next fused track, due to the partial melting of
the powder particles at the borders of the laser spot.

3.1.2 Track width (W)

Because the width (W) of the fused tracks determines the
hatch distance (distance between neighbouring single
tracks) that should be used, the widths of the single tracks
in the current experiment were measured. From Figure 5, it
was observed that the width of the tracks decreased with
increasing scanning speed at the same laser power.

As the scanning speed increased the laser energy
density decreased (Fig. 5), causing the operating temper-
ature in the molten pool to reduce. The reduction in the
molten pool temperature produced fused tracks with
reduced liquid phase curvature, while higher operating
temperatures produced fused tacks with broad liquid phase
curvature. Consequently, the widths of the fused tracks
decreased with increasing scanning speed (Fig. 5). Gen-
erally, the width of the tracks increased with increasing
laser power. However, the widths of the tracks at 200 W
were greater than the width of the tracks at 300 W. Since
the discontinuity of the tracks increases with increasing
laser powers and scanning speeds (Fig. 2), this anomalous
observation of the width of the tracks produced at 200 W
wider than tracks produced at 300 W could be attributed to
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Fig. 6. The height of fused tracks versus the scanning speed.

the difficulty of measuring discontinuous tracks. Ten
measurements were taken per track. Continuous measure-
ments of a series of discontinuous tracks could affect the
result of the width of the tracks. This anomalous
observation also confirmed the non-linearity of the LPBF
process as reported elsewhere [34,36,53].

3.1.3 Track height

The height (H) of the tracks, which is directly related to the
powder layer thickness (50 wm) deposited on the substrate,
was also investigated. Due to the Gaussian profile of the
laser beam, a temperature gradient develops within the
molten pool. As mentioned earlier, the temperature
gradient triggers a recirculating flow within the molten
pool (Marangoni effect) [44]. The recirculating flow
(waves) within the molten pool amplifies the oscillation
of the pool surface, leading to ripple formation as the
molten metal solidifies [54]. According to Qiu et al. [54], the
hydrodynamic movement within the molten pool causes
the molten pool to move in a dispersed and random way
leading to track heights that differ from the thickness of the
initial deposited powder layer (Figs. 6 and 7).

Korner et al. [41] also emphasized that the formation of
the stochastic (irregular, corrugated) melt track heads
(height) was due to the complex melt flow behaviour

governed by laser beam absorption, surface tension,
viscosity, gravity and capillary effects. For the current
experiment, there was no linear relationship between the
heights of the fused tracks and the process parameters
(Fig. 6). Although the initial deposited powder layer
thickness was 50 pwm, the final track heights varied
randomly with no relationship of the track heads with
the scanning speed and the laser power. This phenomenon
could possibly lead to irregular powder deposition, which
could cause uneven laser absorption during subsequent
scanning.

3.2 Cross-sectional analysis of the fused tracks

The penetration depth (D) (the extent to which the laser
beam melted the substrate) [25] of the fused tracks into the
substrate was also investigated, since the LPBF process is a
layer-wise building process. The penetration depth of the
fused tracks into the substrate determines the metal-
lurgical bonds between the layers. The mode of laser-
matter interaction in the powder bed is generally classified
into the conduction mode and the keyhole mode, which is
dependent on the laser energy density [55]. At a relatively
low laser energy density (Fig. 4) the laser energy melts the
powder particles locally and the heat transport occurs
mainly via conduction and convection within the molten
pool, which is denoted as conduction mode (Fig. 8c). The
keyhole mode occurs at a higher laser energy density, where
the laser energy is high enough to melt the powder in the
powder bed and also ‘drill’ into the substrate (previously
solidified layers) (Fig. 8d). This causes a dense vapour
plume that consists of a cluster of atoms, molecules, ions
and electrons, which triggers a recoil momentum on the
molten material to form a cavity in the solidified molten
pool [39]. Since there is no further deep melting below the
surface of the substrate during the conduction mode, fused
tracks that are formed in conduction mode normally have a
U shape profile (Fig. 8¢) and keyhole penetration has a V
shape profile (Fig. 8d). Because the heat input during
conduction mode is under control, tracks that demonstrate
conduction mode of penetration are generally not prone to
defects (porosity, crack and spatter) [36].

For the current experiments, tracks produced at laser
power 100W, 0.5m/s and 200W, 1.0m/s demonstrated
conduction mode profile (U shape — optimum process
parameter), while the combination of the other process
parameters could not yield the desired results (see Fig. 9).

A conduction mode is achieved when the ratio of half
the width of the track to its penetration depth equals unity
(1). The penetration depth divided by track half width
ratio versus the laser scanning speed is shown in Figure 10.

In this figure the ratio 0.5 W= D=1 is given by the
purple dotted line [10,56]. From Figure 10, it is clear that
the half width to the penetration depth ratio of tracks
produced at 100 W, 0.5m/s and 200 W, 1m/s equals 1.
Therefore, these process parameters (Fig. 3c) are ideal for
producing 3D objects without defects. Combinations of
process parameters that are below the threshold line (the
purple dotted line) would produce tracks with no or
insufficient penetration, while combinations of process
parameters above the threshold line would produce tracks
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Fig. 7. A micrographic image of the irregularity of the track heights.

in the keyhole mode. Therefore, there seems to be a
threshold for sets of process parameters that produce fused
tracks in the conduction mode, keyhole mode and shallow
mode of penetration.

Tracks that demonstrated keyhole mode formation
could lead to pore formation in the final products while no
or insufficient modes of penetration could lead to interlayer
pores (Figs. 8a and b). In the latter case, the laser energy
density is not enough to melt the powder particles and
penetrate the substrate sufficiently to form the desired
metallurgical bond.

Rai et al. [57] postulated that the threshold for
transition from the conduction mode to the keyhole mode
is Tyax> T, where T,.. is the maximum operating
temperature of the molten pool and T3 is the the boiling
temperature of the powder particles. Biuerle [58] stated
that for a Gaussian laser beam of spot size d, the maximum
operating temperature T,.. of the molten pool, could be
estimated as

T \/EAIdt V2Dt )
s = tan 1 Y2 @)
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 molten material, and ¢ is the interaction
time between the laser beam and the constituent powder.

King et al. [55] gave a precise description of switching
from one mode of the laser melting process to another,
according to the LPBF process parameters based on the

interaction time between the laser beam and the powder,

(t =4<), in terms of the normalised enthalpy (%)

AH APVD T
hs KT, \/72Vd®  Tm

where, hy = % is the enthalpy at melting and T, is the

melting point.

Based on the detailed work done by King et al. [55], it
could be observed that the threshold for transition from the
conduction mode to the keyhole mode is directly
determined by the applied laser power, scanning speed
and beam size diameter. Because the beam size diameter
(80 pm) was constant in the current experiment, it could be
concluded that the scanning speed and laser power were the
determining factors of the various laser melting profiles in
the current experiment.

The threshold normalised enthalpy for the current
experiment was Ah—H ~45 — 70 (Fig. 10; the range between
the red dotted lines — line A and line B).

Since the elemental powder blend was made up of 90 wt.%
Ti, the thermophysical properties of the precursor powder
(Tab. 1) was used for the calculations.

Any value above the enthalpy threshold values would
produce deep penetration (Fig. 10-the purple dotted circle)
and values below the threshold value would produce
shallow penetration. However, as opposed to the theoret-
ical observation, deep penetrations were observed below
the enthalpy threshold values (Fig. 10; the black dotted
oval). In the range of the threshold values Ah—lj ~45 — 170,
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a) No penetration

: S0 um
b) Shallow penetration

¢) Optimum penetration d) Deep penetration

Fig. 8. Cross-sectional view of the geometry of fused tracks.

®No penetration @ Shallow penetration ® Optimum Penetration @ Deep penetration
400
350
= 300 kY ® ° o
g 250
=
S 200 e o < [
§ 150 @ ® o <] o o e o
3 100 e e 00 0 0 0O <)
50 anre .
0
0 0.5 1 1,5 2

Scanning speed. m/s

Fig. 9. Penetration depth of fused tracks.

there are penetration depths below and above the purple
dotted line, indicating that within the threshold enthalpy
range a transition can take place from shallow penetration
to conduction and deep penetration. King et al. [55] noted
that the normalised enthalpy theory scaling is lacking
some physics and failed to account for the additional
physics that exist in the keyhole formation process.
However, for the current experiment the use of an
elemental powder blended could also contribute to the
deviation from theoretical expectations. This is because
the normalised enthalpy theory was based on pre-alloyed
powders. The 10 wt.% Mo could change the laser-matter
interaction and the mechanical properties of the material
significantly, just like 0.5wt.% of C can change the
properties of steel [61].

These observations reveal that the LPBF process is
non-linear, and the practical observation does not always
conform with theoretical expectations. This might be the
reason that, despite the increase in computation power,
leading numerical investigations to predict the thermal
fields (penetration profiles) during the LPBF process is still
at the research stage. Optimum process parameters are
currently still determined via experimental methods.
Numerical simulations are only used as optimization
algorithms for the selection of the range of initial process
parameters that are subsequently investigated experimen-
tally to determine the optimum process parameters. This
challenge arises due to the numerous LPBF process
parameters/conditions (laser input parameters, machine-
based conditions, power particles characteristics, laser-
matter interaction on the powder bed — which
includes absorption, conduction and convection, reflection,

AH/h,
20 40 60 80 100 120
2 18 =
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3 1% I (c. >
= 1.4 or ! | -y ®
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jas] | | %
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® I I
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Fig. 10. Normalised enthalpy.

evaporation and emission of material, radiation phenom-
ena, chemical reactions, fluid flows and solidification). All
these interactions make it very difficult to predict the
geometry /profile of the fused tracks using only numerical
simulations.

3.3 Top view of the fused layers

The side by side overlapping of the fused tracks resulted in
a single layer and the superposition of the layers would
result in the production of a 3D object. The surface
morphology of the layers generally depends on the
geometrical characteristics of fused tracks, scanning
strategy and hatch distance, which shifts between tracks
in the plane of the laser beam. The fused layers were
examined at various hatch distances (80 pm, 90 pm, and
100 wm) to determine the optimum hatch distance for
producing a 3D structure without porosity. It was observed
that at all the hatch distances the fused tracks seem to
overlap and there were pockets of Mo concentration,
especially at the borders of the tracks, as shown in Table 2,
where the red dotted ovals were drawn around the white
Mo concentrations. However, micropores could be
observed on the surfaces of layers produced at 100 pm
(Tab. 2, Single scan — the yellow dotted oval). There were
fewer satellites on the surfaces of layers produced at 80 pm
hatch distance, as compared to layers produce at 90 and
100 pm hatch distances. The size of the satellites at 100 pm
hatch distance seemed larger than the satellites at 80 and
90 wm hatch distances.
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Table 1. Thermophysical properties of Ti.

Values [59,60]

Thermal conductivity, k¥ (Wm™'K™") 17

Boiling point, T} (K) 3 560
Melting point, T,, (K) 1941
Absorption coefficient, m 0.77
Thermal diffusivity, D (m*s ™) 7.15%x 107°

Table 2. Surface morphology of the layers with different scanning strategies and hatch distances.

Process parameters Single scan

80 pm 90 pm

100W, 0.5m/s

200 W, 1.0m/s

Rescan
100W, 0.5m/s

200W, 1.0m/s
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Fig. 11. Surface roughness (Rz) of the layers with different
scanning strategies (SS = single scan, RS = Rescan).

The presence of the micropores at the highest hatch
distance could be due to the denudation zone effect [34],
resulting from the large size of the hatch distance (100 pm).
Asnoted earlier, the zone of powder consolidation diminishes
with subsequent scanning, because the laser does not only
melt powder particles directly under the laser spot, but also
powder particles in the periphery of the laser beam.
Therefore, the powder volume involved in the laser melting
process in a subsequent scan is reduced [26]. The width of the
track’s ranges between 70 and 200 pm (Fig. 5), hence there
should theoretically not be a micropore at any of the hatch
distances. It is generally accepted that the selected
hatch distance values should not be greater than the average
width of the fused tracks to ensure sufficient overlapping
between neighbouring tracks [26,36,38]. The presence of the
micropores at 100 wm hatch distance confirms that the
denudation effect could lead to interlayer pores [26].
However, the layers produced at 80 pm hatch distance
have a higher degree of overlapping, thereby eliminating
the denudation zone effect as compared to the layers at
90 and 100 pm hatch distance. The higher degree of
overlapping also reduces the number of satellites on the
surfaces produce at 80 pwm as compared to the 90 and
100 pm hatch distance. Since satellites are formed mainly
by melt spattering and partial powder melting in the
peripheral zone of the laser spot, at a smaller hatch
distance the possibility of remelting the satellites on the
surface and the edge of the fused tracks is higher. As a
result, there are fewer satellites on the surface of layers
produce at 80 pm hatch distance as compared to layers at
90 and 100 pm. Hence the 90 and 100 pm hatch distances
between the tracks in the plane of the laser beam scanning
is less desirable as compared to the 80 wm hatch distance.

3.3.1 Surface quality of the TilOMo alloy matrix layers

Despite the well-celebrated advantages offered by the LPBF
process, it is well documented that the surface quality of
LPBF products is one of its main drawbacks, limiting the
technology from widespread industrial applications [62].
Currently, the LPBF process is mainly used to produce high-
value products for biomedical and engineering applications

in the aerospace and automobile industries [16]. These
industries require a specific surface quality for a specific
application. For example, in the biomedical industry
implanted medical devices are in direct contact with the
host tissues [2,63]. The surface quality of the implanted
devices (dental implants, knee implants, hip implants etc.)
influences the bone anchoring process. Therefore, a specific
high-quality surface finish is required to ensure an effective
healing process [2,63].

To improve the surface quality of the layers, a
rescanning strategy was employed. It was observed that
the surface roughness, R,, of the layers reduced with almost
about 40% after the rescanning strategy as shown in
Figure 11. During the first exposure of the laser powder
bed, the uneven track heights (Figs. 6 and 7) of the fused
tracks forming the layers could lead to asymmetry in the
cross-section of tracks. The denudation effect could also
lead to a non-uniform thickness of the fused layers
(Fig. 12). These phenomena could lead to varied powder
material volume utilisation in the formation of subsequent
tracks, from scan to scan (see Fig. 12) [34].

During the rescan exposure of the powder bed, the
thermophysical conditions of the powder bed is different
due to a stochastic exposure strategy in line with the “island
principle” [64]. After the first exposure, the molten pool
solidified and formed islands (satellites) of repeated
solidification lines on the TilOMo alloy matrix surface.
According to the island principle [64], the absorptivity of
surfaces increases with increasing surface roughness. The
solidified islands had increased the absorption of the laser
radiation by the powder bed resulting in an increase in the
operating temperature of the molten pool. The higher
temperature of the molten pool increased the liquid phase
of the molten pool leading to more prominent flow (stirring
effect) [65]. Due to the stirring effect, the satellites were
melted and incorporated into the bulk material resulting in
improvement of the surface quality of the layers after the
rescanning strategy. In the LPBF process, during the first
exposure of the powder bed, the laser beam shifted in the
plane of the fused tracks according to the selected hatch
distances (80 pm, 90 wm, 100 pm) to form the layer. During
the rescanning stage, the laser beam passed in between
fused tracks and remelted every two neighbouring tracks.
For the current experiment, the laser spot was set to move
at 50% offset of the hatch distance. Thus, for 80 wm hatch
distance the laser moved 40 wm before rescanning and for
90 pm and 100 pm it moved 45 um and 50 pm, respec-
tively, before rescanning.

Molybdenum has a higher melting point (Mo = 2623 °C,
Ti=1668°C) and higher density (Mo =10,220kg m?,
Ti—4500kgm™®) than Ti [59]. Additionally, the laser
reflectance of Mo is higher than that of Ti [66]. Due to these
thermophysical differences, Ti powder particles would melt
first, and the Mo powder particles would be displaced to the
bottom of the molten pool. During the convective melt
flow, Mo powder particles would be pushed to the periphery
of the molten pool (pushing effect) [67]. The 50% offset of
the hatch distances strategy employed during the rescan-
ning stage ensured that the Mo powder particles that were
pushed to the edge of the molten pool could be melted
during the rescanning stage. As a result, it was observed
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(a)

(b)

Fig. 12. Graphical representation of variation of the fused layer thickness from scan to scan, (a) Single scan (b) Rescan.

that the surface roughness of the layers after the rescanning
stage improved (Figs. 11 and 12). Almost all the satellites
melted completely, and the surface quality of the layers
improved greatly.

Nonetheless, there were still pockets of Mo concen-
tration (Tab. 2, Rescan layers. The white thin concen-
trations inside the red dotted ovals.) at the periphery of the
molten pool due to the pushing effect, the rapid rate of the
solidification front and the capturing of Mo in the rapid
solidification front due to the high density of Mo (the slow-
moving velocity of Mo in the TilOMo molten pool). These
findings indicated that in situ alloying via the LPBF
process still lacks the capacity to produce a “complete”
homogenous alloy matrix as compared to pre-alloyed
powders, which are still the principal feedstock used for the
LPBF process. However, compared to most previous
research results [10,38,68,69], the current investigation
has shown great improvement of the melting of the Mo
powder particles and homogeneity of the Ti-Mo alloy
manufacturing through in-situ alloying. A thorough search
of the literature revealed that in all the previous studies
[10,38,68,69] it was not possible to melt the Mo powder
particles completely via in-situ alloying using the LPBF
manufacturing process. This was due to the larger size (20—
45 pm) of the Mo powder particles used in all the previous
research. A simulation conducted by Dzogbewu et al. [38]
paved the way for possible manufacturing of the Ti-zMo
alloys without unmelted Mo powder particles. The
simulation results of Dzogbewu et al. [38] revealed that
using Mo powder particles with size <20 pm could lead to
the production of Ti-zMo alloys without unmelted Mo
powder particles. In the current research, the 1.0 pm Mo
powder particles melted completely and the homogeneity
of the Til0Mo alloy also improved considerably. The steps
taken in the current research (using Mo of 1.0 wm particle
size and 50% offset rescanning strategy) opened a window
of possibility of producing high-value products with the
required surface quality in one manufacturing cycle. Such
an approach would eliminate post-processing activities in

terms of improving the surface quality through blasting,
polishing, etc. after the manufacturing process [70]. This
would also improve the lead time advantage of the LPBF
process as compared to the conventional manufacturing
processes [6].

3.3.2 Elemental mapping

Since the fused tracks and layers were produced using
an elemental powder blend of Ti and Mo, energy dispersive
X-ray spectroscopy (EDS) elemental mapping was con-
ducted to determine the degree of homogeneity of the
Til0OMo alloy matrix. It was observed that the elemental
distribution of Mo in the Til0Mo alloy matrix was not
homogenous after the single exposure of the powder bed
(Tab. 3-Single scan). Pockets of Mo concentration could be
observed on the surfaces of the TilOMo layers (Tab. 3, the
white spots inside the black dotted circles). Due to the high
density of Mo powder particles, its velocity of movement is
slower than that of the solidification rate of the molten pool
[71]. Due to the inherent high solidification rate of the
LPBF process [39], pockets of Mo were captured by the
solidification front before the Mo could be homogeneously
distributed in the TilOMo alloy molten pool. However,
after the top surface of the layers were rescanned to
homogenise the alloy (Tab. 3, the rescan layers), a great
improvement in the homogeneity of the alloy after the 50%
offset rescanning strategy was observed.

As already explained, the laser-matter interaction of
the powder bed during the rescanning strategy is different
from the first exposure of the powder bed. During the
second exposure of the powder bed, there was no powder
delivered onto the surface of the already solidified layer.
Consequently, the thermo-physical conditions (absorptiv-
ity, reflectivity, thermal conductivity, heat transfer) of the
solidified layer was completely different. Solidified islands
formed during the single exposure increased the laser
absorption of the layers. The higher operating temperature
of the molten pool triggered the easy flowing of the molten
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Table 3. Elemental mapping of the fused layers after single scanning and rescanning.

Process parameters Single scan

80 pm 90 pm 100 pm

100W, 0.5m/s

200W, 1.0m/s

100W, 0.5m/s

200W, 1.0m/s
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Fig. 13. Elemental homogeneity of the layers.

Table 4. Cross-sectional view of the layers.

Process parameters Single scan

80 pm

150 W, 1.4m/s

200W, 1.0m/s

150W, 1.4m/s

200W, 1.0m/s

metal with a large liquid surface (stirring effect), which lead
to the improvement in the homogeneity of the Til0Mo
alloy layers. Although it is generally reported that a
rescanning strategy improves the homogeneity of the alloy
maftrix, it can be stated that the unique strategy of a 50%
offset of the hatch distances has contributed considerably
to the homogeneity of the alloy matrix.

3.3.3 Elemental homogeneity of the layers

The elemental concentration of Mo on the surfaces of the
TilOMo layers was also investigated to determine the Fig.14. A representative SEM image of the cross-sectional view.
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Fig. 15. Modes of solidification in the Til0Mo.
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Fig. 17. Vickers microhardness value of Cp Ti, fused tracks and layers.

chemical homogeneity of Mo in the alloy matrix. As observed
previously, the elemental composition of Mo in the Til0Mo
alloy matrix was inhomogenous and increased with increas-
ing hatch distance as displayed in Figure 13. After the
rescanning process, the chemical homogeneity of Mo in the
Til0Mo alloy matrix improved, due to the prominent flow
and the unique rescanning strategy employed.

3.3.4 Cross-sectional view of the fused layers

The cross-sections of the layers were also examined and are
shown in Table 4. It was clear that all the layers overlapped
perfectly without interlayer pores (gaps). Due to the
occurrence of intense vortex flows in the molten pool,
the solidified molten pool formed a wavier-like shape. The
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vortex flow caused Mo to be distributed in the TilOMo
alloy matrix with regions of concentrated Mo (Fig. 14, the
orange dotted oval), just as observed from the top view.
The effect of the rescanning strategy seemed not to have
had a significant effect on the layers when observed on the
cross-sections. Contrary to what was reported in most of
the previous studies on the rescanning strategy, namely
that the laser beam penetrated deep into the substrate due
to the increase in absorption of the laser beam [36,53], no
similar conspicuous observations were made in the current
study. This could be due to the double layers used in the
current study. Most of the previous authors used only a
single layer to determine the optimum hatch distance
[25,26]. For a single layer production, the layer (first layer)
is fused on a substrate (plate) with lower surface roughness
<10 pm, whereas the second layer is synthesised on a layer
with a higher surface roughness (Figs. 11 and 12) due to the
vortex in the molten pool that produces uneven track
heights (Figs. 6 and 7). Hence, using the double layer for
the current investigation gave a more accurate approach of
determining the optimum process parameters that could be
used to produce a 3D object with structural integrity.

3.3.5 Solidification front and microstructure

Due to the layer wise building process, heat is extracted
from the molten pool to the already solidified layers
(thermal recycling) [39]. For pure metals, the extraction of
the thermal energy from the molten pool leads to
stabilization of the solidification front. However, due to
solute redistribution which occurs in alloys, the extraction
of the heat from the molten pool causes destabilization of
the solidification front. The destabilisation of the solid-
ification front occurs as a result of constitutional under-
cooling, causing the solidification front to switch from a
planar to a cellular or dendritic solidification mode [68]. For
the current study, the solidification mode of the Til0Mo
alloy was predominantly cellular as shown in Area B of
Figure 15, with regions of planar mode shown in Area A of
Figure 15. Although it is very rare for alloys to exhibit
planar mode solidification, for the TilOMo constituent, as
the laser beam traversed the powder bed, the concentration
gradients of Mo in the molten pool at the liquid—solid
interface was still increasing and had not reached a steady
state. The initial lower solute of Mo in the Til0Mo molten
pool resulted in solidification of a stable planar front
(Fig. 15—area A). As the LPBF process continued the
concentration gradient of Mo in the molten pool increased
and the molten front switched from planar mode to cellular
mode. However, since TilOMo is not a pure metal, the
solidification front consisted of predominantly cellular
mode (Fig. 15—area B), indicating that the 10wt.% Mo
destabilised the solidification and caused the mode of
solidification to transition from planar mode to cellular
mode. It was the switching of the solidification front,
thermal recycling, and epitaxial growth during the LPBF
process that resulted in heterogenous microstructures and
subsequent variation in the mechanical properties of the
LPBF manufactured components.

The TilOMo microstructure presented three distinct
features (see Fig. 16): the & and B lamellar structure showing

a dark-grey varying contrast, pockets of Mo concentration
(the bright whitish contrast) and acicular martensite phase.
The martensitic (needle-like structures) features of the
microstructure corresponded to the microstructure of LPBF
bulk components due to the high rate of heating and cooling.
The cooling velocity during the LPBF process is reported to
be greater than 10°K s by Scipioni et al. [17 2|, while the
thermal gradient is estimated at 10 Kmm ™" by Shi et al.
[73]. The high rate of melting and solidification leads to the
needle-like structure of the microstructure.

3.3.6 Microhardness

The microhardness values of the fused tracks and layers were
different, as shown in Figure 17. Theoretically, the micro-
hardness of the fused tracks and layers should be in the same
range. However, the fused tracks were directly on the
substrate and the pyramid-shaped diamond indenter of the
FM-700 Digital Vickers Microhardness Tester used for the
study, indented through the track into the substrate, since
the tracks were approximately 50 wm high (powder layer
thickness). Thus, the microhardness value of the substrate
interfered with the microhardness value of the track, despite
all the precautions taken to measure only the microhardness
of the track. A stricter experimental design is required to be
able to measure only the microhardness value of the track,
excluding the substrate. For both the fused tracks and the
layers, the values were dispersed. This could be due to the
different solidification modes present. If the microhardness
test was conducted in a planar area, a lower value was
obtained, whereas if it was conducted in cellular solidified
areas, a higher value was recorded. This observation
synchronised with what is normally reported for LPBF
products due to directional heat flux and the large thermal
gradient [39]. The microhardness values obtained in the
current experiment (Fig. 17) are within the range of what is
reported in literature for Til0Mo bulk samples. Chenet al. [1]
reported microhardness values ranging from 381 to 451 HV
for Til0Mo bulk samples manufactured using a commercial
arc-melting vacuum-pressure casting system. Syarif et al.
[74] reported 410-430 HV for Ti9.8Mo samples. Collins et al.
[75] used the laser engineered net-shaping (LENS™!)
technology to produce Ti-zMo alloys (X=0-25wt.%) and
reported a microhardness of 450 HV for a TilOMo
composition.

4 Conclusion

The current research successfully determined the optimal

process parameters that could be used to manufacture a

TilOMo binary alloy without unmelted Mo particles and

with improved homogenous microstructure via the LPBF

process. The following conclusions were drawn from the
study:

— Apart from thermophysical properties, powder particle
size has a decisive effect on the melting and homogeneity
of alloys during the LPBF in-situ alloying process.

— The complete melting of the Mo powder particles in the
TilOMo powder blend was due to the small Mo powder
particle size. Achieving complete melting of Mo via in-
situ alloying opens a window of possibility of in-situ
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alloying different refractory elements for specific appli-
cations.

— The 50% offset hatch distance rescanning strategy,
uniquely employed in the current study, demonstrated
that this unique rescanning strategy could improve the
surface quality of LPBF samples by more than 40%.

— Based on the microstructure and microhardness values
obtained, it was proven that single tracks and double
layers could be used to predict the mechanical properties
of LPBF built 3D components.

— The deviation of some process parameters from the
normalised enthalpy theory attested to the non-linear
behaviour of the LPBF process and also the importance
of using more than one theory when verifying a
phenomenon.

— Til0Mo 3D components can be produced using laser
powers of 150 W and 200 W at corresponding scanning
speeds of 0.5m/s and 1.0m/s, respectively, with 80 pm
hatch distance.
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