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This work is focused on the investigation and understanding of in situ pro-
cesses in Ti-15%Mo and Ti6Al4V-1.38%Cu alloys by laser powder bed fusion
(LPBF). In both materials, Mo and Cu were introduced as elemental powders
into the precursor powder mixture. The effect of process parameters, i.e.,
energy input on surface morphology and homogeneity, was investigated. The
importance of different thermophysical properties of blended powders is also
discussed. The chemical composition of phases and phase distribution in sin-
tered materials were investigated by means of scanning electron microscopy.
The mechanical properties of in situ alloyed as-built LPBF specimens were
determined. The results obtained developed knowledge that is important for
understanding the in situ alloying process during LPBF, and they create a
base for synthesizing new materials.

INTRODUCTION

Laser powder bed fusion (LPBF) is a manufac-
turing method that can produce objects of complex
geometry. As a result, it introduces additional
opportunities to synthesize new materials from
elemental powders using in situ alloying. The
potential of the in situ LPBF alloying approach is
nevertheless not well understood because of a lack
of experimental knowledge and information on the
influence of process parameters on the microstruc-
ture, homogeneity, and properties of the final
materials.

The benefits of in situ alloying by LPBF to
produce new materials with uni(}ue properties were
shown recently. Vrancken et al.” sintered Ti6Al4V-
10% Mo alloy to stabilize the f-phase in the LPBF
alloy; a combination of excellent ductility and high
strength in this alloy was reported. Sistiaga et al.?
mechanically mixed 4% Si powder (—10 ym) and
Al7075 alloy powder with an average particle size of
53 ym and produced dense crack-free parts. Vora
et al.> demonstrated successful AlSil2 in situ alloy
formation from elemental Al (—66 yum) and Si
(=100 um) powders. It was noted that the in situ
LPBF alloying method could be potentially cost and
time effective in developing new materials.

(Published online October 6, 2017)

The materials chosen for this investigation are
novel Ti-base materials with enhanced perfor-
mance. Ti6Al4V is a widely used «-f alloy for
biomedical applications; however, its high elastic
modulus and low ductility limit its applications for
manufacturing direct load-bearing structural
implants. Achievements in Ti alloys for biomedical
and implant applications resulted in the develop-
ment of f(-Ti alloys that have elastic modulus
similar to human bones and alpha-beta alloys with
enhanced fatigue properties.* Titanium-copper
alloys are other novel materials that show particu-
lar promise as biomaterial with embedded antibac-
terial properties, as additions of Cu can decrease
bacterial growth at the implant interface.”™”

In this research, in situ alloying was achieved by
melting a mixture of the precursor powders by
LPBF. Materials with vastly different melting
points had been chosen. Particle size distribution
was similar for all powders (—45 um). The illus-
trated effects of process parameters on the proper-
ties of the synthesized material are paramount to
successful manufacturing of nonporous samples for
advanced implants with unique properties. The
results obtained developed new knowledge that is
important for understanding the in situ alloying
process during LPBF and new material production.
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MATERIALS AND METHOD

The experiments were carried out on mixtures of
gas-atomized powders of CP Ti (grade 2) with
15 wt.%Mo powder and Ti6Al4V ELI with
1.38 wt.% Cu. Particle size distributions are shown
in supplementary Table SI. The mixture of Ti-
15%Mo was dried in the oven for about 15 h at a
temperature of 85°C, with stirring at 30 min. The
mixture of Ti6A14V-1.38%Cu was dried at 80°C for
2 h. Different procedures for drying were elaborated
experimentally because of the very different flowa-
bility of the two mixtures.

The experiments were conducted on an EOSINT
M280 machine (EOS GmbH) with Argon as the
protective atmosphere. The oxygen level in the
chamber was less than 0.12%. For single tracks
and layers, a uniform powder layer of 60 um
thickness was used. Single tracks were sintered
over a wide range of laser powers (50-350 W) and
scanning speeds (0.08-3.4 m/s). All tracks were
20 mm in length. For each scanning speed, three
single tracks were produced. To investigate the
distribution of elements in the bulk material, 3D
specimens of 10 x 10 x 5 mm were manufactured
at optimal process parameters and hatch distances
at 30-um layer thickness.

RESULTS AND DISCUSSIONS
Conditions for In Situ Alloying

For an in situ alloying process, first, a complete
melting of all components in the powder mixture is
required. The energy needed for fusion of the unit
volume of the material can be estimated with:

E = p[C x (Tn—To) + L], (1)

where p is the density, C is the specific heat
capacity, T,, is the melting point, and L; is the
latent heat of the fusion. If E values for component
powders are similar, it means that if the laser
provides enough energy input, both materials are
molten.

The estimated time of direct interaction of laser
beam with powder is

tpr =do/V, (2)

where d is the laser beam spot size diameter and V
is the scanning speed varied during processing with
limitations. Too low laser scanning speeds can
result in a transition to a keyhole mode and finally
can lead to porous LPBF parts. At a very high laser
scanning speed, instabilitg of the track occurs and a
balling effect is observed.

During LPBF, sufficient time is required for
powder-laser beam interaction and homogenization
of the temperature within particles. The tempera-
ture homogenization time® in powder particles can
be calculated as
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thom = rz/a, (3)

where r is the powder particle radius and a is the
thermal diffusivity of a bulk metal.

In a case of thom < tp1, and E is high enough, the
powder particles melt. If ¢, > tp1, partial melt-
ing of the powder material can occur. Complete
melting of the powders is a necessary condition for
the in situ alloying. Nevertheless, processes in the
molten pool, convection, Marangoni flows, density
and viscosity gradients, etc., affect in situ alloying.
Another two examples are introduced to discuss
these conditions based on the experimental obser-
vations and investigations of Ti-15%Mo and
Ti6Al4V-1.38%Cu alloys manufactured by LPBF
in situ.

Ti6Al4V-1.38%Cu Alloy

Analysis of single tracks showed that laser power
170 W and 1.0 m/s scanning speed were optimal for
the Ti6Al14V-1.38%Cu powder mixture. An investi-
gation of the homogeneity distribution of Cu in
Ti6Al4V on a surface at various scanning speeds
near optimum (0.7-1.3 m/s) showed that copper
particles melted and created islands following solid-
ification lines (see supplementary Figs. S1 and S2).

Investigations with SEM EDS have shown that
Cu dissolved in the Ti alloy, although some areas
enriched with Cu were observed. A regular marten-
sitic structure was not pure Ti6Al4V but a material
alloyed with Cu. Copper content in these areas
varied in the range of 1-1.5 wt.%. This concentra-
tion is quite close to the nominal content of Cu
powder in the initial powder mixture. In the areas
enriched with Cu but still having a martensitic
structure, the concentration of Cu varied between
2 wt.% and 5 wt.% (zone 1, Fig. 1b). The highest
concentration of Cu, up to 35 wt.%, was observed in
areas that have a different microstructure (zone 2,
Fig. 1b). Nevertheless, it is possible to conclude that
the observed Cu-rich areas were not pure Cu as the
concentration of Ti in those areas was high. Fur-
thermore, no unmelted Cu particles were observed
in the microstructure.

The inhomogeneity can be explained by taking
into account the difference in material properties
(Table SI). The energies required for melting the
unit volume (Eq. 1) of the bulk Ti6Al4V and Cu are
close: 5.67 J/mm? and 5.49 J/mm?, respectively. The
estimated time #p 1. of direct interaction of the laser
beam and powder under the laser spot size of 80 ym
and scanning speed V =0.7-1.3 m/s, was in the
range of 114-61.5 us. The temperature homogeniza-
tion time in the solid particles can be calculated
accordingly to Eq. 2. For Ti6Al4V, this time is
106 us, which is about 40 times higher than for Cu
(3 us). This estimation was done for powder parti-
cles with a diameter of dgy =37 um (Table SI).
Copper powder particles, therefore, were fused first
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Fig. 1. Copper distribution in Ti6AI4V ELI matrix at different magnifications: total view (a) and area enriched with Cu (b).

and transferred heat quickly to the surrounding
titanium alloy. In principle, the conditions for
in situ alloying were satisfied and both powders
were completely molten under the indicated process
parameters.

The viscosity of liquid Ti at temperatures of 1750—
2050 K is 4.42 mPa x s.'° For pure liquid copper,
the viscosity changes from 4.03 mPa x s at 1356 K
to 1.96 mPa x s at 1950 K.'! Drops of liquid copper
with low viscosity were distributed in a viscous
liquid titanium alloy during LPBF. As a result of
short interaction times, there was insufficient mix-
ing for complete homogenization, and the Cu-rich
regions solidified in the matrix of the Ti6Al4V.
Density is another factor influencing inhomogeneity
of the in situ alloying. Liquid Cu has a higher
density and sinks to the bottom of the molten pool
with agglomeration near the fusion boundaries.
Therefore, although the necessary conditions for
in situ alloying were satisfied and both materials
were completely molten, the differences in density
and viscosity resulted in inhomogeneity and forma-
tion of Cu-rich regions at the periphery of the
molten pool (Figs. 1, S1, and S2). Possibly, a new set
of manufacturing parameters, guaranteeing more
intensive flows and longer times of existence of the
liquid phase, has to be developed to manufacture a
more homogeneous Ti6Al4V-1.38%Cu alloy.

Ti-15%Mo Alloy

The range of scanning speeds for producing
continuous single tracks generally increased with
laser power for in situ sintered Ti-15%Mo (Fig. S3).
At a higher laser power, the temperature of the melt
pool increased, which improved wetting conditions
for the molten powder.'?>® The remelted depth
increased at low scanning speeds, which created an
additional stabilizing effect on single tracks and
expanded the zone for continuous tracks.®

The shape of the single tracks formed at laser
powers of 100 W, 150 W, 200 W, 300 W, and 350 W
and their corresponding scanning speeds of 0.4—
0.5 m/s, 0.6-1.2 m/s, 1.0-1.2 m/s, 1.8-2.2 m/s, and
2.4-2.8 m/s respectively, closely resemble a

semicircular shape. Such a mode leads to good
bonding between the tracks and the substrate, and
could be referred to as the optimum set of process
parameters. At laser powers of 300 W and 350 W
and scanning speeds in the range of 1.2-1.6 m/s and
1.2-2.0 m/s, respectively, the penetration depth
exceeded the height and width of the tracks 1.5-2
times. The excessive laser energy per unit volume
caused a keyhole mode of laser melting.

An SEM EDS analysis showed that Mo was
randomly distributed in the Ti matrix (Fig. 2). The
microstructure consisted of a portion of lamellar
structure, areas with cellular dendritic structure,
and unmolten particles of Mo. Boundaries of verti-
cal colonies were visible in the optical microscope.
Irregular grain boundaries also were found by SEM
in cross sections of 3D samples perpendicular to the
building direction (Fig. 2). Martis et al.'* described
a similar structure in Ti-15%Mo after hot swaging.
It was suggested that when fast cooling took place,
the structure did not have sufficient time to form a
more stable configuration, so the microstructure
had irregular grain boundaries.

The LPBF structure consisted of regions of o-
hexagonal phase commonly forming a lamellar
structure and regions of the p-cubic phase formed
a cellular dendritic structure that formed during
solidification (Fig. S4). The alloy was not homoge-
neous: the average concentration of Mo in the alloy
was 7.5-15 wt.%. Concentrations of Mo observed in
the alloy correspond well to the bimodal o + f§
microstructures. Ho et al.’® indicated that for Ti-
x%Mo alloys, when the Mo content increased to
10 wt.% or higher, the retained f-phase became the
dominant phase.

The energy required for melting of a unit volume
of solid Ti and Mo, estimated with Eq. 1, was 5.82 J/
mm® and 8.74 J/mm?®, respectively. Thus, the
energy input needs to be about 1.5 times higher to
melt a similar volume of Mo compared with that of
Ti. Numerical simulations executed as described in
Ref. 16 showed that the penetration depth for pure
Mo was 11 ym at 150-W laser power and 1.0-m/s
scanning speed. At similar P and V, the Ti molten
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Fig. 2. Microstructure of LPBF Ti-15%Mo samples at 150-W laser power, 1.0-m/s scanning speed, and 80-um hatch distance: image from optical
microscope (a) and by SEM in BSE mode (b).

pool had an elongated shape with 52-ym maximal
depth and 210-um length (Fig. S5). Although sim-
ulations were done for bulk materials and disre-
garded actual interaction of the laser beam powder,
it fits experimental observations quite well. SEM
assessment of unmolten Mo particles in the Ti-
15%Mo alloy showed that all those particles were
about 15-20 um in size or larger. Thus, the input
energy was sufficiently high to melt Ti particles
completely but not all the Mo powder, as a result of
the thermophysical property differences between
the two materials. The laser radiation reflectance of
Mo is higher than that of Ti;'” hence, Ti powder
would absorb more laser radiation than Mo. These
factors lead to the complete melting of Ti and to the
partial melting of Mo at the selected manufacturing
conditions and powder size distribution.

The estimated time of direct interaction of the
laser beam with the surface of the solid material
under a laser spot size of 80 um and scanning speed
V = 1.0 m/s was 80 us (Eq. 2). This was enough time
for temperature homogenization in both the Ti and
Mo powders. Mo particles of 25 um in diameter
become uniformly heated after about 2.5 us, while
Ti particles with similar diameter needed 22 us for
temperature homogenization (Eq. 3). Another factor
influencing the inhomogeneity that was observed is
the behaviour of particles in the molten pool. The
viscosity of liquid Ti at temperatures of 1750-—
2050 K is 4.42 mPa x s, and for liquid Mo, the
viscosity is 5.39 mPa x s.'%!® Since the viscosity is
quite similar, it seems that the mixing in the liquid
phase in the To-Mo alloys was better compared with
that in the Ti6Al4V-xCu alloy. Fine Mo particles
that were molten mixed better in the base material,
but the coarser fraction of Mo particles were not
completely molten. Unmolten and heavy Mo parti-
cles sink down to the bottom of the molten pool
transferring their heat quickly to the surrounding
alloy. Rather sharp borders between big partially
melted Mo particles and the surrounding Ti-Mo
alloy were found (Fig. 2b). The Ti molten pool
existed for about 250 us, whereas for Mo, this value
was about three times lower (Fig. S5).

The absence of a broad gradient zone between
particles and the surroundings confirms that there
was not sufficient diffusion, most probably as a
result of a drop in temperature. The main reason for
inhomogeneity in the investigated Ti-Mo alloy,
therefore, was incomplete melting of the coarse
fraction of Mo particles. To achieve homogeneous
distribution of elements, selection of Mo powder
with different particle size distributions, with
coarse particles not exceeding 11 ym in size, is
recommended for the selected process parameters.

Mechanical Properties of In Situ Alloyed
Samples

The Vickers hardness of the LPBF Ti6Al4V-
1.38%Cu was higher than in as-built Ti6Al4V ELI
samples (Table I). Ultimate tensile strength (UTS)
for the as-built Ti6Al4V (ELI) mini-samples was
1243 + 49 MPa,'® whereas in situ alloying with Cu
led to the substantial increase in UTS, up to
1550 + 126 MPa.

Cu is known as a f-stabilizer in titanium alloys.
Therefore, it is possible that in the areas with a
higher Cu concentration, an intermetallic TioCu or
Ti f-phase was formed. Guo et al.?? have found the
presence of hard intermetallic compounds in LPBF
Ti6Al4V-x%Cu alloys after water quenching. A
relative diffraction intensity of the Ti;Cu phase
gradually increased with the Cu contents. It was
suggested that the intermetallic phase in Ti6Al4V-
x%Cu alloys could result in higher values of hard-
ness and UTS and, at the same time, some embrit-
tlement of in situ alloyed samples.?? The solid
solution strengthening effect of Cu in titanium alloy
and the refinement of martensitic lamella are the
other possible factors influencing the enhancement
observed in hardness and UTS in the Ti6Al4V-
1.38%Cu alloy under investigation. Nevertheless,
the mechanisms behind the strengthening effect of
Cu in in situ alloyed Ti6Al4V-xCu have to be
investigated more thoroughly and be proven by
experimental investigations and phase identifica-
tions in sintered LPBF material.
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Table I. Mechanical properties of Ti alloys

Ultimate tensile strength, MPa

Elongation, %

Material Vickers hardness
LPBF Ti6Al4V ELI? 389 + 14.8%°
LPBF Ti6Al4V-1.38%Cu? 456 + 20

LPBF Ti-15%Mo? 435 + 35

Cast Ti-15%Mo?! 310 &+ 10

Cast Ti6A14V?! 294 + 6

1243 + 49%° 6.6 + 0.4%°

1550 + 126 453 + 1.60
894 4+ 24 2.82 + 1.77
921 + 19 25 + 2

1173 + 17 6+1

#Measured in mini-samples.

Elongation at break also was influenced by alloy-
ing. In Ti6Al4V (ELI) mini-samples, elongation at
break was more stable and had an average value of
6.6 £ 0.4%." In the as-built Ti6A14V-1.38%Cu and
Ti-15%Mo specimens, experimentally observed
elongation to break varied noticeably. Deviation of
ductility characteristics is not unusual for additive
manufactured materials, especially in mini-sam-
ples, and besides the properties of the material
itself, they are often related to manufacturing
defects and porosity. In the present study, inhomo-
geneity of alloys influenced the mechanical proper-
ties of the mini-samples.

In situ alloyed LPBF Ti-15%Mo had higher
Vickers hardness and lower tensile strength than
Ti6Al4V (Table I), which was similar to as-cast
alloys. Ho'® supposed that as-cast f-phase alloys
had a higher hardness level than o alloys probably
as a result of a stronger solid solution effect. It was
found that the hardness in alloys with 6-20% of Mo
had a complex dependence on the Mo content, and it
was suggested that solid solution strengthening,
precipitation hardening, strain-aging, grain size,
and phases (¢, o and f) could affect the hardness of
the Ti—xMo alloy. For cast Ti-15%Mo alloy, values of
300-330 HV were indicated.'®®® In the present
study, high hardness and low ductility in as-built
LPBF material, in comparison with alloys made by
the conventional method, is connected to different
thermal history and higher temperature gradients
in the LPBF process.

CONCLUSION

In situ alloying was found to be an efficient way to
manufacture new materials by LPBF; nevertheless,
to manufacture a homogeneous alloy is a challenge.
For efficient in situ LPBF alloying processes, not
only laser power, scanning speed, and hatch dis-
tance should be optimized. An analysis of material
properties and powder size has to be done to
guarantee efficient melting and intermixing of both
materials.

Tensile mini-samples were effective for the deter-
mination of the properties of homogenous LPBF
material. For in situ alloying by LPBF, mechanical

properties also have to be verified with standard
samples. The higher hardness observed is quite
typical for materials manufactured by LPBF and is
the explanation for the fine microstructure and
inhomogeneity formed in the in situ alloys under
investigation. The influence of the manufacturing
method on the ultimate tensile strength is different.
The UTS can increase as a result of alloying or
precipitations effects, as was observed in the
Ti6Al4V-1.38%Cu material, or decrease as a result
of the influence of unmolten Mo particles in the Ti-
15%Mo alloy. Elongation of LPBF materials is
commonly quite low, which in this case is a result
of the inhomogeneous multiphase microstructure of
the in situ alloys.

In the present investigations, the size of the Mo
powder was too large, and therefore incomplete
melting of Mo powder particles was observed.
Future research should consider optimal Mo parti-
cle sizes to enhance the homogeneity of in situ
alloyed Ti-15%Mo and its influence on mechanical
properties. In LPBF Ti6Al4V-1.38%Cu material,
some inhomogeneity was also observed. Areas of
enhanced Cu concentrations were associated with
fusion boundaries. Enrichment with Cu differed
from area to area. Differences in density and
viscosity of molten material were discussed as
origins of this type of inhomogeneity.
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