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Abstract: The influence of laser process parameters on the densification, phase composition, microstructure, and
mechanical properties of Ta—33wt.%Ti alloy prepared via laser powder bed fusion (LPBF) was investigated. The results
show that fully dense and homogeneous Ta—Ti parts can be obtained from LPBF with appropriate energy input. The
cellular and dendritic structures were formed due to constitutional undercooling. Transmission electron microscopy
(TEM) analysis showed that the lamellar a” phase within the cellular structures preferred to concentrate at the cellular
boundaries owing to the elemental micro-segregation in the solidification front. The samples fabricated under the
energy density of 166.7 J/mm? had a favorable ultimate tensile strength of 806 MPa and an excellent Young’s modulus

of 36.7 GPa.
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1 Introduction

The booming metallic biomaterials for
orthopedic implants have facilitated the exploration
of new biomaterials with both admirable
mechanical compatibility and outstanding bio-
activity [1,2]. Commercially pure titanium (Ti) and
its alloys, especially Ti—6Al—4V, are considered the
most suitable candidate for surgical implants due to
their excellent physical and chemical properties,
including high specific strength, better corrosion
resistance and superior biocompatibility [3-5].
However, the significant mismatch of elastic
modulus between Ti—6Al-4V alloy (110 GPa) and
human bone tissues (10-30 GPa) will cause the
stress shielding effect, impeding early bone-implant
fixation and long-term stability [6,7]. In addition,

the release of toxic elements, such as Al and V may
cause allergic reactions as well as neurological
diseases [8]. Therefore, significant efforts were
devoted to developing S-type titanium alloy without
cytotoxic elements [9,10]. Possessing excellent
physicochemical and outstanding osteogenic
properties, tantalum (Ta) has shown excellent
prospects in the orthopedic surgery since the
introduction of the Trabecular Metal (Zimmer
Biomet) [11]. However, due to its relatively high
processing cost, high density, and melting point, its
widespread applicability is limited [12,13].

Ta-Ti alloys, with a combination of the
excellent mechanical properties of Ti and the
superior biocompatibility of Ta, have emerged as an
attractive bone substitute material [14]. Ta and Ti
are infinitely soluble with high affinity and can
form a stable continuous solid solution, giving high
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strength of Ta-Ti alloy [15]. The incorporation of
Ta into a Ti matrix promoted the stabilization of £
(Ti,Ta) phase and the forming of Ta,Os protective
passive films, contributing to much lower Young’s
modulus and better corrosion resistance of Ta—Ti
alloys [16,17]. Besides, Ta is able to promote cell
adhesion and facilitates the growth of bone,
enhancing the biocompatibility and osteogenesis of
the Ti matrix [18]. owing to the
remarkable difference in melting temperature (Ta:
2996 °C and Ti: 1670°C) and density (Ta:
16.6 g/cm? and Ti: 4.54 g/cm®) between Ta and Ti,
the inevitable inhomogeneity and segregation of
elements during the solidification hinder the broad
application of Ta—Ti alloys [19]. Multiple remelting
processes are often required to achieve a uniform
composition by the conventional processes, which
brings about a long processing period and
expensive cost [20]. In addition, with considerably
higher elastic moduli (69—104 GPa) compared with
the elastic moduli of human bones (10—-30 GPa),
Ta—Ti alloys may induce bone resorption if they are
implanted in the human body for a long service
life [14—18].

Owing to the raw material efficiency, high
designing flexibility, and digital manufacturing,
additive manufacturing (AM) offers the capability
to economically fabricate a wide variety of metals
and customize complex geometries [21—23]. As one
of the most mature technologies of AM, laser
powder bed fusion (LPBF) owns the key
advantages of high energy density, high accuracy,
and large forming size, providing a platform for
designing new alloys [24—26]. Using a high laser
beam with a small spot diameter (<100 um), LPBF
can melt the refractory tantalum powder rapidly
with an extremely high transient temperature
exceeding 3000°C and decrease eclement
segregation and grain growth because of the
ultrahigh cooling rate (>10°K/s) [27-29].

Recently, some researchers have studied the
capability of producing Ti—Ta alloys by LPBF
technology, proving the potential for in situ alloying
and direct fabrication of functional parts [30—32].
HUANG et al [33] found that the phases showed a
transformation of a—a'—a"+a'—f+o"+a' with the
increase of Ta content. XING et al [34] and SING
et al [30] fabricated Ti—50Ta alloy successfully by
LPBF process using blended the Ti and Ta powders.

However,

They reported that the process parameters had a
significant effect on the density and microhardness
of Ti—50Ta alloy. GAO et al [35] investigated the
effect of unmelted Ta particles on the micro-
structures and mechanical properties of Ti—25Ta
alloy. The unmelted Ta particles contributed to the
toughness, ductility, and elongation of the Ti—Ta
matrix but reduced the strength. ZHAO et al [36]
designed a Ti—Ta gyroid scaffold with superb
elastic admissible strains. The ultrafine § sub-grains
and nanocrystalline o' grains gave the scaffolds a
high compressive yield strength of 55.5 MPa and a
low elastic modulus of 1.83 GPa. As such, through
the in-situ alloying of Ti and Ta powders, LPBF-
produced Ti—Ta alloys are promising materials for
biomedical applications with admirable mechanical
properties and bioactivity.

Overall, the previous studies focused on the
densification and phase transformation of LPBF
fabricated Ti—Ta alloy with the content of Ta below
50 wt.%, aiming to obtain admirable mechanical
properties with high strength and low modulus.
However, there have been limited attempts to
additively manufacture Ti—Ta alloy at a high Ta
content. Little is known about the microstructure
and phase composition of LPBF fabricated Ti—Ta
alloy with a high content of Ta. BRODIE et al [37]
prepared the Ti—65Ta alloy with a single BCC
phase alloy. However, the refractory nature of Ta
may cause the vaporization of Ti as a result of the
tiny gap between the melting point of Ta (2996 °C)
and the boiling point of Ti (3287 °C), posing
difficulties for achieving a  homogenous
composition under high Ta content alloy [38,39]. In
addition, under the ultrahigh cooling rate of LPBF
technology, non-equilibrium phases, especially the
metastable a" phase with the orthorhombic structure,
will form from the S phase [40]. Therefore,
systematically investigating the microstructure and
phase transformation of LPBF-built Ti—Ta alloy
with high Ta content is crucial to developing high-
performance alloys.

In this work, a Ta—33Ti (wt.%) alloy with
cellular and dendritic structures was in-situ
fabricated via LPBF using mechanically mixed Ti
and Ta powders. The optimum technological
parameters for minimal defects were confirmed and
the effect of energy density on the microstructure
and mechanical properties of the prepared high Ta
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content alloy were studied. In addition, the
component distribution and phase composition of
Ta—Ti alloy under a complicated thermal field and
the ultrahigh cooling rate during the LPBF process
were systematically investigated and discussed.

2 Experimental

2.1 Raw materials

An irregular hydrogenation—dehydrogenation
tantalum powder (Changsha Nanfang Tantalum
Niobium Ltd., China) and an ultrasonic atomized
spherical titanium powder (15—53 um, Asia New
Materials Co., Ltd., Beijing, China) were used, as
listed in Table 1. Tantalum powder has an oxygen
content of 560x10°%, while titanium powder has an
oxygen content of 710x10°° as determined by an
oxygen and nitrogen analyzer, showing a high
purity of 99.9% of raw powders. A blended mixture
of 66.7wt.% Ta and 33.3 wt.% Ti powders was
conducted by a tumble mixer at a rotation speed of
60 r/min for 12h. The micro-morphological
observations of the mixed Ta—Ti powders were
carried out using a field emission scanning electron
microscope (FESEM, FEI Quanta 250 FEG) under
the backscattering mode (BSE), and elemental
analysis was carried out on this device in
conjunction with energy spectroscopy (EDS). The
particle size distribution of the mixed powder was
measured by using a laser particle size distribution
instrument (Master size R3000).

Table 1 Chemical composition of irregular Ta powder,
spherical Ti powder, and mixed Ta—Ti powders (wt.%)

Powder Ti Ta C O N
Ta —  Bal. 0025 0.056 0.0012
Ti Bal. - 0016 0.071 0.0011

Mixed 55 66 Bal. 0018 0068 0.0012

Ta-Ti

2.2 Sample fabrication by laser powder bed
fusion

The Ta—Ti alloys of this work were in-situ
fabricated by a FS33071M LPBF machine (Farsoon,
Inc, China), which was equipped with an IPG
YLR-500 Gaussian fiber laser owning a maximum
500 W power output, a single-mode fiber laser with
an adjustable laser spot size diameter between 80

and 130 pm and a high-precision focusing F—@ lens.
The samples were built on a pure titanium substrate
(275 mm x 275 mm), which was sandblasted by an
FS04-SBM sandblasted machine (Farsoon, Inc,
China) and thoroughly cleaned with absolute ethyl
alcohol before the LPBF process to avoid laser
reflection and increase surface roughness. The air
intake pressure during the process was set as
0.45 MPa and the sandblasted pressure was set as
0.6 MPa. The substrate was sandblasted for 5 min
to ensure the first melt layer bonded to the substrate
firmly. During fabrication, the build platform
temperature was maintained at 100 °C, and the
entire manufacturing process was conducted under
a high-purity argon atmosphere in which the
oxygen content was maintained below 0.1% to
prevent oxidation and interstitial element
contaminations such as hydrogen and nitrogen. In
addition, an alternative scanning strategy in each
layer rotated by 67° to its precursor was employed
to reduce the thermal stress accumulated in the
material during the LPBF process. After
manufacturing, all samples were removed from the
substrate via wire electrical discharge machining
(EDM).

To investigate the influence of preparation
parameters on the microstructure and densification
of as-built Ta—Ti alloy, the metallographic samples
(5 mm x 5Smm x 6 mm) were fabricated and their
density was measured by the Archimedes’ method.
The key parameters in the LPBF process included
laser power (P), scanning speed (v), hatch spacing
(h), and layer thickness (d). To perform the process
optimization for Ta—Ti alloys, the parameters of P
and v were set as 200—400 W and 200—1200 mm/s,
respectively, while d was controlled to 30 um and 4
was fixed at 70 um. In order to assess the energy
input on the powder, the volume energy density (F)
was defined by

P
£ dvh M

The LPBF parameters of all Ta—Ti samples are
listed in Table 2. Then the optimized parameters
were utilized to fabricate the samples (20 mm x
15 mm x 10 mm) for the microstructure study and
mechanical test. After the fabrication, all the
samples were removed from the substrate and cut
into the designed geometry using EDM.
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Table 2 LPBF parameters of Ta—Ti
PIW v/(mm-s™)
200—400 200-1200 70 30

h/pm d/pm

2.3 Metallographic characterization

For each group of parameters, three samples
were tested to determine the average value of actual
density. The cross-sectional area perpendicular
to the build direction was processed for the
metallographic  analysis. The metallographic
samples were embedded in epoxy resin by xQ-2B
inlay machine and the cross-sections were then
ground with SiC sandpaper #400, #1000, #2000,
and #4000, respectively. Subsequently, they were
polished by silica suspension (OPS) for 30 min and
ultrasonic cleaning was conducted to remove the
OPS using alcohol after polishing. The polished
samples were observed using an optical microscope
(OM, Leica DM2700M) to evaluate the forming
quality. Image analysis was done with ImagelJ
software to obtain the percentage porosity.

The oxygen content of the mixed powder was
investigated using an O/N/H analyzer (TCH-600).
The phase identifications of LPBF Ta—33Ti sample
and mixed powder were performed using X-ray
diffraction (XRD, PANalytical Empyren) with
Cu K, (4=1.5405 A) radiation. The working voltage
and current were 45 kV and 40 mA, respectively.
XRD patterns were recorded in an angular range
from 30° to 90° with a step size of 5 (°)/min.

The microstructures of as-built Ta—33Ti
samples perpendicular to the build direction were
observed using a scanning electron microscope
(SEM, JSM-6360LV, Japan), equipped with a
backscattered electron (BSE) detector, an energy
dispersive spectrometer (EDS) and an electron
backscatter diffraction (EBSD, Helios Nano Lab
6001) system. The composition was analyzed by
EDS to verify the homogeneity of the alloy. The
grain orientation, grain morphology, texture, and
phase distribution of the alloy were analyzed by
inverse polar pattern (IPF) generated by the EBSD
using OIM software.

Transmission electron microscopy (TEM,
Tecnai G2 F20) was utilized to further study the
phase microstructure. To prepare the thin foil for
TEM, the sample was first cut to the thickness of
0.3 mm, ground to approximately 60 um using SiC

abrasive paper, punched into 3 mm circular discs,
and then ion milled to thicknesses of 40 pm. The
transmission foils were electropolished for 120 s at
20 Vin a 4 vol.% perchloric acid solution in ethanol
at —20°C by an automatic twin-jet polishing
system.

2.4 Mechanical properties test

A uniaxial tensile test was carried out with a
cupping machine (Barioe) under a strain rate of
1x103s™! at room temperature, using a video
extensometer. The tensile samples (3 mm in gauge
length, 1.5 mm in width, and 1 mm in thickness)
were prepared by EDM and polished using up to
#4000 SiC paper. For each group of parameters, no
less than three individual tensile samples were
tested to ensure data reproducibility. The fracture
morphology was analyzed using the SEM (FEI
Nova Nano230).

3 Results and discussion

3.1 Powder characteristics

The morphologies and size distribution of
particles of mixed powders are shown in Fig. 1. It
can be seen that the bright and irregular Ta powder
particles are evenly distributed around the dark
spherical Ti powder particles, as
Figs. 1(a, b). The particle size distribution of mixed
Ta—Ti particles was Dio=18.4 um, Dsy=40.2 um,
and Dy=75.4 um (Fig. 1(d)), which were especially
critical in laser-based additive manufacturing. The
oxygen content of the mixed Ta—33Ti powders
was 680x107°, between the oxygen content of
pure Ta and pure Ti powders, indicating that the
powders were not over-oxidized during the mixing
process.

shown in

3.2 Effect of processing parameters on densification

Figure 2 shows a density map of LPBF-
processed Ta—33Ti alloy with different processing
parameters, in which the red color indicates high
density and blue color indicates low density. The
theoretical density of the Ta—33Ti alloy was
8.79 g/lecm® but some Ta—33Ti samples’ actual
densities were slightly high. The highest density
reached 9.02 g/cm’® when the P and v were 280 W,
and 400 mm/s, respectively, and the energy density
(E) of this processing parameter was 333.3 J/mm°.
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Fig. 1 BSE images (a, b) and EDS pattern (c) of Ta—Ti powders, and particle size distribution of mixed Ta—33Ti

powders (d)

200 400 60 800 1000 1200
v/(mm-s1)

Fig. 2 Density map of as-built Ta—33Ti alloy with
different laser powers and scanning speeds

As the melting point of Ta (3017 °C) and the
boiling point of Ti (3287 °C) were very close,
during the LPBF process, the high energy laser
beam not only melted the Ta particles but also
evaporated some Ti particles, leading to the
reduction of Ti content in the Ta—33Ti matrix. The
processing parameters of samples with high density
were located in a power of 240—320 W and a speed
of 200—-600 mm/s, with relatively high energy

power of 190.5-761.9 J/mm?. Under such high
input energy conditions, the real mass concentration
of Ti was smaller than 33 wt.%, resulting in the
higher density of Ta—33Ti alloy. The actual content
of Ta was confirmed and discussed by EDS in
Section 3.3. To investigate the influence of energy
input on microstructure and mechanical properties
of LPBF-built Ta—33Ti alloy, four different
processing parameters (S660—S80) were chosen for
further study, as listed in Table 3.

The forming quality of LPBF-built Ta—33Ti
alloy was valued by OM images with the image-
based method, as shown in Fig. 3. The porosities of
all samples under four parameters were 96.85%,
98.24%, 99.87%, and 95.00%, respectively. When

Table 3 LPBF parameters of Ta—33Ti sample
v/ h/ d/ E/

Sample  P/W (mm's) mm mm (J'mm?)
S660 280 200 0.07 0.03 666.67
S330 280 400 0.07 0.03 333.33
S160 280 800 0.07 0.03 166.67
S80 280 1600 0.07 0.03 83.33
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Fig. 3 Optical micrographs of Ta—33Ti alloy at four processing parameters: (a) S660; (b) S330; (c) S160; (d) S80

P remained constant at 280 W, the energy density
was inversely proportional to v. With the increase
of v, an increasing trend of the amount of unmelted
Ta particles was observed and the densification
degree of Ta—33Ti alloy increased first and then
decreased.

A large number of irregular keyholes were
observed in the S660 sample, having the highest
energy density (E=666.67 J/mm?, v=200 mm/s).
The keyholes were formed as a result of the
occurrence of local cold zones with higher surface
tension and insignificant recoil pressure [41]. When
the high-energy laser scanned the powder bed, the
bottom of the keyhole was heated above the
evaporation point of the alloy, inducing the rise of
local recoil pressure and the decline of surface
tension that kept the keyhole open. However, a cold
local zone formed in the upper region of the
keyhole, which would close under high surface
tension subsequently, leading to the formation of
the keyhole. Increasing the laser power would lead
to stronger and more complex fluid flow involving
more vortices, much bigger melt pool volume,
deeper indentation zone, and more importantly,
formation of porosities. In addition, the spherical
pores were generated as a result of the residual
metallic titanium vapor entrapment in the
solidifying molten liquid since the high cooling rate

impeded the inside vapor from escaping to the top
surface in time. However, there were limited
spherical holes in S660 sample because, at higher
heat input, residual gas could escape to the top free
surface as they had more time floating inside the
larger liquid metal region. With the increase of v,
the amount and size of keyholes in the S330 sample
decreased and the proportion of spherical pores
increased, which could be attributed to the decline
of energy input. For S160 sample, there was limited
pore formation as the recoil pressure was
insufficient to dominate the surface tension and
hence the keyhole was avoided, indicating that the
energy density of S160 (E=166.67 J/mm’,
v=800 mm/s) was appropriate. Meanwhile, the
medium energy input led to the appearance of
tantalum particles, which could act as heat sinks
that contributed to the complete fusion of the
molten pool and avoided the influence of the
previous layer. As shown in Fig. 3(d), the
densification of the S80 sample was the worst, and
a great deal of unmelted tantalum particles and
lack-of-fusion defects could be seen, owing to the
lowest energy density (£=83.3 J/mm?, v=1600 mm/s).
Under low energy density, the molten pool was
small and shallow, which could not melt adequately
the tantalum powders or the previously deposited
layers, leading to the unmelted or partially melted
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powder and a bad combination of the Ta—33Ti
alloy.

Figures 4(a—d) show the overall morphologies
of samples S660, S330, S160 and S80 under BSE
mode. Consisting of OM images, many keyholes in
S660, S330, and S80 samples and apparent
unmelted Ta particles with irregular shapes (white
regions) were observed in the Ta—Ti solid solution
matrix. With the decrease in energy density, the
size and the proportion of unmelted Ta increased
noticeably. The variation in the proportion of
unmelted Ta was made by quantitative statistics
based on the statistical analysis of substantial SEM
images. The unmelted Ta particles accounted for
0.02, 0.07, 1.11 and 15.63 vol.% in samples S660,
S330, S160 and S80 respectively. It was obviously
found that there were negligible unmelted Ta
particles in the S660 and S330 samples. The high
energy density contributed to the homogeneity of
Ta—33Ti alloy but introduced more defects,
resulting in poor densification, which would
deteriorate the mechanical properties of the alloy.
Few defects and unmelted Ta particles were found
in the matrix of S160 sample, indicating that a
proper energy density could achieve a good

formation quality. In addition, it is noteworthy that
the unmelted Ta particles preferred to appear at the
boundaries of the melting pool. The rapid
solidification impeded the diffusion of Ta, leaving
some regions solidified before Ta was completely
diffused and homogenized the region. Therefore,
most of the Ta-poor areas, especially the melting
pool boundaries, tend to show unmelted or
incompletely diffused Ta particles. With the lowest
energy density, the percentage and size of unmelted
Ta particles increased significantly and a large
number of pores appeared in S80 samples.
Considering  the  terrible  formation  and
compositional heterogeneity of the S80 sample, it
was not chosen for further investigation in this
study. Consequently, it is worth mentioning that
tuning the energy density is very effective for
reducing the unmelted Ta particles and achieving
homogeneity of Ta—Ti alloys.

3.3 Microstructure of LPBF-built Ta—Ti alloy
The uniformity of element distribution and
quantification of Ta was investigated by EDS
mapping for the three Ta—33Ti samples (S660,
S330, and S160), as shown in Figs. 5(a—c). The Ta

.3 ’

Fig. 4 SEM images of Ta—33Ti alloy obtained at four processing parameters: (a) S660; (b) S330; (c) S160; (d) S80
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compositions of three samples under different
energy densities were 70.68 wt.%, 66.18 wt.%, and
64.24 wt.%, respectively.

At the lowest scanning speed, the dwelling
time on the melting pool of the laser beam was
long, resulting in a high temperature of the melting
pool, which not only melted Ta fully but also
caused the evaporation of Ti. Therefore, the S660
sample had the highest Ta content among the three
samples and its true density was larger than the
theoretical density. The input energy densities of
S330 and S160 were lower than that of S660,
leading to a lower Ta content in the matrix. With a
moderate energy density, Ta contents in S330 and
S160 were similar to the designed composition.

The obvious cellular and dendritic structures
were seen in the LPBF-built Ta—33Ti alloy at high
magnification (Fig. 6). The dendrites with a width
of 1-3 pm appeared along the melt track and grew
towards the center of the melting pool, as shown
in Figs. 6(b, e, h). Within the melting pool, the
irregular cellular structure with a diameter of
3—-15 um was observed in Figs. 6(c, f,1). It was
worth noting that there was obvious bright contrast
within the dendrites at high magnification in the
insert image of Fig. 6(h), which means that apparent

(2)

elemental micro-segregation occurred during the
LPBF process. The observed microstructure is
consistent with a similar LPBF-fabricated Ti—Ta
study [34].

The formation of cellular and dendritic
structures can be related to the constitutional
undercooling during rapid cooling cycles in the
LPBF process as

G _Ty

T )
where R is the solid growth rate, G is the
temperature gradient ahead of the solidification
front, Teq is the equilibrium solidification range of
the alloy, and Dy is the solute diffusivity in the
liquid [33].

During the LPBF process, the rapid
solidification leads to limited Ta diffusion and the
content of solid Ta is higher at the liquid—solid
interface, which causes Ti to be rejected by the
solid into the solidification front in the liquid
and Ti needed to be transported away from the
interface. Then, a compositional gradient ahead of the
solidification front occurs, which translates to the
variation in the liquidus temperature. The formation
of cellular structure within the melting pool in

Fig. 5 EDS surface scanning results of S660 (a), S330 (b) and S160 (c) samples
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Fig. 6 Backscattered electron (BSE) images of S660 (a—c), S330 (d—f) and S160 (g—i) samples

LPBF-built Ta—33Ti alloy can be attributed to the
condition that the G/R ratio is only slightly smaller
than the T.y/Dy ratio. When the G/R ratio is much
smaller than the T7./Dr ratio, especially at the
boundaries of the melting pool, the cellular
structure turns into a columnar dendritic [42]. In
addition, the width of the dendritic in Ta—33Ti alloy
can be closely associated with the content of the
compositional gradient. With higher input energy
density, higher temperature gradient, and higher
solidification rate, the S660 and S330 samples had a
larger width of dendritic compared with the S160
sample.

3.4 Phase identification of LPBF-built Ta—Ti alloy

The phases of the LPBF-built Ta—33Ti
samples with different energy densities were
detected by XRD, as shown in Fig. 7. The a and f
phases were identified in the mixed raw powders by
XRD according to the standard PDF card. However,
the pattern of all LPBF-fabricated samples only
identified the £ phase, which means that in a high
mass fraction Ta, Ti and Ta tended to form a solid
solution. The a" phase was not detected, which might
be attributed to the tiny content and limitation of
instrument precision.

3927
e o (HCP)
1 *p (BCC) S160
* *
*
‘k R S330
X A *
*
d . . S660
*
. . + Raw powder
. ° J( [ LX) )¢
30 40 50 60 70 80 90
20/(°)

Fig. 7 XRD patterns of Ta—33Ti alloy with different
energy densities

Figure 8 elucidates the inverse pole figure
(IPF) images of the grain orientation of S660, S330
and S160 samples. Each grain was color-coded
according to reference crystal orientation. Both the
three samples were dominated by the f§ phase with
random grain orientation. The grain sizes of S660,
S330 and S160 samples were 5.01, 4.79 and
6.20 um, respectively, as shown in Figs. 8(b, d, f).
The microstructure morphology of the three
samples was similar, as shown in IPF maps. Vertical
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(b)
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Fig. 8 IPF maps of EBSD (a, c, e) and corresponding grain size distribution (b, d, f): (a, b) S660; (c, d) S330; (e, ) S160

to the building direction, the melting tracks could
be distinguished apparently, where the equiaxed S
grain preferred to occur. Depending on the
constitutional undercooling, the ratio of G/R along
the melting track was lower than the region away
from the melting track, causing the equiaxed grain
to form along the tracks while the columnar grain
tended to form between the tracks. The grain size of
the three samples was very similar, which means
that the energy density had little influence on the
grain size of the Ta—33Ti alloy. The cellular and
dendritic structures found in SEM images cannot be
interpreted as a grain because the adjacent cells
have almost the same crystallographic orientation
as shown in Fig. 8. It should be noted that several
black-colored unindexed areas can be seen in the
IPF maps because of the compositional segregation
that causes phase differences as well as continuous
changes in lattice constant.

As a beta stabilizer element, Ta suppresses the
transformation of f to a' phase by dropping the
martensitic start temperature. The stability of the
BCC structure depends on the amount of alloying
elements according to molybdenum equivalency [43].
With a high content of Ta, the § phase preferred to
be retained in Ta—33Ti alloy. However, owing to
the constitutional undercooling during the LPBF
process, the compositional segregation of Ti at the
boundaries of the melting pool might lead to the
formation of a” martensite [34]. To investigate the
phase composition of Ta—33Ti alloy, the TEM
observation was performed on S660, S330 and
S160 samples.

As shown in the bright-field images and SAED
images in Fig. 9, the S660 sample was composed of
mainly f phase, and a rare a” phase was found.
There were few a” phases found in the S330 sample
but lots of lamellar a” martensite distributed in
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the S matrix of the S160 sample. The phase
structure of Ti—Ta alloy was dependent on their
composition [44]. According to Fig. 5, owing to the
varying degrees of evaporation of Ti, the Ta
compositions of three samples (S660, S330 and
S160) were 70.68 wt.%, 66.18 wt.% and 64.24
wt.%, respectively, leading to a difference of their
phase composition.

—2(110),

10_1/nm

A more detailed TEM observation was
performed on the cellular structure in the S160
sample to study the formation of lamellar «”
martensite. As shown in a dark-field image in
Fig. 10(a), the cellular structure showed a
morphology consisting of a cellular boundary
(dark region) and a bright region within the cells.
The corresponding selected area electron diffraction

SAED

01,... *
YR 110)
oy, *

Z-{001], 5 1/mm

*eas**(110),.
aon, g
-

7=[001],,

Fig. 10 TEM images of S160 sample for identifying phases: (a, c¢) Dark-field images; (b) Bright-field and dark-field
image and corresponding elemental distribution; (d, ) HRTEM images and corresponding SAED images
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(SAED) images in Figs. 10(d, e) indicated the a”
and f phases with their high-resolution transmission
electron microscopy (HRTEM) images. Figure 10(c)
depicts a dark-field image, exhibiting the lamellar a”
martensite with the size of dozens of nanometers
orderly distributed in the f matrix. The EDS
mapping results for the dark field image in
Fig. 10(b) suggest that the content of Ti is higher in
the a" phase, which means that an elemental
micro-segregation occurs in the cellular boundary
within the cellular structure.

Similar to the previous study of the Ti—50Ta
alloy [34], the LPBF-built Ta—33Ti alloy had a
phase composition of a” and f phases and the
metastable o” phase was distributed at the cellular
boundaries within the cellular structure. As
discussed earlier, with a high Ta content of Ta—33Ti
alloy, the phase transition of f—a' is suppressed
completely and the S phase is retained. However,
owing to the constitutional supercooling during the
process of rapid cooling, the content of Ti is higher
in the cellular boundary within the cellular structure,
leading to the f—a" transition.

3.5 Mechanical properties of LPBF-built Ta—Ti

alloy

The quasi-static uniaxial tensile tests were
performed on the LPBF-built Ta—33Ti samples at
different energy densities. The engineering stress—
strain curves and mechanical properties are
displayed in Fig. 11 and Table 4, respectively. As
shown in Fig. 11, the variation in energy density
had a significant effect on ultimate tensile strength
and elongation. With the decrease in energy density,
the ultimate tensile strength (UTS) decreased and

1200
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1000 -
S330

800 -

600 S160

400 [

Engineering stress/MPa

200 [

0_| | 1 1 1

0 2 4 6 8 10 12 14 16 18 20
Engineering strain/%

Fig. 11 Engineering stress—engineering strain curves of
Ta—33Ti sample at various energy densities

Table 4 Tensile properties of Ti—Ta, pure Ta and TC4

fabricated by LPBF
Sample Ultimate tensile Elongation/ Young’s
strength/MPa % modulus/GPa
S660 1014.71£82.99 1.33+0.05 99.31+4.55
S330 884.11+34.08 10.87+1.56 42.57+1.32
S160 806.09+9.38 15.66+1.27 36.70+2.11
Ta [33] 632+11 26.0+2.6 18744
TC4 [33] 1204+10 9.1+0.3 148+1
Ti—25Ta [33] 771£30 31.0+1.0 65+2
Ti—50Ta [45] 924.64+9.06 11.72+1.13 75.77+4.04

the elongation after fracture was increased. It is
worth noting that S330 and S160 samples exhibit
not only high strength but also low modulus that is
close to the elastic modulus of human bones, which
is very favorable for bone healing and remodeling.
The high mechanical strength of LPBF-
produced Ti—Ta alloy can be attributed to a
synthetic combination of solid-solution strengthening,
grain refining strengthening, and dislocation
strengthening. The S660 sample, with the highest
input energy, had no plastic stage and the fracture
occurred almost at the elastic stage because of the
high porosity. The initial internal defects had a
serious impact on the mechanical properties. The
outstanding UTS of S660 sample (1015 MPa) might
be attributed to the massive solid-solution
strengthening as a result of high Ta content. With a
lower input energy density, there were few defects
in S330 and S160 samples, leading to a significant
improvement in ductility. Dominated by f phase
and twin-type lamellar o” martensite, both S330
and S160 samples showed an increase in UTS
compared with the conventionally fabricated Ti—Ta
alloys (560 MPa [46]) and a great improvement in
elongation compared with the S660. The twin
interfaces between «” martensites can impede
dislocation motion during plastic deformation,
improving the strain-hardening rate and stabilizing
the plastic flow behavior. This phenomenon was
also called twining-induced plasticity (TWIP),
which was frequently observed in other titanium
alloys [47]. The content of a” phase in the S160
sample was higher than that of the S330 sample,
resulting in a greatly increase of elongation
(15.66%) in S160 than S330 (10.87%). Besides,
GAO et al [35] found that the unmelted Ta particles
were significantly elongated along the tensile
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Fig. 12 Morphologies of cross-sectional fracture with different magnifications in samples S660 (a, d), S330 (b, e), and

S160 (c, f)

direction, which undertook a large amount of
deformation. Therefore, the unmelted Ta particles
contributed to the ductility of S160 and S330 as
well. The outstanding modulus of S330 and S160
might be attributed to the ultrafine cellular S
sub-grains in the matrix, which reduced the elastic
modulus greatly [31].

The tensile fracture morphologies of Ta—33Ti
with various input energy densities are presented in
Fig. 12. There are significant differences in fracture
type of the three samples. There were apparent
cleavage facets and no shrinkage at the fracture of
S660 in Figs. 12(a, d), showing the characteristics
of brittle fracture, which can be related to the poor
densification of S660. The fractographies of S330
display shallow ductile dimples and cleavage facets
(Figs. 12(b, e)), which means that S330 exhibits a
mixture of ductile and brittle fractures. However, as
shown in Figs. 12(c, f), a large number of deep
dimples, voids, and obvious shrinkage can be seen
in S160, indicating the characteristics of ductile
fracture. The plasticity was directly related to the
defects, and the elongation correspondingly
appeared to increase with the decrease in energy
density.

4 Conclusions

(1) Laser power and scanning speed have a
significant effect on the density and porosity of
LPBF-prepared Ta—33Ti alloy. Under high energy
density, Ta particles can be molten sufficiently but

lead to quite a few pores and defects. Owing to the
evaporation, the Ti content in the Ta—Ti matrix
decreases with the increase of energy. The fully
dense Ta—33Ti alloy (>99.9%) with few unmelted
Ta particles was obtained with an energy of
166.67 J/mm?>.

(2) The heat accumulation and supercooling
degree of the LPBF process had a great influence
on the microstructure of Ta—33Ti alloy, which was
dominated by cellular and dendritic structures. With
the decrease of energy density, the evaporation of Ti
decreases, contributing to the f—a” transition.
Owning to the segregation of Ti in the solidification
front, orthorhombic «” martensite preferred to
concentrate on the cellular boundaries.

(3) The mechanical property of LPBF-prepared
Ta—33Ti alloy was dependent on the energy density.
With the increase of input energy density, the UTS
of Ta—33Ti alloy increased while the elongation
decreased. The sample prepared with 166.7 J/mm?
achieved a favorable strength of 806 MPa and an
excellent modulus of 36.7 GPa simultaneously.
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