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Abstract

Selective laser melting (SLM) is an additive manufacturing (AM) technique that is
capable of fabricating complex functional three-dimensional (3D) metal parts directly from the
complete melting and fusion of powders. As a powder bed fusion technology, SLM has the
potential to expand its material library by forming alloys that were previously difficult to
achieve by using metal powder mixtures that can be customized according to the application
requirements.

Titanium-tantalum (TiTa) is a material that has potential uses in biomedical
applications due to its high strength-to-modulus ratio. However, it is still not widely used
because it is difficult to obtain. SLM is chosen as the method to form this alloy due to its
versatility in processing metallic materials and good results obtained from commercially pure
titanium (cpTi). Preliminary studies using cpTi lattice structures designed for biomedical
applications were carried out. This research aims to develop TiTa as a material to be potentially
used in biomedical field by investigating its processing window, resulting microstructure, and
mechanical properties.

Introduction

Selective laser melting (SLM) is a powder bed additive manufacturing technique that
uses laser power to fuse powder materials and form functional parts directly according to their
computer aided design (CAD) data. Details of the SLM process are described in previous works
[1-5]. Titanium alloys are excellent biomedical metal materials due to their excellent
combination of corrosion resistance, mechanical properties, and biocompatibility [4].
Extensive research conducted on SLM of titanium alloys for biomedical applications includes
Ti6Al4V [6-11] and Ti6AI7Nb [12-14]. However, there are safety concerns with these titanium
alloy materials as they include aluminum, which may cause neurological issues in the human
body after long term usage and/or cytotoxic vanadium [15-18]. There are motivations for
developing new biomaterials that are free from these elements and have lower modulus to
reduce the “stress shielding” effect.

Titanium-tantalum (TiTa) alloys are favorable as orthopedic biomaterials because of
their low cost and high strength-to-density ratio [19]. However, TiTa alloys are still not widely
applied mainly due to difficulties in alloying these two metals as they have great differences in
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density and melting point [15]. Tantalum has a high density of 16.69 g/cm?, while the density
of titanium is 4.51 g/cm?. This high difference in density could lead to inhomogeneity during
alloying as the density difference may lead to segregation of alloying elements. The difference
in melting point between these two elements can also lead to unneeded vaporization of titanium
during the alloying process.

In this study, TiTa parts were processed using SLM. The feedstock is a mixture of
tantalum and commercially pure titanium powders in equal weight percentages. The TiTa SLM
processing window, resulting microstructure, and mechanical properties were investigated.
Preliminary studies using cpTi lattice structures designed for biomedical applications were
carried out and used to evaluate the suitability of TiTa as orthopedic biomaterial.

Materials and Methods

Both commercially pure titanium (cpTi) and tantalum powders are produced by gas
atomization. The cpTi powder (Grade 2 ASTM B348, LPW Technology Ltd, United Kingdom)
is spherical in shape and has particle size with average size of 43.5 um. The tantalum powder
(Singapore Demand Planner Ltd, Singapore) is irregular in shape and has average particle size
of 44 um. The two powders were mixed in weight ratio of 1:1 and then spun at a rate of 60 rpm
for 12 hours using a tumbler mixer (Inversina 2L, Bioengineering AG). The mixed powder
density was measured using gas displacement pycnometry system (AccuPyc Il 1340,
Micromeritics). Characterization of the powder mixture was done and detailed in previous
work [20].

Fabrication of all the samples was carried out on a SLM 250HL machine (SLM
Solutions Group AG, Germany). The SLM machine is equipped with a Gaussian beam fiber
laser with maximum power of 400 W and a focal diameter of 80 um. All processing occurred
in an argon environment with less than 0.05 % oxygen to prevent oxidation and degradation of
the material during the process. To minimize thermal stresses during the SLM process, sectorial
(also known as island or chessboard) scanning was used.

Cubic samples of 10 mm x 10 mm x 10 mm were fabricated using the powder mixture
in SLM to determine the processing window of TiTa. To optimize the processing parameters
for fabrication of TiTa using SLM, a series of experiments were conducted by varying the hatch
spacing and scanning speed while keeping the laser power and layer thickness constant at 360
W and 50 um respectively. The processing parameters Were optimized and chosen based on
the relative density achieved for the sample and the formed macrostructure of the samples
studied under light optical microscopy (LOM, Model SZX 7, Olympus). The samples’ density
was measured using a XS Analytical Balance (Model XS 204, Mettler Toledo), which is based
on the Archimedes Principle. The details of the microstructural and mechanical
characterization of TiTa have been reported previously [20].

The computer aided design (CAD) models of the cpTi lattice structures were designed
and generated using Computer Aided System for Tissue Scaffolds (CASTS), which is the in-
house developed library system consisting of 13 different polyhedral units that can be
assembled into scaffold structures using programmed algorithms [21-23]. The polyhedral units
chosen for this study were square pyramid, truncated cube, and truncated octahedron [21]. The
dimensions of the repeating unit cell were 1 mm x 1 mm x 1 mm. The detailed illustrations of
CASTS have been described by Chua et al. [24, 25]. The details of the mechanical
characterization of these cpTi lattice structures have been reported previously [26].
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Results and Discussion

The mixing procedure was effective in creating a homogenous powder blend of cpTi
and tantalum powders, as shown in Figure 1.

X 500 15.0kV SEI M WD 10.0mm)|

Figure 1: FESEM image of TiTa powder mixture

The titanium powder retained its spherical shape after the mixing, which is important
for the powder mixture flowability. Tantalum powder has non-spherical shape, as its high
melting point of 3020° C restricts economical production of spherical powder. The overall
flowability of the powder mixture is improved as spherical titanium particles easily roll and
behave as a medium to push the tantalum powder during powder depositions.

The samples are studied under LOM to ascertain the macrostructure of the samples of
various combination of processing parameters. The processing parameters used and the
resulting surfaces in the x- and y-planes are shown in Figure 2.
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Figure 2: x- and y-plane surface morphology of density specimens with variation in energy
density input

In a complex metallurgical process like SLM, optimizing the above mentioned inter-
related parameters is crucial in producing high density and high quality parts. Unfavorable
defects may occur in the parts due to localized irregularities such as balling, cracks,
delamination, and residual stress. Balling is the droplet or fragmentation formation from the
melt pool caused by capillary instability [27]. It occurs when the molten material does not wet
the underlying substrate due to surface tension, which cause the liquid to form spheres. This
results in a rough and bead-shaped surface, shown in Figure 3.

The beads obstruct homogenous layer deposition which decrease the density of the
produced part. Furthermore, balling results in weak bonding between the melt tracks and causes
the next powder layer to be deposited uniformly. This lead to a compounded effect and may
form porosity and delamination caused by thermal stresses and weakened interlayer bonding
[27]. Balling can be avoided by improving the stability of the melt pool. Cracks reduce
mechanical properties of SLM parts significantly. Cracks in SLM parts could be classified into
macroscopic and microscopic cracks. Macroscopic cracks are caused by stress induced crack
propagation and low ductility of the material. Microscopic cracks are formed during rapid
solidification due to liquid film interruption at grain boundaries, caused by tensile stress [27,
28]. Furthermore, unmelted or partially melted segments and porosity may be created due to
improper powder deposition, leading to low and inhomogeneous powder bed density and
solubility reduction of some elements in melt during solidification [29, 30]. These defects will
lead to undesirable effects on the relative density of the SLM parts. The relative density of the
specimens with variation of energy density input is shown in Figure 3.
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Figure 3: Relative density of TiTa cubic parts with variation in energy density input

Good TiTa parts were obtained by optimizing the SLM processing parameters. Figure
4 shows microstructures of the SLM parts in xy- and yz-plane. Based on the characterization
results, it is confirmed that the SLM TiTa consists only of B phase, which was caused by a
tantalum stabilizing effect of the phase after rapid solidification. Details of the forming
mechanisms of SLM TiTa have also been described previously [20].

W Unmelted Ta |8

(a) )

Figure 4: Micrograph of TiTa samples in (a) xy- and (b) yz-plane
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The SLM produced samples consist of TiTa solid solution matrix with small amount of
unmelted tantalum particles. The energy applied during SLM is sufficient to melt the titanium
powder fully but some of the larger tantalum particles only melted partially due to the higher
melting point of tantalum. Furthermore, the relatively large two phase (liquid + solid) field in
the binary titanium-tantalum phase diagram also shows the difficulty in melting the two
materials together. This resulted in the tantalum particles in TiTa matrix microstructure.

The SLM TiTa has modulus of 75.77 + 4.04 GPa, ultimate tensile strength of 924.64 +
9.06 MPa, and yield strength of 882.77 £ 19.60 MPa. It was characterized using test standard
from ASTM E8. The SLM TiTa modulus is lower compared to SLM cpTi and SLM Ti6Al4V
fabricated using similar parameters [20]. Despite the lower modulus, SLM TiTa still has
modulus higher than the wide range of human bone modulus, for example from 6.9 to 25.0
GPa [31]. Hence, there is a need to lower the modulus of TiTa by creating porous lattice
structure designs for the use in orthopaedic applications.

As a preliminary study, cpTi is used to fabricate the lattice structures, and the
characterization of these structures has been reported previously [26]. Samples of the lattice
structures fabricated are shown in Figure 5.

(a) (b)

Figure 5: Samples of cpTi lattice structures (a) square pyramid (b) truncated cube &
octahedron unit cells

Using Gibson-Ashby model [32], the modulus of the lattice structures can be estimated
as shown in Table 2, where E and p are the apparent Young’s modulus and density of the lattice
structures, Eo and po are the modulus, density of fully dense material, respectively.

Table 1: Gibson—-Ashby model for lattice structures

Unit cells
Square pyramid E 2
auarepy — = 0377 (ﬂ)
E, Po
Truncated cube & octahedron E P \?
— = 0.206 (—)
E, Po
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To obtain modulus of human bone using TiTa lattice structures, the porosity of the
lattice structures need to be lower than 50.9 % and 33.5 % for the square pyramid, truncated
cube, and truncated octahedron unit cells, respectively. These porosity levels can be achieved
by SLM by changing the unit cells dimensions, such as strut size.

Conclusions

This study investigated the feasibility of alloying metals using metal powder mixture
as feedstock for SLM. From the results, TiTa parts were manufactured via SLM successfully,
showing SLM as a feasible process in alloying materials. To ascertain TiTa as biomaterial for
orthopedic applications, preliminary studies using cpTi lattice structures designed for
biomedical applications were carried out.

As the modulus of bulk SLM TiTa is still higher than modulus of human bones, results
from cpTi lattice structures were used to evaluate the suitability of using TiTa lattice structures
in biomedical applications. The results shown are promising as TiTa lattice structures need to
have porosity of at least 33.5 % to achieve human bone modulus, which is achievable by design
and fabrication using SLM.
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