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Abstract:

In this study, selective laser melting (SLM) was used to fabricate samples of titanium-tantalum
(TiTa) alloy comprising 50 wt% of each element. Based on observation from scanning electron
microscopy, as-fabricated samples comprised of randomly dispersed pure tantalum particles in a
TiTa matrix. The microstructure exhibited equiaxed grains of f titanium and tantalum in random
orientations, determined by combination of field emission scanning electron microscopy,
electron back scatter diffraction and X-ray diffraction. The resulting samples have ultimate
tensile strength of 924.64 + 9.06 MPa and elastic modulus of 75.77 = 4.04 GPa. The TiTa alloy
produced can be a potential material for biomedical applications due to its high strength to

modulus ratio, as compared to Ti6Al4V and commercially pure titanium.

1. Introduction

Selective laser melting (SLM) is a form of additive manufacturing, or more commonly known as
3D printing, technique that uses a laser power source to fuse powder materials to form
functionally parts directly based on computer aided design (CAD) files. The details of the
process have been described in various works [1-6]. The widely known established materials for
SLM are stainless steel, tool steel, Ti6Al4V and AISilOMg. Recent researches focus on
expanding the material library for this process [7-11], process simulations [12, 13] as well as

characterizing and improving the mechanical properties of established materials [14-16].

The capability of SLM to process powder mixtures has opened up new and exciting material
research opportunities. Several works have been reported on the production of several types of
new powder mixture processed by SLM [17-21]. Titanium alloys are superior biomedical

materials due to their excellent combination of biocompatibility, corrosion resistance and



mechanical properties [6]. Extensive research have been conducted on SLM of titanium alloys.
In particular, Ti6AI4V [4, 22-26] and Ti6AI7Nb [27-29] are well characterized due to their wide
applications. Both of these titanium alloys are more commonly used in biomedical applications.
However, safety concerns were raised recently on these materials as they contain aluminum
which can cause neurological problems in human body after long term usage, and/or vanadium
which is cytotoxic [30-33]. There is a need for development of new titanium alloys that are free
of these toxic elements. Furthermore, there is also a need to develop materials of reduced
modulus to avoid mismatch in modulus between the implant and adjacent bones. Clinical
investigations indicate that the mismatch will result in insufficient load transfer from the
artificial implants to neighboring bones. This leads to bone resorption and potential loosening of

the implant. This effect is known as “stress shielding” [31].

Tantalum is an excellent choice for alloying with titanium for biomedical applications due to its’
high biocompatibility, corrosion resistance and good mechanical properties. Furthermore,
titanium-tantalum (TiTa) alloys are promising materials for such applications because of high
strength to density ratio and low cost [34]. Alloying elements in titanium can be classified into 3
groups: (1) stabilizer for the o phase, (2) stabilizer for § phase or (3) have no observable effect
on the phase [21]. Depending on the specific application of the materials, the different phases of
titanium provide wide array of properties. In particular, tantalum is a f stabilizing element for
titanium alloy. B titanium alloys display superior properties with lower modulus compared to the
commonly used alloys in the biomedical field, such as stainless steels and cobalt-chromium

alloys [18] and Ti6A14V which is an a + 3 titanium alloy [30].

The lower modulus is desirable in applications in the biomedical field as it minimizes the

adverse effect of stress shielding. Despite the advantages, not much research has been done on f3
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titanium using SLM. Vrancken et al. managed to create a novel metallic composite comprising
of B titanium matrix and unmelted molybdenum particles using SLM [21]. In their work, a
mixture of Ti6AIl4V pre-alloyed powder and molybdenum powder were used. The resulting
material has a Young’s modulus of 73 = 1 GPa, yield strength of 858 + 16 MPa, ultimate tensile

strength of 919 £ 10 MPa and elongation of 20.1 + 2.0 %.

TiTa alloys are still not widely adopted in applications. The main reason is the difficulties in
combining these two metals as they have great difference in melting point and density [30]. In
particular, Ta has a density of 16.6 g/cm?® which is about 4 times of the density of commercially
pure titanium. This could lead to inhomogeneity during the formation of alloys as the difference

in density can lead to segregation of elements in the alloys.

In this paper, TiTa parts were manufactured via SLM. The feedstock used is a mixture of
commercially pure titanium and tantalum powders with equal weight percentages.
Microstructure of the SLM produced TiTa parts, such as phase formation, grain size and grain
morphology, will be discussed. The product’s mechanical properties such as elastic modulus,
ultimate tensile strength, yield strength and microhardness, will be evaluated and benchmarked

against SLM produced Ti6Al4V and commercially pure titanium parts.
2. Experimental procedure
2.1. Powder preparation

Both commercially pure titanium and tantalum powders are produced by gas atomization. The
commercially pure titanium 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
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particle size of 44 um. The morphologies of the commercially pure titanium and tantalum

powders are shown in Fig. 1.

5.0kV SEI . 5.0kV SEI

Fig. 1. FESEM image of (a) commercially pure titanium powder and (b) tantalum powder.

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 11 1340, Micromeritics).

Flowability tests were conducted on the commercially pure titanium, tantalum and TiTa powders
using the revolution method (Revolution Powder Analyzer, Mercury Scientific Inc.). In this test,
a tapped volume of 100 cm® of powder was measured by freely filling a cup that was gently
tapped until no more powder could fit in. Excess powder was removed using a sharp edge. The
powder was then placed inside the cylindrical drum with transparent glass sides. The drum was
set to rotate at 0.3 rpm and a digital camera was used to monitor the flow behavior of the
powder. Due to the drum rotation, the powder would be carried up along the side of the drum

until it could not support its weight, forming avalanches. The avalanche angle was computed by



measuring the angle where the powder was at maximum position before the start of the
avalanche. Lower avalanche angles are indicative of better flowability of powders. The

avalanche angle is illustrated in Fig. 2.

Rotating drum

N

Powder sample

Rotating
direction

Avalanche angle

Fig. 2. Schematic of the avalanche angle measured in flowability test.

2.2. Selective laser melting

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 pm. All processing occurred in an argon environment
with less than 0.05 % oxygen to prevent oxidation and degradation of the material during the
process [35]. Sectorial, also known as island or chessboard, scanning as shown in Fig. 3 was
used. This scanning strategy has been reported to minimize thermal stresses formed during the
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process [36, 37]. The process parameters are shown in Table 1. The parameters are chosen after a

series of experiments to obtain the highest relative density of parts fabricated from the powder

mixture using SLM.

Fig. 3. Chessboard strategy used in SLM

Table 1 SLM processing parameters for TiTa.

Process parameters

Laser power (W)

Laser scan speed (mm/s)
Layer thickness (um)
Hatch spacing (mm)
Remelting

Island length (mm)
Island overlap (mm)

Relative density (%)

360
400

0.125

No

5x5

99.9




2.3. Metallographic characterization

The SLM samples were subjected to standard metallographic procedure which is grinding with
320, 800 and 1200 SiC papers and then polished by diamond suspensions of 9, 3 and 1 pm sizes.
The samples were then etched with Kroll’s reagent (10 mL of HF, 30 mL of HNO3z and 50 mL of
water, ASTM E407) for 20 s. The microstructure study was conducted using field emission
scanning electron microscopy (FESEM, JEOL JSM7600), X-ray diffraction (XRD, Empyrean
from Panalytical) and electron back scattered diffraction (EBSD, Oxford Instruments Nordlys).
The grain size distribution was measured from the EBSD results using post-processing software,

HKL CHANNELS5 (Oxford Instruments).

2.4. Mechanical characterization

Tensile coupons with gauge length of 40 mm (based on ASTM E8) were produced using wire-

cut discharge machining (EDM) from SLM fabricated blocks, as shown in Fig. 4.

Z

Build direction

Wire cut machining




Fig. 4. Schematic of producing tensile coupons from blocks fabricated by SLM

Tensile test (Instron Static Tester Series 5569) was conducted with 50 KN and strain rate of 1
mm/min. Tensile test loading direction was perpendicular to the build direction, i.e. along the xy-

plane. A schematic of build orientation during the SLM process is shown in Fig. 5.

Fig. 5. Build orientation of blocks fabricated using SLM

The build direction is along the z-axis for all test samples.

The microhardness test of the material was carried out using Vickers hardness test (DuraScan,

Struers) on the xy-plane and yz-plane with a load of 100 g and a loading time of 15 s.



3. Results and discussion

3.1. Powder characterization

The mixing procedure was effective in mixing these two types of powder together, as shown in

Fig. 6.

Fig. 6. Ti + Ta powder mixture. The spherical powder is Ti and the irregular powder is Ta.

The titanium powder remained spherical after the mixing, which is important for the flowability

of the powder mixture. The Ti-Ta mixed powder composition was ascertained by inductive

10



coupled plasma atomic emission spectroscopy (ICP-AES) and energy-dispersive x-ray

spectroscopy (EDS). The results are tabulated in Table 2.

Table 2 Chemical composition of TiTa alloy

Element Nominal (wt%) ICP-AES (wt%) EDS (wt%)
Ti 50 51.27 55.74 + 1.06
Ta 50 48.19 44.26 + 1.06

1)

There are advantages in mixing commercially pure titanium and tantalum powders, as
follows:

Flowability is a key concern in SLM, as uniform powder deposition is required for
production of parts with high relative density. Spherical powder is ideally desired.
However, the tantalum powder has non-spherical shape, as its high melting point of 3020
°C restricts the production of spherical powder economically. Hence, the overall
flowability is improved by mixing the tantalum powder with spherical commercially pure
titanium powder. The spherical titanium particles roll easier during powder depositions

and acts as a medium by pushing the tantalum particles along.

Flowability can be indicated by the avalanche angle of the powders. Table 3 shows the

average avalanche angle of commercially pure titanium, tantalum and Ti-Ta mixed

powders for 150 avalanches.
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Table 3 Avalanche angle of commercially pure titanium, tantalum and TiTa powders.

Material Avalanche angle (deg)
n =150

cpTi 44.65 + 3.19

Ta 56.51 +5.88

Ti-Ta 52.54 £ 4.25

2)

The results show that the Ti-Ta mixed powder has better flowability compared to the
non-spherical tantalum powder. However, the blended powder flowability is still lower
compared to the commercially pure titanium powder. Nonetheless, the improvement in
flowability is sufficient for powder deposition and subsequent fabrication by SLM as

shown in the experiments conducted in this study.

Tantalum has a high density of 16.6 g/cm®. The powder volume increases for a specific
weight of the powder mixture by mixing tantalum powder with commercially pure
titanium powder, as compared to processing pure tantalum powder, due to the lower
density of commercially pure titanium (4.51 g/cm?®). This lower the production cost of

processing in SLM as larger powder volume allows fabrication of larger parts.
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Physical properties of commercially pure titanium and tantalum are summarized in Table 4.

Table 4 Physical properties of pure titanium and tantalum powders

Materials Density (g/cm®)  Melting point
(°C)

Ti 451 1650

Ta 16.69 3020

The theoretical and measured densities of Ti-Ta mixed powder is tabulated in Table 5.

Table 5 Theoretical and measured densities of TiTa powder

Material Theoretical density (g/cm®)  Measured density (g/cm?®)

TiTa 7.10 7.0835 £ 0.0035

3.2. XRD phase analysis

It is observed from Fig.7 that the peaks in the Ti-Ta mixed powder pattern corresponds to the

respective peaks of the tantalum powder and commercially pure titanium powder.

The XRD spectrums of SLM produced TiTa samples are also shown in Fig. 7.
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Fig. 7. XRD patterns of commercially pure titanium, tantalum, Ti-Ta powders and SLM
produced TiTa.

After the SLM process, the respective diffraction peaks of titanium and tantalum can still be
observed. However, only the peaks corresponding to the B phase are observed. Pure titanium has
a hexagonal close packed (HCP) structure, i.e. a phase, at ambient temperature. At temperature
greater than 883 °C, it exists as a body centered cubic structure (BCC), i.e. p phase. The  phase
becomes stable at temperatures lower than 883 °C when P stabilizers are added and can be
maintained in the metastable state at ambient temperature. The BCC structure stability depends

on the extent of alloying elements. The amount of  stabilizer required to retain purely [ phase at
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ambient temperature depends on the Molybdenum Equivalency [21], an empirical rule derived
from analysis of binary titanium alloys. In general, approximately 10 wt% of molybdenum is
required to stabilize the B phase during quenching [38]. During SLM, the parts undergo rapid

cooling which is similar to rapid quenching. Molybdenum Equivalence is given by

Moeg = 1.0Mo + 0.67V + 0.44W - 0.28Nb + 0.22Ta +1.6Cr + --- - 1.0Al (1)

Based on the Molybdenum Equivalence, the TiTa alloy formed has a Moeq of 11, which is more
than 10 but less than the critical value of 25. It signifies that the resulting f titanium from SLM
of the mixture of commercially pure titanium and tantalum powders is metastable. B titanium and
tantalum have similar atomic radii (approximately 0.2 nm) and both have bcc structures with
lattice parameter of approximately 332 pm, their XRD peaks coincide. They also share the same

peaks as (Ti,Ta) solid solution [39].

The addition of tantalum in the alloy suppresses the transformation of B phase to the o’ phase due
to the B stabilizing effect. This was achieved by decreasing the critical cooling rate to retain f
phase and lowering of the martensitic start temperature. Coupled with the rapid solidification
during SLM process, SLM produced TiTa exhibits single § phase microstructure and not o + 3
despite being metastable. Previous studies have also shown the preference of formation and
growth of B phase over a phase at large undercooling [40]. Metastable 3 titanium alloys are
advantageous as their mechanical properties can be tailored [41]. This implies that the SLM
produced TiTa parts can be heat treated to obtain various combinations of mechanical properties

for different applications.

3.3. Microstructure of titanium-tantalum parts
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The resulting microstructures of the SLM samples in xy-plane and yz-plane are shown in Fig.

8(a) and Fig. 8(b).

15.0kV SEI

Fig. 8. FESEM micrograph of SLM produced TiTa samples (a) xy and (b) yz plane

The SLM produced samples consist of TiTa solid solution matrix with unmelted tantalum
particles. The applied energy density during SLM is sufficient to fully melt the titanium powder
but some of the larger tantalum particles only melted partially due to the higher melting point of
tantalum. The composition of the TiTa matrix was determined to be 50.74 + 0.82 wt% of
titanium and 49.26 + 0.82 wt% of tantalum. The composition of the TiTa matrix is consistent
throughout, even near the boundary of the unmelted tantalum. The consistency of the
composition shows that the diffusion of melted tantalum into the matrix is not obstructed by the
partial melting. The relatively large two phase (liquid + solid) field in the binary Ti-Ta phase
diagram also shows the difficulty in melting the two materials together. This resulted in the

tantalum particles in TiTa matrix microstructure shown in Fig. 8.
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Equiaxed B grains can be observed, as shown in Fig. 8. Due to the isomorphous f stability effect

of tantalum, no a phase is formed during the rapid cooling in SLM. The equiaxed B grains arise

due to the melting of scan tracks and layers that resulted in temperature about the B transus.

Partial remelting between adjacent scan tracks resulted in melt tracks formation that is larger

than the laser spot size of 80 um. Furthermore, there was also remelting of previous layer due to

penetration depth of the laser larger than the layer thickness of 50 um. This allows growth of the

grains that are parallel, inclined or perpendicular to the build direction in various sizes. This

indicates that the grains grow from multiple locations in the melt pool boundary. A schematic

showing the overlapping of melt tracks and melt pools is shown in Fig 9.

/ \ Gaussian laser beam

/I \

=

Melt tracks overlap

Tiparticles Unmelted Ta
Ta particles TiTa martix

Melt pool overlap across layers

Unmelted powder

Melt pool

g

Fig. 9. Schematic of overlapping melt tracks and melt pools during SLM.

17



In addition, the main driving force in the molten pools of SLM process is the convection applied
by the combination of surface tension gradient, viscous shear stress and buoyancy forces [42].
During solidification of the molten pool in SLM, the laser beam moves forward and thermal
energy is quickly dissipated to the substrate or previous solidified layer due to the higher thermal
conductivity of solid compared to the surrounding powder [21, 42]. This results in temperature
gradients within the melt pool. The temperature gradients result resutting in chemical potential
gradient of solute elements and different directions of liquid flow. These phenomena result in
random orientation of the grains formed due to multiple mass flow directions. Furthermore,
during SLM, laser scanning is performed line-by-line, followed by layer-by-layer. These
influenced the grain formation in multiple directions, as observed in Fig. 8, due to corresponding
thermal flows. The directions of the resulting grains are determined using EBSD, as shown in

Fig. 10.
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Fig. 10. EBSD maps showing different orientation of grains (a) specimen and grain orientation
(b) xy (c) yz and (d) xz planes with respect to build orientation.

Similar to SEM images, the EBSD images shows equiaxed B grains developed and grew within
each layer in multiple directions. The random grain orientations results in anisotropic

microstructure without any preferred grain orientation, despite the rapid solidification rate.
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Furthermore, due to the scanning strategy which involves the laser beam moving backwards and

forwards, the grain structures produced consist of grains in random orientations.

From Fig. 11, it is observed that the grain size of the samples is generally smaller than the laser
spot size of 80 um. This observation implied that there were multiple nucleus sites for grain
formation along one single melt track. The grains formed were orientated in various orientations

due to the temperature gradients that existed in multiple orientations.
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Fig. 11. Grain size distribution of SLM produced TiTa samples.
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The grain size in SLM produced TiTa samples has an average value of 10.20 + 7.68 um and the
grain size distribution is shown in Fig. 11. The difference in grain size can be attributed to the
difference in thermal conductivity of titanium (21.9 W/mK) and tantalum (57.5 W/mK). When
the grain nucleate in proximity to the unmelted tantalum, heat is conducted away quicker due to
the higher thermal conductivity of tantalum, this results in smaller grains formed as the

solidification rate is higher.

In solidification process, the temperature gradient in the liquid phase, G and the growth of the
interface, or solidification rate, R are the two main factors that affect the grain morphology. From
literature, a high G and low R (i.e. high G/R ratio) will result in columnar growth, while low G
and high R (i.e. low G/R ratio) result in equiaxed growth [43]. From the Ti-Ta phase diagram, the
temperature range between liquidus and solidus is approximately 300 °C for titanium with 50
wit% tantalum which allows for solidification to occur within short time periods during SLM.
Furthermore, rapid solidification occurs during SLM inherently, hence, R is high during SLM.
The sectorial scan strategy used in this study has shorter scan tracks which tend to produce lower
temperature gradients (low G) [44]. The low G/R ratio resulting in formation of the equiaxed

grains in SLM produced TiTa.

Within each of the equiaxed grains, laminar  phase substructures with directionality can be
observed. The substructure surrounds the unmelted tantalum particles grow in direction parallel
to the surface of the particles due to tantalum having higher thermal conductivity compared to
the titanium-tantalum solid solution, which results in higher G surrounding the tantalum particles
as heat is dissipated away from the liquid phase faster along the tantalum particles. When the
melt tracks overlap, G is also increased due to remelting. This results in formation of laminar

substructures in the solidified TiTa. The formation of these laminar substructure with
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directionality is due to the Gaussian laser heat source which non uniform power distribution and
fluctuating energy output [45]. This results in multiple temperature gradients of different
direction within the melt pool. Coupled with the multiple nucleation sites in the melt pool and
differences in thermal conductivity between the liquid, solid and powder, directionality in the
substructures occurs. A schematic showing the formation of laminar substructures is shown in

Fig 12.

Gaussian laser beam

Grain boundary

Melt pool

Multiple temperature gradients
in different orientation within
the melt pool

@ ’ B laminar

ucleation sites

Multiple nucleation sites occur
in the melt pool

Fig. 12. Formation of  laminar substructure in equiaxed grains in SLM produced TiTa.
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In comparison, SLM produced commercially pure titanium consist of primary o phase while
SLM produced Ti6Al4V samples consist of a’ phase. The phase transformation in the SLM
produced materials is determined by solidification behaviors of the molten pool with complete
liquid formation, including the liquid flow, solidification rate and thermal history [46]. Heating
and cooling over the beta transus temperature leads to complete re-nucleation of phases. The
difference in microstructure between these three materials is captured by XRD analysis as shown
in Fig. 13. The resulting microstructures of commercially pure titanium and Ti6AI4V samples

are also shown in Fig. 14 and Fig. 15 respectively.
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Fig. 13. XRD patterns of SLM produced commercially pure titanium, Ti6Al4V and TiTa.

15.0kV SEI

Fig. 14. FESEM micrograph of SLM produced commercially pure titanium samples (a) xy and
(b) yz plane
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Fig. 15. FESEM micrograph of SLM produced Ti6AI4V samples (a) xy and (b) yz plane

Standard XRD peaks corresponding to hexagonal closed pack (HCP) structure was detected for
the commercially pure titanium and Ti6Al4V samples. The HCP structure is determined to be o
phase for commercially pure titanium samples from the FESEM images which shows the
microstructure consisting of a mixture of acicular and platelet a. The platelet a is formed when
rapid cooling occurred during SLM from temperature above the beta transus of 883 °C, allowing
the transformation of B into o phase. However, in Ti6AlI4V samples, the HCP structure is
determined to be o’ phase from the FESEM images which shows complete martensitic
microstructure. Martensitic laths transformed from prior  grain boundaries and fill the grains.
Furthermore, the XRD pattern of Ti6Al4V samples indicates presence of a HCP phase with
lattice parameters a = 0.2944 nm and ¢ = 0.4678 which is in agreement with the lattice parameter

values given for the o’ phase (a=0.29313 nm and ¢ = 0.46813 nm) in literature [26].

The materials in SLM undergo very high cooling rates during the process. However, these

cooling rates vary due to the differences in physical properties of the materials. In addition, the
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difference in composition of commercially pure titanium, Ti6Al4V (with a + 3 stabilizers) and
TiTa (with B stabilizer) results in varying beta transus. The difference in cooling rates and beta

transus lead to different microstructure formation in the three materials.

3.3. Mechanical properties

The tensile properties of SLM produced commercially pure titanium, Ti6Al4V and TiTa are
shown in Table 6. All tensile coupons and tests were conducted in-house, using the same
machines and test equipment, with same parameters stated in previous section. The

corresponding typical stress-strain curves are plotted in Fig. 16.

Table 6 Tensile properties of SLM produced TiTa, Ti6Al4V and commercially pure titanium

samples (n = 5)

Material Young’s modulus Ultimate tensile Yield strength Elongation
(GPa) strength (MPa) (MPa) (%)

TiTa 75.77 £ 4.04 924.64 +9.06 882.77 + 19.60 11.72 +1.13

Ti6AI4V 131.51 +16.40 1165.69 + 107.25 1055.59 + 63.63 6.10 + 2.57

cpTi 111.59 + 2.65 703.05 + 16.22 619.57 + 20.25 5.19+0.32
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Fig. 16. Stress-strain curves of SLM produced TiTa, commercially pure titanium and Ti6AlI4V
specimens.

The Young’s modulus of SLM produced TiTa is the lowest. The elastic modulus of an alloy is
mainly determined by the modulus and volume fractions of the constitution phases and is not
sensitive to grain size [47]. It was reported that B phase has the lowest Young’s modulus in
titanium phases, o” phase has modulus lower than o phase and the phase with the highest
modulus is @ phase [27]. The observation from the SLM produced titanium and its alloys parts
are in agreement with the reported results. TiTa samples have the lowest Young’s modulus, as
only B phase is present, followed by commercially pure titanium (with o phase) samples.

Ti6AI4V (with o’ + B phase) samples have the highest Young’s modulus. This observation is
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also in agreement with findings from other B titanium alloys [48]. In addition, the TiTa
specimens have higher ductility, shown by the higher elongation at yield, than Ti6AI4V.
However, the higher ductility is a tradeoff for lower yield strength, which is sensitive to size and
morphology of the microstructures [47]. Higher ductility is due to the absence of strain
hardening in TiTa alloy. Strain hardening occurs in Ti6Al4V due to the presence of o’

martensitic phase, which does not exist in the TiTa alloy.

The differences in microstructure between the materials also translate to differences in
microhardness values as shown in Table 7. There is insignificant difference between the
microhardness values for the xy plane and yz plane for the TiTa, Ti6Al4V and commercially
pure titanium. The random grain orientations without any preferred grain orientation due to the
scanning strategy which involves the laser beam moving backwards and forwards, results in

similar microhardness values in the two planes.

Table 7 Microhardness of SLM produced TiTa, Ti6Al4V and commercially pure titanium

samples

Material xy-plane (HV) yz-plane (HV)
TiTa 284.5+11.06 282.7£9.76
Ti6Al4V 383.16 + 10.62 386.83 +8.73
cpTi 213.4£10.29 217.4 +3.67

The fracture surfaces after tensile tests for the materials were investigated using FESEM, as

shown in Fig. 17.
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Fig. 17. Fracture surfaces after tensile test (a) TiTa (b) Ti6Al4V (c) commercially pure titanium
samples and (d) samples of tensile test coupon before and after fracture.

All specimens fractured after neck creation. The fracture surfaces confirmed the ductility of the
three materials. At microscopic level, they exhibited features showing mixed mode of ductile and
brittle fracture. The fractures surfaces showed a combination of ductile dimples and void
indicating ductile failures as well as cleavage facets that consisted of flat planes with small
atomic steps indicating brittle fracture. The fractures were proceeded predominantly by ductile

intragranular fracture mode with dimple-like morphology. As can be seen from Fig. 13(a) the
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fracture surface of TiTa is covered by very fine dimples of about 2 to 5 um, shown by the
brighter lines in the FESEM image. This was compared to the Ti6Al4V which shows larger
dimples of about 5 to 10 um. The dimple size is indicative of the fracture energy during the
fracture. Ductile fracture was more dominant in TiTa compared to commercially pure titanium,
as observed from the smaller cleavage facets and planes on the fracture surface of commercially
pure titanium. This could be attributed to the presence of the B phase that is more ductile than the
o phase. The higher amount of deep and fine ductile dimples in fracture surface of the TiTa

specimen also represents higher ductility of the TiTa alloy.

In addition, the mechanical properties of TiTa obtained from SLM is compared to the alloy with
same composition obtained by arc melting in previous works conducted by Zhou et al., and the

mechanical properties are summarized in Table 8.
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Table 8 Comparison of properties of titanium-tantalum alloy obtained by SLM and arc melting

Method Phase present Young’s modulus Ultimate tensile Yield strength (MPa)  Elongation (%)  Reference
(GPa) strength (MPa)

SLM B 75.77 £4.04 924.64 +9.06 882.77 +19.60 11.72+1.13 This work

Arc melting  o” 88 530 375 25 [49, 50]
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TiTa alloy obtained from SLM is able to achieve a higher strength to modulus ratio compared to
arc melting. This is due to the rapid solidification and cooling that occurs during the SLM
process. The rapid solidification and cooling results in smaller grains in microstructure which

leads to higher strengths.

4. Conclusions

The ability of SLM to fabricate TiTa alloy was demonstrated in this research. Tantalum was
selected as a potential alloying element based on its ability to stabilize the B phase in the TiTa
alloy as well as lowering the Young’s modulus. A lower Young’s modulus is desirable to reduce
stress shielding in biomedical implants. Based on specific applications, the alloy content can be
altered to reduce the tantalum particles content or heat treatment can be done to induce the

required microstructures and mechanical properties.

The key findings of this research include:

1) TiTa alloy could be fabricated successfully using SLM, demonstrating the SLM
capability to process powder mixtures of different materials apart from pre-alloyed
powders.

2) TiTa alloy processed by SLM was shown to consist only of B phase due to tantalum
stabilizing effect of the phase after rapid solidification

3) Incomplete melting of the larger tantalum particles caused dispersed tantalum particles in
the matrix formed by the fully melted titanium and small sized tantalum.

4) TiTa part showed a combination of high strength and lower Young’s modulus as

compared to commercially pure titanium and Ti6AI4V parts.
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