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Abstract:

In this study, laser powder bed fusion (L-PBF), also known as selective laser melting (SLM),
was used to fabricate samples of titanium-tantalum (TiTa) alloys with 0, 10, 30 and 50 wt.% of
tantalum using in-situ alloying. As-fabricated samples comprised of randomly dispersed pure Ta
particles in a titanium-tantalum matrix. Porosity and unmelted Ta particles of the samples were
revealed using an optical microscope (OM). The microstructure of the alloys were determined by
combination of field emission scanning electron microscopy (FE-SEM), electron back scatter
diffraction (EBSD) and X-ray diffraction (XRD). The mechanical properties of the alloys were
investigated with tensile test and Vickers hardness test. To ascertain the suitability of these alloys
as biomaterials, Ti-50Ta scaffolds with 60% porosity were characterized biologically. This study
further shows that porous TiTa scaffolds fabricated using L-PBF are biocompatible with
comparable biological results and manufacturability as Ti6Al4V and commercially pure
titanium, based on the results obtained from cell culture with human osteosarcoma cell line

SAOS-2.



1. Introduction

Laser powder bed fusion (L-PBF), also commonly knoas selective laser melting (SLM),
additive manufacturing (AM) technique, commonly wmoas 3D printing. L-PBF uses a laser as
the energy source to completely melt and fuse powdsgerials to directly form parts that can be
fully functional. Details of L-PBF have been debed in previous works [1-4]. L-PBF has the
key advantages of AM, such as having lesser desmmstraints and allowing complex
geometries to be fabricated. This has led to istaredeveloping this technique for biomedical

applications due to the capability in mass custation.

Due to the interest in using L-PBF for biomedigaplkcations, many studies have focused on L-
PBF of pure titanium and titanium-based alloys [5-Fantalum is an excellent choice for
alloying with titanium for biomedical applicatiortue to its high biocompatibility, corrosion
resistance and good mechanical properties. In iaddititanium-tantalum (TiTa) alloys are
promising materials for such applications due tghhstrength to density ratio [8]. Despite the
advantages, TiTa alloys are still not widely addpte applications due to the difficulty in
combining these two metals as they have greatrdiff®e in density and melting point [9].
Density of titanium and tantalum is 4.5 and 16.6ng/ while melting point of titanium and
tantalum is 1670°C and 3020°C respectively. These large differences could l¢ad
inhomogeneity during the alloy formation as thegéardifference in density can lead to
segregation of elements in the alloys. The hightingeloint of tantalum may risk the titanium
being vaporized during conventional alloying preessthat typically melt both materials. The
boiling point of titanium is 328, which is very close to the melting point of &om.
Previous work has shown L-PBF is capable of prauycliTa alloys [10-13], proving the

potential forin situ alloying and direct fabrication of functional part



As L-PBF produced TiTa is new, little is known abthe effect of tantalum compositions on the
microstructure and mechanical properties of theyall The biological response of these
materials also needs to be studied to ascertaiauitebility of them for biomedical applications.
In this paper, the effect of tantalum compositiaasstudied by characterizing the L-PBF
produced samples’ microstructure and mechanicapeptes. Porous lattice structures were
produced with Ti50Ta (wt.%) and analyzed biolodicalThe biological response is

benchmarked against the more established Gradentnhetcially pure titanium and Ti6Al4V

produced by L-PBF.

2. Experimental details

2.1 Laser powder bed fusion

Samples were fabricated using in-house developeaidim-tantalum powder blends (with 10, 30
and 50 wt.% tantalum). The titanium-tantalum powbknds were obtained from mixing gas
atomized commercially pure titanium (CP Ti) andtédum powders. The CP Ti powder (Grade
2 ASTM B348, LPW Technology Ltd, United Kingdom)rpeles were spherical with 49 of
43.5 um. The tantalum powder (Singapore Demand Planndr §itngapore) particles were
irregular in shape with £ of 44um. The two elemental powders were mixed and then $mr

12 h at a rate of 60 rpm using a tumbler mixeréhsina 2 L, Bioengineering AG).

The fabrication of the samples was carried outgisirSLM 250 HL machine (SLM Solutions
Group AG), equipped with a fiber laser with a Gaarsdean profile and focus diameter of 80
um. The maximum laser power is 400 W. All processese carried out in an argon

environment with less than 0.05% oxygen to preveridation and interstitial element



contaminations such as hydrogen and nitrogen pickwring the L-PBF process. All samples

were prepared using the same process parametecg the same energy density input.

2.2 Metallographic Characterization

The samples were sectioned to reveal the crosmsakctarea perpendicular to the build
direction. The cross-sections were then ground giif#320 SiC-paper followed by MD-Largo
(DiaPro Largo 9um suspension). They were finish polished with MDe@h(OPS 0.04um

suspension + $D,) to achieve mirror finish for further analysis.

The polished samples were observed with opticafoatope (OM) to reveal the part’'s quality.
Image analysis was done with ImageJ software t@iobthe percentage porosity and area

percentage of unmelted Ta.

To identify the constituent phases, the polishadpes were analyzed with X-ray diffraction

(XRD, PANalytical Empyrean, Netherlands) using Cu+lddiation and a step size of 0.05°.

Microstructure analysis was done with a field emisscanning electron microscope (FE-SEM,
JEOL 7600F, JEOL, Japan) equipped with backscaltetron (BSE) detector. Texture analysis
was done with electron backscattering diffractiBB$D) analysis using FE-SEM equipped with

an AZtecHKL Oxford system, scanning with a ste €#0.5um.

2.3 Mechanical Characterization

Tensile coupons, based on ASTM E8 sub-size specimeme produced using electrical
discharge machining (EDM) from blocks fabricated IbJPBF. An Instron Static Tester Series
5569, 50 kN machine with a loading rate of 1 mm/mias applied on all tensile samples.

Tensile test loading direction was perpendiculartite build direction (z-direction) of the



samples. Average values are derived from the mééimeospecimens for each TiTa alloy of a
particular tantalum content. Fracture surfaces wéserved with FE-SEM under the secondary

electron (SE) mode to obtain the fractography.

The microhardness test of the material was camgdising Vickers hardness tester (DuraScan,
Struers, Denmark) on the xy- and yz- planes whdmad of 100 g and a loading time of 15 s
were used. Average values are derived from the mé&® indentation on each plane, across

five specimens, for each TiTa alloy of a particdiartalum content.

2.4 Biological Characterization

The lattice structures used were designed baséueatlesign constraints obtained from literature
[14-17]. The unit cell is made up of horizontal aredtical crosses connected through the origin
with 0.285 mm square cross-sectioned struts. Themkions of the repeating unit cell were 1
mm by 1 mm by 1 mm as shown in Figure 1. The saonepater aided design (CAD) file was

used for the fabrication of all CP Ti, Ti6Al4V anti50Ta samples for the biological

characterisation. L-PBF with the same process peatens and conditions is used to fabricate all
the samples. The L-PBF capability in building hontal and vertical struts has been

demonstrated in the previous work [18].

The human osteosarcoma cell line SAOS-2, whichbmansed to study events associated with
the late osteoblastic differentiation stage in horoalls, was obtained from the American Type
Culture Collection (HTB85, American Type Culturel@otion, ATCC). The cells were cultured
in McCoy's 5A modified medium (16600-082, Gibcofel Technologies), supplemented with 15
% foetal bovine serum and 1 % antibiotics. Thescelere cultured at 37 °C with 5 % O

routinely trypsinized after confluency, counteddaseeded onto the scaffolds. The scaffolds



were sterilized by soaking in 70 % ethanol for anrhand autoclaved for 20 minutes at 221
A cell suspension of §10°cells in 100uL was added onto the top of each scaffold. Aftéiah
incubation of 3 hours, mL of culture medium was added to cover the scdffiar cell

proliferation.

To determine the biocompatibility of the scaffoldests using Quant-iT PicoGreen dsDNA
Assay Kit (Life Technologies, Thermo Fisher Scikotiwere performed on days 1, 3 and 7.
Each material (CP Ti, TiTa and Ti6Al4V) has 3 reptes. Day 7 is the end of the culture period.
The amount of double stranded deoxyribonucleic &&DNA) corresponds to the number of
SAOS-2 cells found within the scaffolds. One-waglgsis of variance (ANOVA) together with

Tukey-Kramer post-hoc analysis was used to idempiifysible significant differences in number

of SAOS-2 cells (with significant threshold: p ©8) between the TiTa, CP Ti and Ti6Al4V.

The cells were also cultured in Dulbecco’s Modiftedgle’s Medium (DMEM, Gibco, Thermo
Fisher Scientific). Cultures were maintained at’@7with 5 % CQ in a humidified incubator.
Cells were subcultured every two days with 0.01r§pdin (Gibco, Thermo Fisher Scientific).
The lattice structures were sterilized using aaeeland dried in 68C oven overnight. Before
cell culturing, the samples were placed in 24-yéles, one in each well and UV sterilised for

15 minutes.

5000 cells were suspended in 100 pL cell culturdiome and seeded on the surface of the lattice
structures. The seeded samples were transfer@thoubation for 1 hour to allow cell adhesion.
Then 1 mL of cell culture medium was then addedach well by the wall side without directly

flushing the lattice structures surface. Culturesencarried out for 1, 4 and 7 days until stained



with live/dead staining kit (Invitrogen, Thermo k& Scientific) for florescent microscopy.

Each material (Grade 2 CP Ti, Ti50Ta and GradeiB3[#V) has 3 replicates.
3. Results and Discussion
3.1 Quality of titanium-tantalum parts

Table 1 summarizes the percentage porosity andrdee percentage of unmelted Ta associated
with each L-PBF built TiTa alloys vim-situ alloying. With the addition of Ta, an increasing
trend of porosity level and the amount of unmelf@dparticles were observed. Nevertheless, a
dip of porosity level can be seen as 10 wt% Ta agked into Ti. OM images of polished cross
sections revealed possible reason behind suchipotiend (Figure 2). With the addition of Ta,
the size of spherical keyhole porosity decreasedewthe amount of lack-of-fusion defect
increases. With constant energy density inputatidition of Ta leads to increased vaporization
point and suppressed the formation of keyholes.nvbde, the Ta particles can agglomerate
and act as heat sink which causes the laser malltpdéreeze before it fuses completely with the
previous layer (Figure 5d). The constant energysitigmput also leads to increasing amount of
unmelted Ta particles as Ta (30%7) has much higher melting point as compared t(1&68

°C).
3.2 Microstructures of titanium-tantalum parts

Table 2 summarizes the Ta content in matrix regibe, available phase(s) and the mean
lath/acicular width within the matrix region assaeid with each alloy composition in this study.
The Ta Content in matrix regions (region away fremmelted Ta particles and Ta depleted area)
were identified via EDS analysis. Meanwhile the g@#{a) in majority are typed in bold and the

phases formation are consistent with past studiesapidly cooled TiTa alloys [19, 20]. The



conclusion of phase(s) formation is a combined ewvig@ from the XRD analysis, BSE
observation and EBSD analysis which will be disedskter in this section. With the BSE and
EBSD analysis, the mean lath/acicular width assediaith each part at the matrix region were

measured and calculated.

Figure 3 illustrates the XRD curves of L-PBF ashbti(0, 10, 30, 50)Ta obtained from-situ

alloying.

The XRD curve of CP Ti shows the typical hexagoriake packed (HCP)-Ti peaks. With
slight addition of 10 wt.% tantalum, peaks of H@Pmartensite can be observed which is a
supersaturated solid solution pfstabilizing elements obtained from a quench-likecpss.
Further addition of tantalum in Ti30Ta leads to pbeoadening without obvious peak splitting
at thea’ peaks. This signifies a mixed HC¥ martensite and orthorhombie’ martensite
formation. Further addition of tantalum leads te #ppearance of body centred cubic (BCC)
peaks in addition to the¢ and o” martensite(s) peaks in Ti50Ta. The BCC peak3iB0Ta are
jointly contributed by the un-melted Ta particlesveell as the3-Ti phase. The co-existence of
Ta particles ang-Ti phase in Ti50Ta are further confirmed with B6Bservation (Figure 5d)
and EBSD analysis (Figure 6d). It is good to ta&eerthat short peaks that coincides withi

peaks indicates the existence of un-melted tantahueti TiTa alloys in this study.

L-PBF is known to result in high cooling rates (been 18 and 16 K/s) that forms metastable
phases [21-24]. It was well agreed that metastpbéses such ag’( o”’, ® and metastablg)
can exist in rapidly cooled titanium alloy systefh8]. The quench-like process of L-PBF leads
to the formation of fullh’ martensite due to fast cooling from the tempamtange of phase

stability. The critical cooling rate necessary tioe initiation of the martensitic shear process can



be achieved in the L-PBF process [25]. Tdigphase is a supersaturated solid solutior of
stabilizing elements in near Ti composition and can lead to an increase indhenit cell
volume [19]. Nevertheless, distinguishing XRD pedletweeno. and o' martensite can be
difficult as there are only slight differences imeir lattice constant. The differences can be
shown ino phase [26] and’ martensite [27] of Ti6Al4V alloy, as shown in Tlal8. To confirm
that the lath phase in the matrix of Til0Ta is edle’ phase, line EDS analysis was conducted
as shown in Figure 4a. The analysis shows thdathephase does contains nearly 10 wt% of Ta

with no segregation at the lath boundaries, henoérming it as ther' phase (Figure 4b).

As the composition changes from Til0Ta to Ti30he, peak broadening effect without obvious
peak splitting signifies a transition frond martensite too” martensite. The absence of peak
splitting in Ti30Ta is due to the slight changedadttice structure fromu’ to a” martensite(s).
The transition of these two martensitic phasesoisticuous and is often considered as one
martensitic phase’(a”) [28]. The extent of changes in such martensitkdttice structure is
highly dependent on the amount of solid solutiodeatl[20, 29]. Similar XRD peak broadening

effect on TiTa alloys can be observed in pastditees [20, 30].

For Ti50Ta, the addition of tantalum lowers the t@asitic finish temperature to below room
temperature. Hence, partial martensitic transfoionatan be observed with the existence of
retained priorp phase. The XRD peaks of un-melted tantalum coeaxcwith the peaks d}
phase in Ti50Ta, hence body centered cubic (BCCIp ieaks can be observed in @lsitu

alloyed parts with tantalum addition [10].

The SEM images illustrated in Figure 5 were takeden the BSE (or SE when specified) mode

to reveal parts’ microstructure as well as compasitl segregation.



Tantalum is a heavier element compared to titanwigch can lead to more back scattering of
electrons, hence making BSE imaging mode an efeatiethod to show the compositional
contrast in such binary alloys. Figure 5a showsntierostructure of as-built CP Ti in this study
which depicts the typical Widmanstétten latlmicrostructure (~ 4.63@m width) in a L-PBF
produced CP Ti part [11, 31]. With slight Ta aduliti TilOTa shows a finer lat-
microstructure (~ 3.27am width) transformed from priop phase with cellular sub-structure
(Figure 5b). The priof grain boundaries in Til0Ta cannot be easily oleskiivom the BSE
images and can be better seen from the EBSD magipiggre 6b). Both CP Ti (Figure 5a) and
Til0Ta (Figure 5b) parts show occasional microcsdaokbetween the laths with CP Ti showing
longer microcracks. It is unclear whether the nucacks are defects inherent of the SLM
process or artefacts from the etching effect from ®PS polishing step. Regardless, the highly
orientated microcracks from the fractography of GRFigure 11a) seems to be related to the
microcracks as observed in BSE image of CP Ti (féida). Further addition of tantalum as seen
in Ti30Ta leads to substantial formation of Ta pacga (Figure 5c¢). High magnification BSE
images at the matrix region (Figure 5e) of Ti30Tews the nanometer sized aciculdr-
structure (~ 0.07@m width) while the Ta poor region (Figure 5f) shathe lathe structure. At
Ti50Ta, B phase with cellular sub-structure was stabilizeédyre 5d) which is further confirmed
in the EBSD analysis (Figure 6d). A higher magiaificn of Ti50Ta in the matrix region (Figure
5g) vaguely shows the existence of nanometer smateilare” structure (~ 0.052um width).
Similar to Ti30Ta, Ta poor region in the Ti50Ta tpainows the formation of latk- structure
(Figure 5h). In allin-situ alloyed TiTa parts, tantalum-rich area (indicateth red arrows in
Figure 5) can be seen with some of them surroubgedntalum depleted area. The tantalum-

rich area is caused by incompletely diffused/meligdatalum particles and the frequency of



occurrence increases with more tantalum additiom tduthe constant energy density input. In
Ti50Ta, the BSE image shows a dark tantalum-degpleieea surrounding a cluster of
agglomerated Ta patrticles (Figure 5d). The Ta dieplef the area leads to the formation of fine
lath-o~ martensite which is more obvious in the EBSD-miagpof Ti50Ta represented by
overlaid band contrast mapping (Figure 6f). Moreptbe Ta depleted areas are seen to be
commonly associated with the lack-of-fusion defextseen in the overlaid SE image in Figure

5d.

The effect of rapid cooling cycles in L-PBF processlearly reflected in the microstructure of
fabricated parts. The effect of such quench-likecpss can be seen in BSE images where non-
equilibrium elongated phases such as tatlfFigure 5f) and aciculas’ (Figure 5e) were
formed. Meanwhile, the formation of cracks betwésths might be due to the residual stress
from the fast cooling cycle inherent to L-PBF pregeThen/a’ colony size as well as the width
of lath/acicular phase in all the printed parts banclosely associated to the addition of Ta. Ta
exhibits slower diffusion rate in high temperat@r&i as the concentration of Ta increases [32].
Such sluggish diffusion of Ta can become a limitiagtor for the growth rate of lath/acicular
phase which subsequently leads to finer microsirec{33]. The observed microstructure
refinement is consistent with a similar TiTa stymgviously done [11]. Lath refinement is often
related to faster cooling rate in the past [Bd{ not as suitable as an explanation in this stady
the same process parameter has been used foeadtutiied compositions. With smallefo’
colonies, the effective slip length will be shortér smallera/a’ colony has more resistance
towards micro-crack formation as the boundaries mnadtensitic plates are strong obstacles
against microcrack propagation [35]. Rapid soldifion can also lead to limited tantalum

diffusion, leaving some areas solidified beforaaam has the chance to completely diffuse and



homogenize the area. Hence, most of the tantalynietdel areas can be seen accompanied with
some un-melted/incompletely diffused tantalum phes. Such compositional segregation can
lead to formation of different phases in differeareas, in which the effect is especially
prominent in Ti50Ta. Such compositional segregatibmantalum leads to the formation @f
martensite due to insufficieftstabilizing element to supress syth~» o’ transformation. With

the addition of Ta while maintaining constant eyedgnsity input, big cluster of Ta particles in
the laser melt pool act as a heat sink which caysesnature solidification. The early
solidification prevents a good bonding between iporbf the melt pool with previously built

layer, hence the formation of lack-of-fusion defect

The formation of cellular substructure can be segparts with addition of tantalum and can be

related to the planar interface breakdown condiéisshown in Equation (1).

Teq

G .
=< D, Equation (1)

whereR is the solid growth raté&s is the temperature gradient ahead of solidificatront, Teq iS

the equilibrium solidification range of the allogdD, is the solute diffusivity in the liquid [36].

During the solidification process of TiTa alloygahium rejection by the solid into the liquid
ahead of solidification front occurs and the titami needs to be transported away from the
interface. This leads to a compositional gradi¢wtaal of the solidification front which translates

to a variation of liquidus temperature. Dependinglee G/R ratio, substructure morphology can
go from planar, cellular, columnar dendritic to eoped dentritic. If the}% > ff—q, the cellular
L

solidification front can be simply re-melted leaglito stabilization of the planar interface. The

formation of cellular substructure of TiTa partghis study can be ascribed to the satisfaction of



%< %condition. This leads to the breakdown of a plangrface, resulting in constitutional
L

supercooling and the formation of cellular subdtitee In dilute titanium alloys (Figure 5a),
there is subtle difference between the solidus &qdidus line andTeq approaches O.

Furthermore, the temperature gradient is positveatds the build direction in a SLM process
where% > 0 [37]. The stable planar interface can be formedhia case without existence of

constitutional supercooling, hence the absencelbflar substructure.

Figure 6 elucidates the EBSD mapping of each samnpleinverse pole figure - Z (IPF-2)
colouring. Band contrast (BC) mappings are overlaidome images to show minor phase(s)
present in the mapping. Despite being a BSE imkggire 6e is included to show columnar

prior-p grain boundaries associated with Figure 6a.

CP Ti is IPF coloured for HCP indexing (Figure 6&)10Ta for HCP indexing (Figure 6b),
Ti30Ta for orthorhombic (Figure 6(c)) and Ti50Ta &BCC lattice indexing (Figure 6(d)). The
band contrast was overlaid on the mapping to shownalted tantalum in as-built Til0Ta and
Ti30Ta while showing lathe in as-printed Ti50Ta. Large amounts of black eméd unindexed
area can be seen in the EBSD mapping of Ti30Tau(€igc) and Ti50Ta (Figure 6d) due to the
compositional segregation that causes phase ditfeseas well as continuous changes in lattice
constant. EBSD mapping of CP Ti (Figure 6a) cleashows different variants of lath-
nucleated from priof grains. Unfortunately, the prig¥ grain boundaries in CP Ti cannot be
clearly observed in the EBSD mapping. With the @®BSE image (Figure 6e), long and large
columnar priorp grains in which the lath-nucleates from can be seen. Nevertheless Til0Ta
(Figure 6b) shows finer latl-transformed from columnar prigr along with some stray prigr

grains. Meanwhile Ti30Ta (Figure 6¢) shows orthonbac phase with more randomly orientated



elongated priof grains. Mapping of Ti50Ta shows equiaxphase (Figure 6d) as well as lath-
o’ phase (Figure 6f) surrounding areas with un-ntetentalum due to insufficient tantalum to
retain the} phase. The speckles of unindexed area of Ti50Trd@mihep phase might be caused

by the embedded aciculai-phase which is difficult to be indexed (Figurf.6

Pole figures were plotted to highlight the effetfTa addition towards the overall parts’ texture,

as shown in Figure 7.

Burger’s orientation relationship gfphase with other phases are listed below to peoaitietter
idea on texture of3 grain prior to transformation to a stable/metdlgtaphases at room

temperature:

(0001} | (011)3 [26]

(001)' | (011 [27]

(001" 1 (011) [26]

The minimum and maximum value in the pole figurepresent the “multiple of uniform
density” (MUD) value which can be defined as themsity of crystallographic orientation with
relation to the normalized value in random oriéntatThe pole figure of CP Ti shows a highly
columnar prioip texture that has the axis of (001) plane stroa@ipned with the build direction.
The pole figure obtained for the as-built titaniusnsimilar to the titanium that undergoes
unidirectional rolling abov@ transus temperature [35]. The maximum MUD valueTd0Ta
(9.81) becomes weaker compared to CP Ti (16.39) dtilit exhibits columnar priorf3
characteristics. The pole figure for Ti30Ta showsare randomly orientated prifi texture

compared to TilOTa. Nevertheless, preferentialrg¥igrain growth in the (001) direction can



still be seen along the build direction. As-builb@Ta shows the weakest texture among all the
printed samples. The maximum MUD value is the ldvasong all samples (5.44) with tBe

phase having slight preferential (001) growth ie build direction. The general trend of texture
with tantalum addition can be clearly depicted wilte MUD value associated with each part

(Figure 7).

The crystal nucleation mechanism of an alloy casatly influence the resultant texture. SLM
process typically possesses hi@iR ratio that promotes epitaxial growth (heterogenous
nucleation) from the previously formed crystal. Mover, the general direction of heat flow is
opposite to the build direction and promotes coitiget growth of crystals. Hence, SLM
processed titanium alloys typically possess lodgmoar priorf3 grains with respect to the build
direction [38]. The addition of tantalum can lirtlie columnar priof grain formation by acting
as nucleation sites if the tantalum particles domelt completely before the part solidifies. The
promotion of epitaxial growth of prigs crystals from un-melted tantalum particles canuocc
due to the low lattice mismatch between the twosphaA BSE image of Ti50Ta in the matrix
region (Figure 8) clearly shows nucleatiorfajrain from an un-melted Ta particle. With the un-
melted Ta acting as a heat sifikJi “stray” grain can nucleate and grow away frone {Ta
particles. With the existence of such “stray” grazolumnarf grain parallel to the Z direction
will be fully/partially blocked. This results in m® grains of different orientations to grow
epitaxially from, leading to smaller prifirgrains. As more tantalum were added while retginin
the same energy density used during SLM, more utethéantalum particles are retained and
disrupt the formation of columnar grains. Hence, tiesxture of3/prior f phase becomes weaker

as more tantalum particles are added.

3.3 Mechanical properties of titanium-tantalum art



The tensile properties of L-PBF produced TiTa alaye shown in Figure 9.

With the addition of Ta, the yield strength (YSHantimate tensile strength (UTS) increases and
peak at Ti30Ta which immediately followed by a ktiglrop at Ti50TaAn inverse trend is
observed for the Young's modulus where Ti30Ta eixhithe lowest average value. Such trend
is similar to the trend reported in a previous w{BR]. The strengthening of the TiTa alloy
systems up to Ti30Ta can be caused by a combinafig¢a) Solid solution strengthening (b)
Lattice transformation and (c) Grain boundary ggteaning - Hall Petch effect. From the BSE
and EBSD analysis, it can be observed that theageevalue of lath/acicular size decreases with
the addition of Ta (Table 2). As the microstructbexzomes finer, dislocation movement across
the grain boundary can become difficult and thusaases the mechanical strength (Hall Petch
effect). The slight drop of strength at Ti50Ta &ised by the formation gf(BCC) phase which
exhibits more slip systems. Unlike other TiTa cosipons, Ti50Ta has large retainfdyrains

as the majority phase according to the EBSD arsl{Sigure 6d). As such, the strengthening
effect from lath/acicular refinement is not as efifee for Ti50Ta as compared to those in CP Ti,
Til0Ta and Ti30Ta where the lath/acicular phasenfothe phase majority. It can be seen that
the trend of YS and UTS is closely followed by trend of microhardness value tested in either

the xy- and yz- planes (Figure 10).

The fractography of the TiTa alloys are shown igufFe 11.

All four groups of specimens show signs of dugtiis the specimens showed necking before the
specimen fractured. The fractographies obtaineah f6&M confirm that they exhibit both brittle
and ductile fracture. The surfaces of the specinsfiesv the presence of cleavage facets that

indicates brittle failure, and ductile dimples amlds that indicates ductile fracture. From the



fractography, preferential crack path behaviors lmamwbserved in CP Ti (Figure 11a) which can
be correlated with those in Figure 5a. Meanwhite, fractographies (Figure 11la-d) show that
the void occurrence on the fracture surfaces iser@dth Ta addition which is closely related to
the porosity level and the amount of unmelted Tab({@ 1). As observed in the BSE images in
Figure 5, unmelted Ta is commonly surrounded bypdar region which is comprised of lath-
phase. Strain incompatibility and stress conceotratcan be expected at the lath-
o’'(HCP)/Ta(BCC) boundary due to the lattice mismabstween the two phases [40]. Such
mismatch possibly leads to interface rupture arabsguently contribute to void formation and
coalescence. Hence, the addition of Ta showed asag trend of elongation due to the
occurrence of defects such as porosity and unmé&kgghrticles. Similar observation was indeed
observed in a study on SLM in-situ alloyed Ti-Nb-Bd]. Nevertheless, such claim of voids
formation remains a sound hypothesis and the fgaaphy only provides indirect evidence.
Further investigation is still required to studydaoonfirm such claim of void formation

mechanism.

3.4 Biocompatibility Evaluation of Titanium-TantatuStructures

For the biocompatibility tests, the overall dimems of the Ti50Ta lattice structures used are 10
mm in diameter and 2 mm in height. The generated @#odel and the as-fabricated L-PBF

sample are shown in Figure 12.

Cell viability is assessed using dsDNA picogreesagsThe results are shown in Figure 13.

dsDNA measurements show an increasing trend fahede materials (n = 5) as shown by the
red dotted line in Figure 13. After 7 daysiofvitro culture, the SAOS-2 cells are found to be

viable and proliferating on all the scaffolds. OaydL, 3 and 7, the relative cell number on the



scaffolds of the three materials are similar. USKIJOVA, it is statistically determined that
there is no significant difference between the ltssior all three materials on all the 3 time
points. However, the insignificant difference isuéts can be attributed to the slight difference in
porosity of the scaffolds due to the L-PBF procdsee porosities of the scaffolds are measured

and shown in Table 4.

The higher porosity allows more cell growth int@ amples along the struts and better nutrient
delivery and waste removal for cells that have atepl into the scaffolds [42, 43]. This factor

becomes more critical as the number of daya #ftro testing increases.

The cells were stained with live/dead kit where loells will show green florescence, dead cells
will show red florescence. Through 7 days of celture, very few dead cells were observed as
shown in Figure 14. This demonstrates good celbilig in all three materials. However,

different cell proliferation rates were observed.

In CP Ti and Ti6Al4V, cells were nearly 80 to 90c#nfluent at day 4 and fully confluent at day
7. In contrast, in TiTa, cells were covering lésant 50 % of the surface on day 4. However, they
were continuously proliferating and became fullyfteent at day 7. This trend is also observed

in the dsDNA measurements.

Despite the same CAD model used for fabricationthef lattice structures from the three
materials, the struts surface roughness can bereliff. Struts surface roughness is affected by
the L-PBF process parameters and material propeiti@ 44, 45]. It is well established that
surface roughness affects important cell processels as cell proliferation [46]. It has also been
found that increasing roughness on lattice strecsurfaces increases alkaline phosphatase

(ALP) activity [47]. Hence, the difference in cedtoliferation rates may be attributed to the



different struts surface roughness of the latticecsures and varying material surface properties

[48]. This will be studied in the future.

4. Conclusion

This study shows that the amount of tantalum inaTalloys fabricated using L-PBF has effect
on their microstructure and mechanical properties.addition, porous Ti50Ta scaffolds
fabricated using L-PBF are biocompatible. When bemarked with CP Ti and Ti6Al4V, the

Ti50Ta scaffolds show comparable biological results

Based on the results, the key findings can be suiseth

1) As the content of tantalum increases in the TiTaya| the phases present in the alloys
change fromu 2> o’ 2 o” +0o’ 2 B +a” +a’. Phases detected in the alloy matrix are in

bold text.

2) Ti30Ta provides the optimal mechanical propert@orthopaedic applications due to its
lowest modulus while having the highest UTS and YBe addition of Ta refines the
lath/acicular phase size which strengthens the Ell@y up to Ti30Ta. Further Ta

addition to Ti50Ta leads courgegphase retention.

3) The decrease in elongation to failure with Ta addiis due to the increased amount of

porosity and unmelted Ta in the alloy matrix.

4) TiTa scaffolds showed similar biological responseCG¥ Ti and Ti6Al4V, making it a

potential novel biocompatible material for biomediapplications.

In vitro experiments in a static environment haweer carried out in this study. Further

biological response can be obtained using an apfatitming ability test, cytotoxicity test and



measuring the alkaline phosphatase activity. Dynaemivironment can also be used as the
behaviour of seeded cells on scaffolds is expedtedbe different in static and dynamic
environments. Histological studies can be carr@dnvestigate the path taken by the cafls
vitro to go into the depth of the lattice structurksyvivo tests in animal models can then be
carried out with histological type works which wile useful in studying the cells and tissues

attachment to the TiTa lattice structures.
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Figure Captions

Fig. 1. Repeating unit cell used in CAD

Fig. 2. OM images revealing the quality of SLM built TidHoys via in-situ alloying: (a) CP Ti
(b) Til0Ta (c) Ti30Ta and (d) Ti50Ta

Fig. 3. XRD patterns of SLM-built in-situ alloyed TiTa ails with different Ta contents

Fig. 4. Line EDS analysis on Til0Ta part: (a) Line EDSIlgsia across lathe boundary (b)
Result of line EDS analysis

Fig. 5. SEM BSE images revealing the microstructure of ShMit TiTa alloys via in-situ
alloying: (a) CP Ti (b) TilOTa (c) Ti30Ta and (dj50Ta, with the right portion showing SE
image (e) High magnification image of matrix regionTi30Ta showing fine acicular- phase
(H High magnification image of Ta poor region in30Ta showing lathy phase (e) High
magnification image of matrix region in Ti50Ta show fine aciculare” phase (f) High
magnification image of Ta poor region in Ti50Ta wimy lath«’ phase. The red arrows
highlight some of the tantalum-rich areas/un-metsedalum

Fig. 6. EBSD mapping with IPF-Z colouring (BC showing minphases): (a) CP Ti (IPF
colouring for HCP), (b) Til0Ta (IPF colouring forG® and BC for un-melted Ta) , (c) Ti30Ta
(IPF colouring for orthorhombic and BC for un-meltantalum) , (d) Ti50Ta (IPF colouring for
BCC and BC for HCP), (e) Low magnification BSE ireagf CP Ti, (f) Higher magnification
EBSD mapping for Ti50Ta to highlight latli-phase. The white arrows highlight some of the
tantalum-rich areas/un-melted tantalum

Fig. 7. Pole figure with in-plane axis parallel to the Idudirection (a) Ti (HCP) (b) Til0Ta
(HCP) (c) Ti30Ta (Orthorhombic) and (d) Ti50Ta (BICC



Fig. 8. SEM BSE images revealing priprgrain nucleated from unmelted Ta particle

Fig. 9. Mechanical properties of titanium-tantalum alloygh different tantalum wt.% (a)
Young modulus (b) ultimate tensile strength (c)d/&trength and (d) percentage elongation

Fig. 10. Vickers microhardness value of TiTa alloys witfffetient tantalum wt.% (a) x-y plane
(b) y-z plane

Fig. 11. Fractography of (a) CP Ti (b) Til0Ta (c)Ti30TaTb0Ta

Fig. 12. Lattice structures for cell biocompatibility t€a) CAD model, (b) as-fabricated sample

Fig. 13. Relative cell number on cpTi, Ti6Al4V and TiTatlaé structures

Fig. 14. Florescence microscopy with live/dead kit for ¢pllibAl4V and TiTa lattice structures



Table 1

Porosity and percentage unmelted Ta associatedeatth alloy composition

Alloy Composition

Porosity (%) Unmelted Ta (%)

CPTi

Til0Ta

Ti30Ta

Ti50Ta

0.062 N/A

0.039 0.317
0.236 1.724
0.466 2.685

Table 2

Percentage Ta content of matrix region, phase(d)lah/acicular width associated with each

alloy composition in-situ alloyed with SLM. The ##s) in majority are typed in bold

Alloy Ta Content in Available Phase(s) Lath/Acicular
Composition Matrix Region Width (um)
(W1t%)

CPTi N/A Lath a 4.637
Til0Ta 9.8 Lath o', Un-melted Ta 3.279
Ti30Ta 29.1 Acicular a”, Lath a’, Un-melted 0.079

Ta
Ti50Ta 47.6 Equiaxedp, Acicular a” , Latha', 0.052

Un-melted Ta




Table 3

Lattice constant of anda’ martensite in Ti6Al4V

Phase a o

Lattice Structure HCP HCP

Space Group P63/mmc P63/mmc

Lattice Constants a=0.295 nm a=0.293 nm
c =0.469 nm c=0.467 nm

Reference [26] [27]

Table 4

Porosity of the scaffolds

Material Porosity (%)
TiTa 59.79 £ 0.68
Ti6AI4V 63.20 £ 0.55

cpTi 59.86 +0.59
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