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Abstract. Printing of single tracks from atomised powder wasied out
to determine th@otentialparameters for Laser Powder Bed Fusion ef Ti
6Ta1.5Zr-0.2Ru5Cu (mas$o). Parameterthat were varied includdaser
power, scanning speed, beam diameter, linearpdanthrenergy density.
The single tracks were characterised by SEM 8&MM-EDX, showing
variationsin microstructural homogeneitfPromisingtracks were produced
using laser power df57.5W, scanning speed &0 mm/speam diameter
of 0.15 mm, 0.263)/mm linear energy and 1.750 J/fhplarer energy
density XRD for one of hesetracksindicated( . 7)land( 7 )Lsolid solutions
as well agheTi>Cu phase

1 Introduction

Laser Powder Bed Fusion®BF) is an additive manufacturing (AM) tedguethat involves
applying thin layers of powder to a build plate amging a laseenergy source, fusehe
powder based on th#esignedgeometry[1]. Powders are heated and fused laygtayer
according to the design createdcimmputeraideddesign(CAD) softwareto produ® near
netshaps [2]. This can be done to Hd Ti-based alloycomponentswith complicated
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geometrieandexcellent mechanical propertigg, which isbeneficialfor increased design
flexibility for complex geometrieshortemproduction timesndless material waste].

LPBFis now being used to produce near full density (99.5%) parts with mechanical
properties like those fabricated using conventional methods although they are still weaker
when exposed to cyclic loading [1}ledical devicesare a significant portion of the AM
market andthe requesfor healthcarecomponents isncreasng for therapeuticdelivery,
surgical planning, implant design atissue engineeringpplicationg4]. AM can be usetb
customisanedical device and prosthesds the unique anatomy of each patigsjt

Titanium alloys are used in dental implants because of their excellent properties,
including biocompatibility, osseointegration and good mechanical propedlieFi{6Ta
1.5Zr0.2Ru5Cu (mass%)ZDV GHYHORSHG DV D SRWHQWLDO . DOO
[7]. The addition of 5 mass% copper promotes good antibacterial progedidss to the
formation of TiCu precipitates [6]as well as balanced mechanicaperties A 0.2 mass%
ruthenium addition enhanced corrosion resistance without changing ¢hestnicture TJ.

In dental implants, corrosiaesistance is important as mouktave various electrolytes with
some corrosive specieShe ascast Ti6Tal1l.52r-0.2Ru5Cu (mass%) alloy7] had the
required TiCu precipitatesk-ig. 1. Spherical atomised powder of the same composition had
been producedith particle sizesvithin a10-100 umrange for compatibility with the PBF
procesg8].

-
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Fig. 1. SEM-BSE image ofascastTi-6Ta1.52r0.2Ru5Cu (mass%) showing inside one
JUDLQ ZLWK .7L QHHGOHYV GDUNxCu(ight)[7/PDWUL[ PHGLXP DQ

v

To achieve the desired properties, optimisationL&BF process parameters is
necessary to produce higjuality, defectfree components9]. Thus, it is important to
understand the relationship between the processing paranggemetryand the resulting
microstructure 10]. Preliminarymethodsthat aremostly usedare expensivand require
more material and energgsaviation standards mention that the first 2.5 mm of the part from
the base plate should be discarded as the process has not reached thermal sthbdlity [1
more recent single track approach is instead-effettive as it requires less material and
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energy to preliminarily evaluate the effects of different combinations of LPBF process
parameters on the geometric characteristics of the obtained deposit and the changes in
microstructure [12]. While these single tracks might primarily indicate weldghélg the
interaction with the base plate limits their ability to provide insights into the final properties
of the components, they can help identify a suitable process window to build complex 3D
shapes.

In LPBF, the influence of laser power and scan speedMrcomponents is important
[12]. Linear energy density (LED), defined as the ratio of laser power to scan speed,
significantly impacts the melt pool's characteristics, including its shape and thermal
dynamics, which in turn affect the microstructure, grain size, porosity and mechanical
properties of the final part 8l. Additionally, factors such as the base plate size and powder
characteristics influence cooling rates, ultimately determining micieisteiand mechanical
properties. Utilising a finer laser spot size can create a localised concentration of heat,
yielding more energy for a given laser power and scan speed. Moreover, planar energy
density (PED), which is the energy input per unit arem@hith the thermal properties of
the powder, offers a deeper understanding of the melting and fusing procEgses [
Controlling PED is crucial for achieving the desired dimensional and morphological
characteristics of the melt pool, ensuring good adinelsetween the base substrate and the
fused tracks12].

This study investigatdsPBF of a newly developed T6Ta1.52r-0.2Ru5Cu (mass%)
alloy, aiming to identify potential process parameters through singlestaaalysis.Single
tracks printing experiments were performedth varying laser power, scanning speedd
beam diameter. The analysis of tharface of theLPBF single tracks involvedheir
morphology andnicrostructural characterisation, in comparison to theass$ alloy,using
SEM, EDX and XRDThe final goal is to fabricate defeftee components for biomedical
implants usinga newy developedTi-Cu alloy with improved aniacterial properties,
contributingto the expansion dhe LPBF process in the field.

2 Experimental procedure

Single tracks of atomised powder of-@Ta1.5Zr0.2Ru5Cu (mas$s) [8] were printed
using anAconityMIDI system with differenparametersTable 1. The particle size used was
30-60 um. The single tracks werePBF printed on squares made of 20 layers of this alloy
on a1l mm thick dig of Ti-6Al-4V usedas thesubstrate see Figure 2This was done to
prevent melting of the substraaadprevent thenfluence of its chemical composition on the
single tracksSubgroups of fivesingletracks each witha different parameter combinatipn
as reported iA LPBF sample was prepared using standard metallographic preparation and
polished using colloidal silica.
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Table 2, were printed oreightsupportingsquaresFig. 2 showsalsothe directiors of argon
gasfor oxidation preventionmeltingand recoatindgthe blade that is used to coat a layer of
powder during LPBF)

Table 1. Printing range parameters for the single tracks.

Laser power Scanning Beam Linear energy | Planar energy
speed diameter density density
120280 W 200-1200 mm/s| 0.08-0.36 mm | 0.1200.7880 | 0.60G9.844
J/mm J/mn¥

Fig. 2. Photograph of th&i-6Al-4V substratelisc with 8 LPBF squares supportifgorizontalsingle
trackseach, showinglirectionsof argon gaslow, melting and recoatg.

Micrograpts of thetracks from different processing parameters were compaied
scanning electron microscopy (SEMJefss Sigma Field Emission Scanning Electron
Microscope (FEGSEMS500) to check if they were printed evenly. The compositions were
analysed using energy dispersiveay spectroscopy (EDX) on the SEMascertain whether
they were homogeneous anflthe targeted composition. The squares with the single tracks
were removed from the disk using eledtiadischarge maching (EDM). An X-ray
diffraction (XRD) D2 Phaser(Bruker XRD) with Ce.. UDGLDWLRQ was
operated at 50 kV and 20A with anickel filter, scanning for 1:030° degrees for 17 minutes
to identify the phasesA LPBF sample was prepared using standard metallographic
preparation and polished using colloidal silica.



MATEC Web of Conference406 07009(2024) https://doi.org/10.1051/matecconf/202440607009
2024 RAPDASA-RobMech-PRASA-AMI Conference

Table 2. Printing parameters for theingle tracks.

Laser Scanning Beam Linear Planar
Number power (W) | speed (mm/s) diameter energy energy
(mm) density density
(J/mm) (J/mm?)
171 600 0,08 0,285 3,563
171 400 0,08 0,428 5,344
1. 171 600 0,15 0,285 1,900
171 400 0,15 0,428 2,850
171 200 0,15 0,855 5,700
1575 1200 0,08 0,131 1,641
1575 1000 0,08 0,158 1,969
2. 1575 800 0,08 0,197 2,461
1575 600 0,08 0,263 3,281
1575 400 0,08 0,394 4,922
1575 1200 0,15 0,131 0,875
1575 1000 0,15 0,158 1,050
3. 1575 800 0,15 0,197 1,313
1575 600 0,15 0,263 1,750
1575 400 0,15 0,394 2,625
1575 600 0,22 0,263 1,193
1575 600 0,15 0,263 1,750
4. 1575 600 0,08 0,263 3,281
120 1000 0,15 0,120 0,800
120 1000 0,08 0,120 1,500
315 1200 0,08 0,263 3,281
315 1000 0,08 0,315 3,938
5. 315 800 0,08 0,394 4,922
315 600 0,08 0,525 6,563
315 400 0,08 0,788 9,844
315 1200 0,15 0,263 1,750
315 1000 0,15 0,315 2,100
6. 315 800 0,15 0,394 2,625
315 600 0,15 0,525 3,500
315 400 0,15 0,788 5,250
1575 600 0,36 0,263 0,729
1575 600 0,29 0,263 0,905
7. 1575 600 0,22 0,263 1,193
1575 600 0,15 0,263 1,750
1575 600 0,08 0,263 3,281
280 1200 0,36 0,233 0,648
280 1200 0,29 0,233 0,805
8. 280 1200 0,22 0,233 1,061
280 1200 0,15 0,233 1,556
280 1200 0,08 0,233 2,917
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3 Results and discussion

Figure 3 shows the morphology of the single tracks €§Tia1.5Z1-0.2Ru5Cu (mass%) for
constant laser power and beam diameter, with varying scamspegds The unmelted
spherical particles in Figure 3a had a particle size @419 um which was within thé5-

60 um average particle size of the atomised pow8erThe urmelted spherical powders
were randomly distributed and were predengll the samples; some samples had more un
melted spherical particles, Figure 3a, and others had fewer, Figf@gGee 3d showshat

at higher scanning velocitieshe tracks were unstable along the printing direction, and
SEDOOLQJ" RFFXUUHG DV VKRZQ E\ WKH FLUFOH %DOOLQ.
severe instability of the molten pool induced by the high melt viscosity under a relatively low
enery density [12], decreasing surface quality and densificatioB].[IlGao et al. [16]
demonstrated that large Marangoni convection and liquid capillary instability in the molten
pool were the primary causeshalling at high scanning speed. Balling, shown in Figure 3d,

is caused by insufficient contact of the melt with the solid substrate and occurs at high
scanning speediue to thdimited energy input [T]. The dark particles in Figure 3d were
contaminatios from separating differerstquare®f tracks usingeDM.

lnr-a:wlv 200y EHT = 2000 AV
“er . 108X -
wo - ond — WO 87 om Mog= 110X Aperture Size = 60.00 yum

Fig. 3. SEM-BSE imagesshowthe morphology of the single tracks at constant lpserer. 1575 W,
beam diametel0.15mm andscanningspeed of (a) 600 mm/s (b) 800 mm/s (c) 1000mm/sand(d)
1200mm/s the white circle showing the balling.

Fig. 4 shows thaincreasing théaserpowderand reducing the beam diameteducel
%dling “at higher scanningpeed. High voltage and lower scanning speed results in higher
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LED which causes porosif{l2]. However,Fig. 4d shows that high scanning speed result

in bdling. Guo et al.[18] studied singldrack fabrication ofiobium andtitanium alloys

finding that when laser energy density increased, the track width and substrate penetration
also increasi Thiswas found irthis work becausehenthe LED increasedthe tracks were

more even

200 pm* = 20. Signal A = NTS BSD Date: 13 Feb 2024 200pm’ ENT» 20004V
WD = 9.7 mm Mag= 105X Aperture Size = 60.00 pm r 1 WO = 96 mm Mag= 105X Aperture Size = 60 00 um

e €

200 um* EHT = 2000 AV Signal A = NTS 8SD Date: 13 Feb 2024 | 2005m* EHT= 2000 kV Signal A= NTS 8SD Date: 6 Feb 2024
} | WO 82 mew Mag= 108X Aperturs Size = 80,00 ym — wo= 98 mm Mag= 111X Aperture Size = 60.00 m

Fig. 4. SEM-BSE images shoing the morphology of single tracks aL5 W laserpower,0.08 mm
beam diameter aratanning speeglof (a) 600 mm/s(b) 800 mm/s(c) 1000 mm/sand(d) 1200mm/s

Fig. 5 showsthat dadling “at highewoltage and higher scanning spéecteasd with
increasing beam diametétigh beam diameter resattin lower PED which causgrougher

surface and lover hardnes$19], andFig. 5¢c and 5d show that lower PED cadsalling.

S
ENT = 20004V
WO~ 5.6 mm
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Fig. 5. SEM-BSE images showmg the morphology of the single tracks280 W constant lasgpower
and1200 mm/s sanning speetbr beam diameteia) 0.15mm, (b) 0.22mm, (c) 0.29mmand(d) 0.3
mm.

Fig. 3a identified the best singletrack which was even, continuous with a smooth

surface. Although the tracks Fig. 4a-c also appear good, they were done wiigh LED
which can causeporosity[12], even though no porosity was observed on any single track
surface (and the surfaces were not section®&8lling " is undesirable in PBF becausé
can lead to inhomogeneity the nextpowder layer or to collisiswith the recoater/roller
that deposits the powder layr9]. The best single track was printed usitgy.5 W laser
power, 600 mm/s scanning speed, 0.15 beam diameter, 0.263 J/mm linear energy and
1.750 J/mrAplaner energy densitgothese werédentified aspotentialparameters.

Fig. 6 showsa higher magnificationmageof thebestsingle trackwithin the analysed
combinationshowng nucleationsites with thedendrites growing out fromthem

Nucleation
sites

Dendrites/ "y

2um* ENT = 20,00 4V Signel A= NTS BSD Date: 6 Feb 2024
[ WD = 9.7 mem Meg= 1000KX Aperture Size = 60.00 ym

Fig. 6. SEM-BSE image showing theebt single track of F6Ta1.5Zr-0.2Ru5Cu (mass%t higher
magnification
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Fig. 7 shows thamicrostructureof the LPBF sample The previousas-castsampl€g[7],
Figurel, had( 7)needleswhile the LPBF microstructureshowed ( .Ti) formedalong the
grain boundarieswith small precipitatesin the ( Ti) matrix The difference in the
microstructuresvas due tothe differen solidificationrates

1 g EMT= 20004V Signal A = NTS BSD Dater 10 May 2024
o W= 84 mm Mag= 1000KX Apeuture Size = 60.00 um

LA ANY

Fig. 7. SEM-BSEimageof LPBF Ti-6Ta1.5Zr-0.2Ru5Cu (mass%)showing L Q V L G Hlong#@kain
boundaries and dendrites within 7 L

The expected composition was obtained for the spherical particle and the best single
track, as shown in Table3. The EDX results were the same for Ta and Ru, The LPBF
sample had slightly higher Cu and lower Ti and Zr than the as-cast sample [7]. The dark
spot was mostly contamination,

Table4.

Table 3. EDX resultsfrom as-cast[7], surface of théest single tracknd thespherical particlef Ti-
6Ta1.5Zr-0.2Ru5Cu (mass%)

EDX (mass%)
Alloy
Ti Ta Zr Ru Cu
As-cast[7] 86.0+1.6| 7.4+0.9 | 2.0£0.8 | 0.4+0.6| 4.5+1.5
Bestsingle track 83.8+1.5| 7.4+0.3 | 1.7+0.1| 0.4+0.1| 6.7+1.8
Spherical Particles 81.6+1.5| 7.4+0.2 | 1.9+1.5| 0.2+0.1| 8.9+0.1

Table 4. EDX resultof dark spobn Ti-6Ta1.5Zr-0.2Ru5Cu (mass%) best single track.

Alloy c [ o] si [ a | K [ Ti [ Fe |
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Dark spot 42.6+5.6 | 34+9.4| 0.7401 | 06+0.4| 3,21.4 | 18+2.8| 0.9+0.1

Fig. 8 showsthe XRD patternof the bestsingle trackof Ti-6Ta1.5Zr-0.2Ru5Cu
(mass%)dentifying (aTi), (BTi) andthe Ti.Cu phasewhich is beneficialfor enhancing the
antibacterial properties of the alloj. Although Canaleand Servan{21] identified TisCu
on solidification and~owler[22] identifiedit in a5 mas86 Cu sample theXRD peaks are
so similar to TeCu that they are indistinguishable at l@mnounts and ECu is not stable
[23]. Tantalum zirconiumandrutheniumwerenot detectecbecaus¢hey were dissolved in
the (aTi) and(BTi) solid solutions

1200 —

7 = oTi 00-044-1294

S 2 pTi  00-044-1288
& Ti,Cu 04-003-1382

1000

Intensity(counts)

26(°)

Fig. 8. XRD patternof the bestsingletrack of TH6Ta1.5Zr0.2Ru5Cu (nas$o).

4. Conclusion s

The best LPBF Ti-6Ta-1.5Zr-0.2Ru-5Cu alloy (mass%) tracks produced during this
preliminary study were even, smooth and continuous, with the targeted alloy composition.
The parameters for these tracks were 157.5 W laser power, 600 mm/s scanning speed, 0.15
mm beam diameter, 0.263 J/mm linear energy and 1.750 J/mm? planar energy density. Their
surface microstructure consisted of a matrix of BTi, with aTi located at the grain boundaries
and precipitated within the grains. These LPBF tracks exhibited smaller grains compared to
the as-cast sample. X-ray diffraction (XRD) analysis of the surface of these LPBF tracks
identified the presence of aTi, BTi, and Ti»Cu phases.

10
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