
 

Laser powder bed fusion of Ti-6Ta-1.5Zr-0.2Ru-

5Cu (mass%) – process parameter evaluation 

using single tracks analysis 

Ngwakoana Phala1*, Claudia Polese2, Jakub Ciftci3,4, Tomasz Choma3,4, and Lesley 

Cornish1 

 
1School of Chemical and Metallurgical Engineering and DSI-NRF CoE in Strong Materials, 

University of the Witwatersrand, Johannesburg, South Africa 
2School of Mechanical, Aeronautical and Industrial Engineering, University of the Witwatersrand, 

Johannesburg, South Africa 
3Warsaw University of Technology, Faculty of Materials Science and Engineering, Wołoska 141, 02-

507 Warsaw, Poland 
4AMAZEMET Sp. z o. o. [Ltd.], Al. Jana Pawła II 27, 00-867 Warsaw, Poland   

Abstract. Printing of single tracks from atomised powder was carried out 

to determine the potential parameters for Laser Powder Bed Fusion of Ti-

6Ta-1.5Zr-0.2Ru-5Cu (mass%). Parameters that were varied included laser 

power, scanning speed, beam diameter, linear and planar energy density. 

The single tracks were characterised by SEM and SEM-EDX, showing 

variations in microstructural homogeneity. Promising tracks were produced 

using laser power of 157.5 W, scanning speed of 600 mm/s, beam diameter 

of 0.15 mm, 0.263 J/mm linear energy and 1.750 J/mm2 planar energy 

density. XRD for one of these tracks indicated (αTi) and (βTi) solid solutions 

as well as the Ti2Cu phase. 

1 Introduction 

Laser Powder Bed Fusion (LPBF) is an additive manufacturing (AM) technique that involves 

applying thin layers of powder to a build plate and using a laser energy source, fuses the 

powder based on the designed geometry [1]. Powders are heated and fused layer-by-layer 

according to the design created in computer-aided design (CAD) software to produce near-

net-shapes [2]. This can be done to build Ti-based alloy components with complicated 
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geometries and excellent mechanical properties [2], which is beneficial for increased design 

flexibility for complex geometries, shorter production times and less material waste [3]. 

LPBF is 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]. Medical devices are a significant portion of the AM 

market, and the request for healthcare components is increasing for therapeutic delivery, 

surgical planning, implant design and tissue engineering applications [4]. AM can be used to 

customise medical devices and prostheses to the unique anatomy of each patient [5]. 

Titanium alloys are used in dental implants because of their excellent properties, 

including biocompatibility, osseointegration and good mechanical properties [6]. Ti-6Ta-

1.5Zr-0.2Ru-5Cu (mass%) was developed as a potential α+β alloy for biomedical implants 

[7]. The addition of 5 mass% copper promotes good antibacterial properties thanks to the 

formation of  Ti2Cu precipitates [6], as well as balanced mechanical properties. A 0.2 mass% 

ruthenium addition enhanced corrosion resistance without changing the microstructure [7]. 

In dental implants, corrosion resistance is important as mouths have various electrolytes with 

some corrosive species. The as-cast Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) alloy [7] had the 

required Ti2Cu precipitates, Fig. 1. Spherical atomised powder of the same composition had 

been produced with particle sizes within a 10-100 µm range for compatibility with the LPBF 

process [8].  

 

 
Fig. 1. SEM-BSE image of  as-cast Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) showing inside one 

grain with (αTi) needles (dark), (βTi) matrix (medium) and Ti2Cu (light) [7]. 

 

To achieve the desired properties, optimisation of LPBF process parameters is 

necessary to produce high-quality, defect-free components [9]. Thus, it is important to 

understand the relationship between the processing parameters, geometry and the resulting 

microstructure [10].  Preliminary methods that are mostly used are expensive and require 

more material and energy, as aviation 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 stability [11]. A 

more recent single track approach is instead cost-effective 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 weldability, as 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 speed on AM components 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 [13]. Additionally, factors such as the base plate size and powder 

characteristics influence cooling rates, ultimately determining microstructure and 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 area, along with the thermal properties of 

the powder, offers a deeper understanding of the melting and fusing processes [12]. 

Controlling PED is crucial for achieving the desired dimensional and morphological 

characteristics of the melt pool, ensuring good adhesion between the base substrate and the 

fused tracks [12]. 

This study investigates LPBF of a newly developed Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) 

alloy, aiming to identify potential process parameters through single tracks analysis. Single 

tracks printing experiments were performed with varying laser power, scanning speed and 

beam diameter. The analysis of the surface of the LPBF single tracks involved their 

morphology and microstructural characterisation, in comparison to the as-cast alloy, using 

SEM, EDX and XRD. The final goal is to fabricate defect-free components for biomedical 

implants using a newly developed Ti-Cu alloy with improved antibacterial properties, 

contributing to the expansion of the LPBF process in the field. 

2 Experimental procedure 

Single tracks of atomised powder of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) [8] were printed 

using an AconityMIDI system with different parameters, Table 1. The particle size used was 

30-60 µm. The single tracks were LPBF printed on squares made of 20 layers of this alloy 

on a 1 mm thick disc of Ti-6Al-4V used as the substrate, see Figure 2. This was done to 

prevent melting of the substrate and prevent the influence of its chemical composition on the 

single tracks. Subgroups of five single tracks, each with a different parameter combination, 

as reported in A LPBF sample was prepared using standard metallographic preparation and 

polished using colloidal silica.
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Table 2, were printed on eight supporting squares. Fig. 2 shows also the directions of argon 

gas for oxidation prevention, melting and recoating (the blade that is used to coat a layer of 

powder during LPBF).  

 

 

 

 

Table 1. Printing range parameters for the single tracks. 

Laser power  Scanning 

speed  

Beam 

diameter  

Linear energy 

density  

Planar energy 

density  

120-280 W 200-1200 mm/s 0.08-0.36 mm 0.120-0.7880 

J/mm 

0.600-9.844 

J/mm2 

 

 

Fig. 2. Photograph of the Ti-6Al-4V substrate disc with 8 LPBF squares supporting 5 horizontal single 

tracks each, showing directions of argon gas flow, melting and recoating. 

Micrographs of the tracks from different processing parameters were compared using 

scanning electron microscopy (SEM) (Zeiss Sigma Field Emission Scanning Electron 

Microscope (FEG-SEM500)) to check if they were printed evenly. The compositions were 

analysed using energy dispersive X-ray spectroscopy (EDX) on the SEM to ascertain whether 

they were homogeneous and of the targeted composition. The squares with the single tracks 

were removed from the disk using electrical discharge machining (EDM). An X-ray 

diffraction (XRD) D2 Phaser (Bruker XRD) with Co-Kα radiation (λ=1.78899 Ȧ) was 

operated at 50 kV and 20 mA with a nickel filter, scanning for 10-130 degrees for 17 minutes 

to identify the phases. A LPBF sample was prepared using standard metallographic 

preparation and polished using colloidal silica.
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Table 2. Printing parameters for the single tracks. 

Number 

 

  

Laser 

power (W) 

Scanning 

speed (mm/s) 

Beam 

diameter 

(mm) 

Linear 

energy 

density 

(J/mm) 

Planar 

energy 

density 

(J/mm2) 

1. 

171 600 0,08 0,285 3,563 

171 400 0,08 0,428 5,344 

171 600 0,15 0,285 1,900 

171 400 0,15 0,428 2,850 

171 200 0,15 0,855 5,700 

2. 

157.5 1200 0,08 0,131 1,641 

157.5 1000 0,08 0,158 1,969 

157.5 800 0,08 0,197 2,461 

157.5 600 0,08 0,263 3,281 

157.5 400 0,08 0,394 4,922 

3.  

157.5 1200 0,15 0,131 0,875 

157.5 1000 0,15 0,158 1,050 

157.5 800 0,15 0,197 1,313 

157.5 600 0,15 0,263 1,750 

157.5 400 0,15 0,394 2,625 

4. 

157.5 600 0,22 0,263 1,193 

157.5 600 0,15 0,263 1,750 

157.5 600 0,08 0,263 3,281 

120 1000 0,15 0,120 0,800 

120 1000 0,08 0,120 1,500 

5. 

315 1200 0,08 0,263 3,281 

315 1000 0,08 0,315 3,938 

315 800 0,08 0,394 4,922 

315 600 0,08 0,525 6,563 

315 400 0,08 0,788 9,844 

6. 

315 1200 0,15 0,263 1,750 

315 1000 0,15 0,315 2,100 

315 800 0,15 0,394 2,625 

315 600 0,15 0,525 3,500 

315 400 0,15 0,788 5,250 

7. 

157.5 600 0,36 0,263 0,729 

157.5 600 0,29 0,263 0,905 

157.5 600 0,22 0,263 1,193 

157.5 600 0,15 0,263 1,750 

1575 600 0,08 0,263 3,281 

8. 

280 1200 0,36 0,233 0,648 

280 1200 0,29 0,233 0,805 

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 of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) for 

constant laser power and beam diameter, with varying scanning speeds. The un-melted 

spherical particles in Figure 3a had a particle size of 51.4±1.9 µm which was within the 45-

60 µm average particle size of the atomised powder [8]. The un-melted spherical powders 

were randomly distributed and were present in all the samples; some samples had more un-

melted spherical particles, Figure 3a, and others had fewer, Figure 3c. Figure 3d shows that 

at higher scanning velocities, the tracks were unstable along the printing direction, and 

“balling” occurred as shown by the circle. Balling is a surface defect that occurs because of 

severe instability of the molten pool induced by the high melt viscosity under a relatively low 

energy density [12], decreasing surface quality and densification [13]. Gao et al. [16] 

demonstrated that large Marangoni convection and liquid capillary instability in the molten 

pool were the primary causes of balling 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 speeds due to the limited energy input [17]. The dark particles in Figure 3d were 

contaminations from separating different squares of tracks using EDM. 

  

   

Fig. 3. SEM-BSE images show the morphology of the single tracks at constant laser power: 157.5 W, 

beam diameter: 0.15 mm and scanning speeds of (a) 600 mm/s, (b) 800 mm/s, (c) 1000 mm/s and (d) 

1200 mm/s, the white circle showing the balling. 

Fig. 4 shows that increasing the laser powder and reducing the beam diameter reduced 

“balling” at higher scanning speeds. High voltage and lower scanning speed results in higher 

c 

b 
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LED which causes porosity [12].  However, Fig. 4d shows that high scanning speed results 

in balling. Guo et al. [18] studied single-track fabrication of niobium and titanium alloys 

finding that when laser energy density increased, the track width and substrate penetration 

also increased. This was found in this work because when the LED increased, the tracks were 

more even. 
 

 

 

Fig. 4. SEM-BSE images showing the morphology of single tracks at 315 W laser power, 0.08 mm 

beam diameter and scanning speeds of: (a) 600 mm/s, (b) 800 mm/s, (c) 1000 mm/s and (d) 1200 mm/s. 

Fig. 5 shows that “balling” at higher voltage and higher scanning speed increased with 

increasing beam diameter. High beam diameter resulted in lower PED which caused rougher 

surfaces and lower hardness [19], and Fig. 5c and 5d show that lower PED caused balling. 
 

  

d 

b 

c 

a 

a b 
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Fig. 5. SEM-BSE images showing the morphology of the single tracks at 280 W constant laser power 

and 1200 mm/s scanning speed for beam diameter: (a) 0.15 mm, (b) 0.22 mm, (c) 0.29 mm and (d) 0.3 

mm. 

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

surface. Although the tracks in Fig. 4a-c also appear good, they were done with high LED 

which can cause porosity [12], even though no porosity was observed on any single track 

surface (and the surfaces were not sectioned). “Balling” is undesirable in LPBF because it 

can lead to inhomogeneity in the next powder layer or to collisions with the recoater/roller 

that deposits the powder layer [19]. The best single track was printed using 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/mm2 planer energy density, so these were identified as potential parameters. 

Fig. 6 shows a higher magnification image of the best single track within the analysed 

combinations showing nucleation sites with the dendrites growing out from them.   

 

Fig. 6. SEM-BSE image showing the best single track of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) at higher 

magnification. 

c d 
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Fig. 7 shows the microstructure of the LPBF sample. The previous as-cast sample [7], 

Figure 1, had (βTi) needles, while the LPBF microstructure showed (αTi) formed along the 

grain boundaries with small precipitates in the (βTi) matrix. The difference in the 

microstructures was due to the different solidification rates. 

  

 
 

Fig. 7. SEM-BSE image of LPBF Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%), showing inside (αTi) along grain 

boundaries and dendrites within (βTi). 

 The expected composition was obtained for the spherical particle and the best single 

track, as shown in Table 3.  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,  

Table 4. 

 

Table 3. EDX results from as-cast [7], surface of the best single track and the spherical particle of Ti-

6Ta-1.5Zr-0.2Ru-5Cu (mass%).  

 

Alloy 
EDX (mass%) 

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 

Best single 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 result of dark spot on Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%) best single track.  

Alloy C O Si Cl K Ti Fe 

    

MATEC Web of Conferences 406, 07009 (2024)

2024 RAPDASA-RobMech-PRASA-AMI Conference
https://doi.org/10.1051/matecconf/202440607009

9



Dark spot 42.6±5.6 34±9.4 0.7±0.1 0.6±0.4 

 

3,2±1.4 18±2.8 0.9±0.1 

 

 Fig. 8 shows the XRD pattern of the best single track of Ti-6Ta-1.5Zr-0.2Ru-5Cu 

(mass%) identifying (Ti), (Ti) and the Ti2Cu phase which is beneficial for enhancing the 

antibacterial properties of the alloys [6]. Although Canale and Servant [21] identified Ti3Cu 

on solidification and Fowler [22] identified it in a 5 mass% Cu sample, the XRD peaks are 

so similar to Ti2Cu that they are indistinguishable at low amounts and Ti3Cu is not stable 

[23].  Tantalum, zirconium and ruthenium were not detected, because they were dissolved in 

the (Ti) and (Ti) solid solutions. 

 

 

Fig. 8. XRD pattern of the best single track of Ti-6Ta-1.5Zr-0.2Ru-5Cu (mass%). 

4. Conclusions 

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/mm² planar energy density. Their 

surface microstructure consisted of a matrix of βTi, with αTi 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 αTi, βTi, and Ti2Cu phases. 
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