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Abstract: Extreme melting point, high density, and ease of oxidation of tantalum (Ta) make 

its processing rather difficult using conventional methods. Additive manufacturing (AM) 

serves as an alternative Ta processing technique with unique design flexibility, customization, 

and minimizing material wastage. However, most additively manufactured parts contain 

undesired microstructural features or deviations (process-induced defects). This study aimed 

to assess the processability of the solid and structurally porous scaffolds of Ta through laser 

powder-bed fusion (LPBF) AM. It will further characterize and evaluate microstructure of 

LPBF processed Ta, with emphasis on assessing the mechanism of the process-induced defects. 

The x-ray diffraction (XRD) and microstructural investigation confirmed the presence of BCC 

Ta phase containing columnar, equiaxed and fine grains with roughness between 3.88 nm to 

10.40 nm. The presence of oxygen resulted in the formation of some oxide phases such as 

Ta2O5 and Ta2O3. Numerous process-induced defects, including solidification-induced 

micropores, pores-induced and solidification-induced microcracks were identified. The 

dislodge unmelted or partially fused Ta powder resulted in other form of defects including 

micro-concaves and microgrooves. The mechanism of pore formation during the LPBF of Ta 

was assessed through computational simulation and its findings rationalised the experimental 

results.   

 

 

Keywords: Tantalum; Additive Manufacturing; Defects; Microstructure; Implant; Laser 

powder-bed fusion 
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1 Introduction 

Owing to their high strength, high ductility, resistance to corrosion and biocompatibility 

behaviour, refractory metals becomes widely used as biomaterials for the fabrication of medical 

devices, orthopaedic or load-bearing implants [1]. Tantalum (Ta) was first discovered by 

Anders Gustaf Ekeberg of Sweden in 1802 and its clinical application as biomaterial can be 

traced back to 1940s [2, 3]. Robertson and Peacher [4] utilize Ta medical devices in the form 

of plate, foil, wire and ribbon to accurately perform the nerve suture, repair cranial defects, 

inhibits postoperative adhesions and secure hemostasis without adverse effect to the 

surrounding tissues. Various in-vivo and in-vitro studies confirmed the excellent 

osteointegration, exceptional biocompatibility, high strength and good corrosion resistance of 

Ta implant [5-7]. Another study by Matsuno, et al. [8] further confirmed the non-toxicity and 

biocompatibility of the Ta. Compared to the most commonly used surgical grade biomaterial 

like Ti-6Al-4V, the adhesion, proliferation and differentiation of human osteoblast cells was 

remarkably observed on the Ta surface [9]. Meijer, et al. [10] investigated the strain distribution 

and stability of the tibial plateau reconstruction using Ta trabecular cones. The implant was 

found to have high stability with good strain distribution. Despite the outstanding biological 

performance and numerous advantages of Ta over the currently used metallic biomaterials, its 

application as biomaterial is limited, especially for making large implants owing to its high 

density and high cost [11]. In early 2000s, the surge in research related to Ta porous implants 

was noticed after the introduction of porous Ta acetabular cup implants by Trabecular MetalTM 

(Zimmer, Warsaw, IN, USA). However, processing of both solid and porous Ta is challenging 

through conventional techniques such as lost wax casting, furnace sintering and electron beam 

melting, owing to its extreme melting point (2996 ᵒC), high density (16.68 g/cm3) and high 

affinity to oxygen [12, 13]. 
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In recent years, there is rising attempts to fabricate both solid and porous Ta implants through 

additive manufacturing (AM), specifically laser powder-bed fusion (LPBF) [14-19].  LPBF 

utilized computer-aided design (CAD) to build a part through layer-by-layer powder deposition 

following the prescribed laser scan path [20, 21]. The advantages of LPBF include its freedom 

to design porosities and macro/microstructures of the implants, which allow control of 

mechanical properties, fabrication of complex structures to match that of human bone and to 

enable patient-specific implants [17, 22, 23]. Chandhanayingyong, et al. [24] utilize LPBF to 

fabricate a highly complex and patient-specific proximal phalangeal prosthesis, whereby a 

giant cell tumor in the toe was successfully treated. In another study by Zhao, et al. [25], a 

porous scaffold of Ta was developed through gel casting-based 3D printing coupled with an 

electrolytic reduction. The fabricated scaffolds were found to have high strength 

(4.1 ± 0.4 MPa) close to that of cancellous bone (4–12 MPa) and facilitate the cells 

proliferation.  

Although, researches on processing solid and porous Ta through LPBF approach could be found 

[26-29], there are still key issues which require an in-depth understanding and systematic 

investigation. An extremely high cooling rate coupled with non-equilibrium solidification 

during the LPBF of metals resulted in various process-induced defects [30, 31]. Gong, et al. 

[32] revealed the formation of other defects, including micro-concaves and microgrooves 

during LPBF of Ti-6Al-4V implant. These defects seriously degrade the mechanical and 

biomedical behaviours of metallic implants. However, to the best of the authors’ knowledge, 

little has been focused on assessing the causes, distribution, occurrences and formation 

mechanisms of the process-induced defects that normally formed on the additively 

manufactured solid and porous Ta parts. Hence, these motivated the idea for this research. 

In this study, solid and porous scaffolds of Ta were designed using ANSYS 2020r1 software 

and processed through LPBF technique. The fabricated specimens were characterized through 
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various characterisation methods which are field emission scanning electron microscopy 

(FESEM), optical microscopy (OM), energy dispersive x-ray spectroscopy (EDX), x-ray 

photoelectron spectroscopy (XPS) and x-ray diffraction (XRD). Microstructural investigation 

presents various deviations and undesired features resulting in LPBF process-induced defects. 

BCC Ta enriched with columnar, equiaxed and fine grains and some oxide phases like Ta2O3 

and Ta2O5 was identified. A numerical simulation demonstrating the pores generation and 

formation mechanism during the LPBF of solid and porous scaffolds of Ta is also presented.   

2 Method 

2.1 Design of solid and porous scaffolds of Ta 

ANSYS 2020r1 software was employed to design and model the solid and the porous scaffolds 

of Ta specimens. The compute-aided design (CAD) models are then saved in 

STereoLithography (STL) file, and the redesigned models were imported in the form of STL 

format files. Different sizes of the cubic solid Ta specimens namely D-Ta1, D-Ta2 and D-T3 

with dimensions 5 mm, 10 mm and 15 mm, respectively were designed. The purpose of the 

solid specimens is to allow comparison with the porous specimens. Octet truss and diamond 

truss with dimensions 10 × 10 × 12 mm with 25 % and 50 % infill density were used for the 

porous scaffolds. Various designs of the porous scaffold of Ta specimens were levelled S-Ta1, 

S-Ta2, S-Ta3 and S-Ta4 as indicated in Figure 1. 

 

 

 

Name 

Pore size 

Unit cells Porous scaffolds 
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Octet truss  

25 % density  

(S-Ta1) 

 

 

Octet truss  

50 % 

Density  

(S-Ta2) 

 

 

Diamond truss 

25 % density  

(S-Ta3) 

 

 

Diamond truss 

50 % 

Density  

(S-Ta4) 

 

 

Figure 1 Computer-aided design of the unit cells and the porous scaffolds with respective 

pores density. 

2.2 LPBF of solid and porous scaffolds 

Both solid and porous scaffolds of Ta were 3D printed based on the CAD models using LPBF 

equipment (FARSOON Technologies Inc. and MiCap Machinery co. ltd., Changsha, Hunan, 

China). A medical grade pure Ta powder, which is also supplied by FARSOON Technology, 

China with physical properties shown in Table 1 is used to fabricate the solid and the porous 

scaffold specimens. The 3D printed specimens were dried for 90 mins at an ambient 

temperature after printing. Trapped and unbounded powder was removed by a compressed air 

and ultrasonic washing. Bulk porous part is built by selectively melting the powder through the 

laser beam and the subsequent layer is formed by spreading the powder on the previous layer 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

consecutively. The process continues until the designed bulk Ta part is formed. The 

manufacturing process of the specimens was throughout conducted in a vacuum shield with an 

Argon atmosphere to avoid oxidation. The infill and the borderline parameter conditions used 

for processing Ta specimens through LPBF process are presented in Table 2. 

Table 1 Physical properties of Pure Tantalum powder (source: manufacturer’s Data) 

Physical properties Value Unit 

Density ≥16.360 g/cm3 

Yield Strength  Rp0.2≥140 MPa 

Tensile strength Rm≥210 MPa 

Compressive strength ≥15 MPa 

Bending strength ≥700 MPa 

Elongation A≥27 % 

Hardness ≥100 HV10 

Table 2 Different operating parameter between infill and borderline 

Operation parameter Infill parameter Borderline parameter 

Layer thickness 0.03 mm 0.03 mm 

Laser power 250 W 100 W 

Scanning speed 100 mm/s 500 mm/s 

Laser wavelength 1060 nm 1060 nm 

Laser spot size 85 m 128 m 

The laser energy used in this study can be estimated via Equation 1. 

Laser energy (E) =
P (W)

v (mm/s)× t (mm)× h (mm)
                                                                       (1) 

where P is the laser power, v is the scanning speed, t is the layer thickness and h is the hatch 

spacing [33]. Using the infill and borderline parameter settings (Table 2), the laser energy was 

computed to be 83.3 J/mm3 and 6.7 J/mm3 for the infill and borderline parameters, respectively. 
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2.3 Dimensional accuracy and relative density 

To determine the dimensional accuracy of the LPBF processed solid and porous scaffolds of 

Ta, each side of the specimens was measured using vernier calliper. The measurement was 

repeated five times and the average value was calculated. To estimate the errors between the 

measured and design values, standard deviation was computed. Density and relative density 

were determined using the displacement method according to ASTM D792 standard [34]. The 

mass of the fabricated solid Ta specimens was weighed in air. It was then immersed in 

deionised water (DI) and the apparent mass of the specimen is determined. Then the density 

and the relative density (specific gravity) of the specimens were calculated using Equations 2 

and 3, respectively. 

Density =
wa

wa − ww
                                                                                                                        (2) 

Relative density =  
ρsubstance

ρreference
                                                                                                        (3) 

where:  

wa = apperent mass of specimen in air 

ww = apparent mass of totally immersed spacimen in water  

ρsubstance = density of the substance been measured,   

ρreference = density of the reference 

2.4 Metallographic specimen preparation for microstructural investigation 

Solid and porous 3D printed Ta specimens were prepared through four stages to enable 

microstructural observations as prescribed by the standard metallographic procedures. Firstly, 
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the specimens were cut perpendicular to the direction of scan. In the second stage, the 

specimens were mounted to enable proper handling and safe grinding. The next stage involved 

grinding using premium grade abrasive paper (93U-4854) and polishing by 1 µm water-based 

diamond suspension through a conventional grinding/polishing technique. Last stage involved 

etching of the specimens using 50 % lactic acid, 30 % sulfuric acid and 20 % hydrochloric acid 

etchants solution for 2 min at room temperature.  

2.5 Characterization 

Field emission Scanning electron microscopy (FESEM, FEI Quanta FEG 250, Thermo Fisher 

Scientific, Hillsboro, OR, USA) at 15 kV and optical microscope (OM, Hubitz - HRM 300, 

Korea) were used to visualise and analyse the microstructure and the microstructural defects in 

the LPBF-processed solid and porous Ta specimens. Further analysis to assess the pore shape, 

size and the area density through Image J (KEYENCE VR3000, Japan) analysis was 

performed. The surface topology and roughness were evaluated using atomic force microscope 

(AFM, Veeco, Dimension 3100, Plainview, NY, USA). The chemical compositions and phases 

of the LPBF processed solid and porous scaffold of Ta were analysed through energy dispersive 

x-ray spectroscopy (FEI Quanta FEG 250, Thermo Fisher Scientific, Hillsboro, OR, USA), x-

ray photoelectron spectroscopy (XPS, Bara Scientific Co., Ltd., series Axis Ultra) and x-ray 

diffraction (XRD, Bruker D8 Discover). The XRD measurement was carried out at step size 

0.01° and scanning range of 2θ = 10° to 90° using CuKα radiation at 15kV, 30 mA. 

 

2.6 Thermal-fluid flow during LPBF AM 

A computational fluid dynamics (CFD) calculation is used to investigate the thermal-fluid flow 

dynamics of the melt pool to understand porosity development and surface structure to 
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rationalise the microstructure observation from experiment. Our in-house CFD code called 

TATM-MEX has been adopted to model the interaction between the laser heat source and the 

powder materials [35]. The governing equations for fluid flow dynamics are presented in 

equations 4.1, 4.2 and 4.3: 

uu 






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t
                                             (4.1)                                                                                                                     
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Here, Qu is the viscous term and g is the gravitational acceleration. All the interfacial 

phenomena present within the LPBF process, including surface tension, Marangoni’s flow 

(thermo-capillary force) and recoil pressure have been incorporated in the simulation as Fu,surf 

as adopted by [35]. The liquid/gas interface is captured by the level-set method, combined with 

the volume-of-fluid method to assure volume conservation. The laser heat source qL is 

calculated by tracking light propagation using the ray-tracing method, and the heat loss due to 

vaporisation, conduction, convection and radiation have also been considered in QT. Details of 

Modelling description can be found elsewhere [35]. The physical properties of tantalum used 

in the simulation are summarised in Table 3. 

Table 3 Thermo-physical properties of Ta [35] 

Thermo-physical properties Value Unit 

Atomic weight  180.95 g/mol 

Solid density  16654 kg/m3 

Liquid density  15000 kg/m3 

Melting temperature  3258 K 

Boiling temperature  5783 K 
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hmelt  36.6 kJ/mol 

hboil  733 kJ/mol 

Surface tension, 𝜎0 2150 mN/m 

Surface tension gradient, 
𝑑𝜎

𝑑𝑇
  -0.21 mN/m/K 

Viscosity,   𝜇(𝑇) = 0.0035 exp (213.3 × 103 𝑅𝑇⁄ ) mPa·s 

Heat capacity at melting temperature, cp  41.8 J/mol/K 

Thermal conductivity at melting temperature, 

 

47 W/m/K 

2.7 Vickers hardness 

The microhardness of the LPBF processed solid and porous scaffolds of Ta was determined 

according to standard test method provided by ASTM E98-82. The test was carried out using 

Vickers hardness testing machine (ZWICK, mode: 3214) and indented via diamond indenter. 

The load of 0.5 kg was applied at a slowdown speed and dwell time of 15 seconds. For each 

specimen, the hardness measurement was carried out five times at different locations and 

average value was recorded. 

3 Results  

3.1 LPBF processing of solid and porous tantalum 

Unlike conventional processes, Wauthlé, et al. [36] showed that, fully dense Ta components 

can be processed through LPBF technique with satisfactory mechanical properties as required 

by ISO 13782 of the pure Ta for surgical applications. Different sizes of the solid and porous 

Ta scaffolds were fabricated through LPBF technique (Figure 2). The dimensional accuracy 

was measured in x, y and z-directions as presented in Figure 2a-c and the results shown in 

Table 4. The percentage dimensional deviation (error) observed in the D-Ta1, D-Ta2 and D-

Ta3 Ta specimens are 1.13 %, 1.10 % and 0.55 %, respectively. The relative density of each 

solid Ta specimen measured through Archimedes method is presented in Table 5. The solid Ta 

specimens D-Ta1, D-Ta2 and D-Ta3 were found to have a very high relative density of 99.56 
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%, 98.99 % and 99.43 %, respectively. The specimen D-Ta2 has the lowest relative density. 

Therefore, it is selected for the subsequent pore analysis. 

Table 4 Dimensional accuracy of D-Ta1, D-Ta2 and D-Ta3 Ta specimens 

Directions D-Ta1 D-Ta2 D-Ta3 

Design 

(mm) 

Measured/Std. 

dev. (mm) 

Design 

(mm) 

Measured/Std. 

dev. (mm) 

Design 

(mm) 

Measured/Std. 

dev. (mm) 

X 5.0 5.1±0 10.0 10.18± 0.02 15.0 15.12± 0.08 

Y 5.0 5.1±0 10.0 10.15± 0.04 15.0 15.13± 0.05 

Z 5.0 5.0±0 10.0 10.0±0 15.0 15.0±0 

Table 5 Average measured density and relative density of the solid Ta specimens 

Density AVG (g/cm3) Relative density (%) 

D-Ta1 16.58 ± 0.11 99.56 

D-Ta2 16.56 ± 0.02 98.99 

D-Ta3 16.66 ± 0.01 99.43 

Porous scaffolds of Ta were designed and fabricated through LPBF technique (Figure 2d-g). 

The designed pore and strut of Ta scaffolds were printed using the imported CAD model in the 

form of STL files. The 25 % and 50 % infill density were designed for both diamond and octet 

truss scaffolds. The actual strut thickness of the scaffolds was compared with the average 

thickness of the measured values. 
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Figure 2 LPBF processed solid and porous Ta specimens with direction of measurements and 

dimensions (a) D-Ta1 (b) D-Ta2 (c) D-Ta3 (d) S-Ta1 (e) S-Ta2 (f) S-Ta3) (g) S-Ta4. 

The optical microscope images were used to measure and determine the strut thickness of the 

LPBF processed porous scaffolds of Ta (Figure 3). Three strut thickness values at different 

locations along the strut length was measured and average values were computed. To determine 

the mismatch between the designed and the 3D printed scaffolds of Ta, the standard deviation 

was calculated as indicated by the error bar (Figure 4). The highest discrepancy of 34.66 µm is 

observed in the S-Ta3 specimen. The strut thickness was designed as 465.0 µm while the 

measured thickness was found to be 511.26 µm. The smallest discrepancy of 7.89 µm was 

found in the S-Ta2 specimen. Jo
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Figure 3 Optical micrographs comparing the mismatch between the LPBF-processed porous 

scaffolds of Ta, indicating the measured struts thickness (a) S-Ta1 (b) S-Ta2 (c) S-Ta3 and (d) 

S-Ta4 specimens.  
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Figure 4 Design versus average measured strut thickness of the S-Ta1, S-Ta2, S-Ta3, S-Ta4 

specimens processed through LPBF indicating the error bar of the measured strut thickness. 

3.2 Chemical composition and phase analysis  

The EDX, XPS and XRD characterization tools were utilized to assess chemical compositions 

of the LPBF-processed Ta specimens. Very long peak and numerous short peaks of Ta were 

observed in the EDX spectrum shown in Figure 5a. Despite the presence of a very short oxygen 

peak (Figure 5b), Ta dominates the LPBF processed solid specimens. Being an oxygen getter, 

it is quite tedious to separate oxygen from Ta powder. Therefore, 0.5 % and 0.6 % of oxygen 

was detected by the EDX analysis in the fabricated Ta specimens at different locations, Figure 

5a and Figure 5b, respectively. Oxygen is believed to infiltrate the Ta powder during 

passivation for LPBF processing or more likely from the metallurgical preparation. It is 

beneficial to the implants by reacting with the alloying elements to form biocompatible metallic 

oxides. Another benefit of oxygen in metallic alloy is its hardening capability, which enhance 
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the hardness of the processed part. The elemental mapping for Ta and O, which shows the 

distribution of both elements in the built Ta parts is presented in Figure 5c and Figure 5d, 

respectively. 

 

Figure 5 SEM-EDX spectrum of the porous Ta specimen (S-Ta1) (a) numerous long peaks and 

short peaks of tantalum and oxygen, containing about 99.5 % and 0.5 %, respectively (b) 99.6 

% Ta and 0.4 % (c) elemental mapping showing the distribution of tantalum and (c) oxygen. 

Figure 6 shows the XPS spectra of the LPBF processed Ta. The chemical states and the oxide 

species are shown in Figure 6a. The presence of oxygen in the LPBF processed specimen is 

further confirmed by the observed O1s XPS spectra (Figure 6b). The O1s spectrum contained 

two regions of Ta2O3 and Ta2O5 oxide compounds with a binding energy of 531.5 eV and 532.8 

eV, respectively. The Ta4f spectrum shown in Figure 6c also contains two regions of Ta4f2/5 
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and Ta4f7/2 at a binding energy of 27.5 eV and 29.5 eV, respectively. These two species of 

Ta4f are believed to be responsible for the formation of metallic oxides. 

 

Figure 6 XPS spectra of LPBF processed Ta indicating the chemical compositions and oxide 

species (a) chemical states of Ta (b) O1s spectrum (c) Ta4f spectrum. 

The XRD patterns of the LPBF-processed solid and porous Ta processed at low and high 

energy conditions is presented in Figure 7.  It revealed similar diffraction patterns in most of 

the specimens and parameter settings, which contained highly BCC Ta phase. The long sharp 

Ta peaks observed at 2θ = 38°, 57°, 70° and 83° confirmed the crystalline nature of the LPBF 

processed solid and porous scaffolds of Ta (Figure 7a). Despite Ar protection during sintering, 

other secondary peaks of Ta2O5 precursor were detected at 2θ = 45°, 65° and 78°. This is 
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believed to occur due to reaction of Ta with O, which previously detected by the EDX and XPS 

analysis. However, no secondary peaks of Ta2O5 or metallic oxide were observed in the D-Ta2 

specimen. This further confirmed that, the oxygen is not present in the feedstock, rather 

infiltrated the LPBF processed Ta during the postprocessing. The diffraction peaks of BCC Ta 

phase in the porous Ta scaffolds (S-Ta1-4) are longer and broader than those of solid Ta (D-

Ta1-3) as seen in Figure 7b. This might relate to the formation of highly refined microstructures 

and hence, enhanced residual stresses [23].  

 

Figure 7 XRD spectrum of LPBF processed solid and porous Ta specimens (a) various peaks 

of Ta and Ta2O5 phases (b) Ta peaks within 2θ = 35º and 45º presenting the broadness of the 

peaks. 

3.3 Topography and microstructural evaluation 

SEM micrograph revealing the microstructure of the LPBF-processed Ta scaffold (S-Ta1) at 

borderline parameter settings is displayed in Figure 8. The micro-concaves observed in Figure 

8a are believed to be resulted from dislodged Ta particles during the conventional 
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grinding/polishing processes. Large columnar grains, which believed to be grown along the 

building direction were observed (Figure 8b). Thermal gradient along the solid/liquid interface 

in the pool boundaries, which normally occurred during LPBF process resulted in columnar 

grains growth along the building direction [37]. Equiaxial grains and fine nano structures were 

also observed (Figure 8c and e). These nano-structural features enhance not only the ductility 

or mechanical properties of the LPBF processed part, but also its biological properties such as 

cell adhesion and proliferation. 

 

Figure 8 FESEM micrographs of LPBF processed S-Ta1 specimen revealing (a) microstructure 

with various micro-concaves due to dislodged partially fuse Ta powder (b) columnar and 

equiaxial grains, solidification-induced microcracks and the partially fused Ta powder (c) 

equiaxial grains (d) fine grains. 

The presence of nano-structural features on the LPBF-processed Ta surface was further 

analysed through AFM (Figure 9). The 3D surface topography analysed over an area 20 µm x 
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20 µm revealed various uniform sharp peaks, indicating the nanostructured surface of the 

LPBF-processed Ta. The peak intensity of D-Ta1 is longer and hence, has a high average 

surface roughness of 10.40 nm (Figure 9a). To better understand the level of the roughness 

intensity, the pattern is presented (Figure 9b). The relatively low roughness of 5.09 nm and 

3.88 nm was recorded for D-Ta2 (Figure 9c) and D-Ta3 (Figure 9d), respectively. Thus, the 

roughness decreases with an increase in the specimen size. This could occur due to two reasons: 

Firstly, an increase in unmelted or partially fused Ta powder with decrease in LPBF-processed 

Ta specimen size. Dislodging the partially fused Ta powder increase the surface roughness 

resulted in deeper concavity and microgrooves, hence, higher roughness. Secondly, increase in 

residual stress accumulation with a decrease in the specimen size, which increase the grain 

coarsening, hence, increase the surface roughness. 

 

Figure 9 AFM images showing the surface topology and roughness of LPBF-processed solid 

Ta (a) D-Ta1 (b) D-Ta1 roughness profile (c) D-Ta2 (d) D-Ta3. 

To further understand the microstructure of the LBBF-processed scaffold of Ta, the FESEM 

measurement of specimen S-Ta4 was presented in Figure 10. It revealed numerous partially 
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fused and unmelted Ta powder on the strut edges (Figure 10a). The spherical shape Ta particles 

on the LPBF processed part confirmed the presence of unmelted Ta powder, which bonded 

together to form microgrooves (Figure 10b). This confirmed the inability of the LPBF process 

to completely melt the Ta powder, which might relate to an extremely high melting temperature 

property of the Ta powder [38]. Further investigation at high magnification revealed some 

partially fused Ta particles on the scaffold surface as depicted in Figure 10c. The unmelted and 

partially fused Ta particle was removed through conventional grinding/polishing processes. 

However, it resulted in the formation of some micro features such micro-concaves and 

microgrooves, as well as exposing the pores-induced microcracks (Figure 10d). 

 

Figure 10 FESEM images of LPBF processed S-Ta4 specimen (a) various unmelted and 

partially fused Ta powder (b) higher magnification revealing the shape of the unmelted Ta 

powder and microgroove formation (c) partially fused Ta powder on the strut surface (d) pores-

induced microcracks and micro-concaves due to dislodged unmelted Ta powder.  
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3.4 Process-induced defects evaluation 

During the LPBF process, numerous undesired microstructural features or deviation, herein; 

referred to as process-induced defects are normally formed. These defects are detrimental to 

the quality and performance of the fabricated parts. In this study about five process-induced 

defects were identified. These include (i) pores-induced microcracks, which induced by 

interconnected micropores (ii) solidification-induced microcracks, which is formed due to 

shrinkage of the Ta molten pool during solidification (iii) solidification-induced micropores, 

which resulted from gasses vaporization during solidification of the molten pool (iv) micro-

concaves and (v) microgrooves, which are formed due to dislodged unmelted or partially fused 

Ta powder. In this study, SEM images of the solid and porous scaffolds of Ta were employed 

to evaluate the process-induced defects that formed during LPBF process.  

3.4.1 Solidification-induced micropores in solid Ta 

Generally, process-induced micropores are formed on the LPBF-processed metallic parts due 

to low laser energy, which resulted in an incomplete melting and the vaporisation of the trapped 

gasses in the melt pool. However, when the energy is too high, melt instability occurred and 

the pores are formed due to solidification, herein referred solidification-induced micropores 

[39]. Solid LPBF-processed Ta (D-Ta2) was selected for the porosity analysis. The specimen 

was fabricated via the laser power of 250 W and scanning speed of 100 mm/s parameter 

conditions (high laser energy, E = 83.3 J/mm3). Particle analyser command in ImageJ was used 

to examine the area porosity. Thresholding was used to select the features of the image and the 

number of the red pixels was measured (Figure 11a). The outline of the pores detected during 

the analysis is presented in Figure 11b. The measured percentage area porosity was found to 

be 1.19 %.  
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Figure 11 ImageJ pores analysis of the LPBF processed D-Ta2 specimen fabricated using high 

energy settings (a) normal to building direction (b) outline of the pores detected at surface area 

analysis. 

The surface morphology of LPBF processed solid Ta specimens using 100 W and 500 mm/s 

power and scanning speed, respectively was presented in Figure 12. Despite low energy setting 

used, no clear process-induced defects observed in D-Ta1 specimen (Figure 12a). This is 

expected, owing to its high density of 99.56 %. A cluster of solidification-induced micropores 

(encircled in red) and highly rough surface was observed in D-Ta2 specimen (Figure 12b), 

which further observed through high magnification (Figure 12c). This may relate to its low 

density (98.99 %). The high roughness observed is due to lower laser energy (E = 6.7 J/mm3) 

used, which is not sufficient to melt the Ta powder completely, owing to its extremely high 

melting temperature. Thus, the dislodged unmelted and partially fused Ta resulted in the deeper 

and narrow craters, hence the formation of rougher surface. Dramatic decrease in the 

micropores and smoother surface was noticed on the D-Ta3 specimen (Figure 12d). The 

decrease in solidification-induced micropores and improved roughness might also relate to the 

size of specimen. A similar finding was reported by Livescu, et al. [28], whereby less 

micropores was observed in a small size Ta specimen with less layer thickness. 
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Figure 12 FESEM micrographs of LPBF processed solid Ta specimens presenting various 

solidification-induced micropores (a) D-Ta1 (b) D-Ta2, cluster of solidification-induced 

micropores encircled in red (c) D-Ta 3 observed at high magnification to clearly view the 

solidification-induced micropores (c) D-Ta 3 revealing the solidification-induced defects and 

partially fused Ta powder. 

 

 

3.4.2 Process-induced defects in octet truss scaffolds  

 

Figure 13 shows FESEM images of 50 % Octet truss porous scaffold of Ta (S-Ta2) processed 

through the power (250 W) and scanning speed (100 mm/s) parameter settings. It is obvious 

that various process-induced defects are present on the LPBF-processed surface (Figure 13a). 

The high energy density used in processing this specimen resulted to some shallow 

microgrooves and few pores-induced microcracks (Figure 13b). These defects are normally 

formed on the LPBF-processed surface due to dislodge unmelted or partially fused Ta powder. 

Jo
ur

na
l P

re
-p

ro
of

Journal Pre-proof



 

The defects are not pronounced due to significant melting of Ta powder. However, it is 

accompanied by Ta melts instability (balling) and accumulation of thermal stresses (tensile) in 

the adjacent solidified layers. The continuous partial relieving of these stresses and the balling 

phenomenon induced the formation of interconnected micropores, which resulted to pores-

induced microcracks [40]. To fully understand the deepness and the geometry of the 

microgrooves formed during LPBF process, the cross-section of S-Ta2 was observed (Figure 

13c). A semi-circular microgroove, which partially penetrated the strut connection was noticed 

(Figure 13d). 

 

Figure 13 FESEM images of LPBF processed S-Ta2 specimen (a) surface morphology (b) 

pores-induced microcracks at struts connection (c) cross-sectional view of solidification-

induced micropores and (d) microgrooves  

3.4.3 Process-induced defects in Diamond truss scaffolds 
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The FESEM micrographs of S-Ta3 processed through parameter settings of 100 W laser power 

and 500 mm/s scanning speed is displayed in Figure 14. It is evident that various morphological 

features revealed the process-induced defects (Figure 14a). The pores-induced microcracks 

resulted from interconnected solidification-induced micropores and dislodge partially fused Ta 

powder are pronounced (Figure 14b). This might relate to low energy density used in 

fabricating this specimen. The partially fused Ta powder are more concentrated around the strut 

connection and edges (Figure 14c) and hence, the pores-induced microcracks are more 

pronounced in this region (Figure 14d). 3D printed nanostructured and micro scale porous 

scaffold surface was found to facilitate tissue growth and adhesion after implantation [41]. 

However, the undesired or undesigned features like process-induced defects degrades the 

properties of the LPBF-fabricated solid and porous scaffolds of Ta, thereby reducing its quality 

or service life. 

 

Figure 14 FESEM images of LPBF processed S-Ta3 specimen presenting various process-

induced defects (a) pores-induced microcracks (b) pores-induced microcracks and micro-
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concaves (c) partially fused Ta powder and (d) high magnification SEM image revealing the 

pores-induced microcracks. 

 

3.5 Thermal-fluid flow simulation 

Numerical simulation results for the two conditions are shown in Figure 15a-b. For the lower 

laser energy case in Figure15a, the conduction mode is observed since the laser power is not 

large and the scanning speed is relatively high. The powder bed surface is melted, but lack of 

fusion is observed in some places. Under the 250 W laser power and 100 mm/s scanning speed 

parameter conditions, a keyhole is formed due to its higher laser energy as shown in Figure 

15b. Although, the scanning speed is slower in this case, the keyhole tip oscillates faster than 

the scanning speed scale in accordance with the unsteady melt pool motion, as shown in Figure 

15c. The liquid/gas interface is drawn at one instant and cross-sectional shapes at three-time 

instants are superposed by the solid lines with the time interval of 3.5s. The change in the 

keyhole surface shape induces the change in the laser ray absorption/reflection and thus induces 

the change in local heat distribution, which are all interconnected. The melt pool motion is 

affected by this heat change in a complicated way as well. The fast keyhole flapping motion 

occasionally leads to the micropores formation, as shown in Figure 15d. The observed porosity 

(the ratio of the pore volume to the melt pool volume) is 1.08 % at this instant. This porosity 

may vary temporarily, but the order of porosity is estimated around this value, which agrees 

with the present experimental observation. Therefore, the unsteady keyhole motion could be 

one reason for micropores formation. The interface between gas and liquid/solid is directly 

solved and the pores are identified as gas islands formed in the liquid metal. The pores here are 

generated due to the entrapment of the metal vapour at the keyhole tip, induced by the tip 

flapping motion. Although the porosity is not high or critical, suppression of this motion may 

require detailed thermal control, and further investigation is needed.  
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Figure 15 Simulation results (a) Low energy with laser power = 100W and scanning speed = 

500 mm/s parameter conditions and (b) high energy with laser power = 250W and scanning 

speed = 100 mm/s parameter conditions (c) cross-section of “low energy” case where surface 

melting occurs in the conduction mode (d) cross-section of “high energy” case where the 

keyhole mode appears. The keyhole tip exhibits flapping motion and micropores are formed 

accordingly. The liquid/gas interface is drawn at one instant and cross-sectional shapes at three-

time instants are superposed by the solid lines with the time interval of 3.5s. 

3.6 Vickers microhardness 

The microhardness of LPBF processed solid and porous scaffolds of Ta is presented in Figure 

16. The porous scaffolds processed through high energy with 250 W power and 100 mm/s 

scanning speed parameter settings has highest hardness value of 140 Hv while the lowest 

hardness of 131 Hv is observed in the solid Ta specimen processed through low energy with 

100 W power and 500 mm/s scanning speed settings. This large variation in the hardness value 
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might relate to low energy of 6.7 J/mm3 in the borderline setting. Microhardness of LPBF 

processed Ta was found to increase with increasing energy density. However, it decreases when 

too high energy density (362.32 J/mm3) is used [22]. In a similar study, a higher hardness value 

of 228 Hv was reported, when processing trabecular Ta through LPBF technique [26]. LPBF 

processed Ta has a much higher hardness compared to those processed through conventional 

methods like casting, powder metallurgy and annealing with hardness of 110 Hv, 120 Hv and 

90 Hv, respectively [42, 43].  

 

 

Figure 16 Vickers hardness of LPBF processed solid and porous scaffolds of Ta at low energy 

and high energyconditions with corresponding error bars. 
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4 Discussions 

This study processed, characterized and assessed the microstructural features during LPBF of 

various solid and porous scaffolds of Ta, with emphasis on the types, distribution and formation 

mechanisms of microstructural deviations (process-induced defects). Process-induced defects 

degrade the mechanical and biomedical properties of the implants. Therefore, it needs to be 

highly minimized or eliminated. 

4.1 Accuracy and density of LPBF processed Ta 

The average standard deviation in the measured and designed dimensions along x, y and z 

directions of the cubic solid Ta specimens (D-Ta1, D-Ta2 and D-Ta3) were averagely 

calculated as ±0.0, ±0.02 and ±0.04, respectively (Table 4). This very low deviation confirmed 

the capability of the LPBF technique in fabricating highly dense pure Ta parts. Similarly, the 

standard deviation of the strut thickness for the porous scaffolds were calculated, with values 

20.17, 7.89, 34.66 and 14.10 for the S-Ta1, S-Ta2, S-Ta3 and S-Ta4, respectively (Figure 3). 

This high discrepancy in the strut thickness of the designed and fabricated porous scaffolds of 

Ta might be related to the presence of unmelted and partially fused Ta powder, which led to a 

highly rough surface of the 3D printed porous Ta specimen. A similar finding was reported 

during the 3D printing of Ti-alloy porous scaffolds [44]. The high relative density of the cubic 

solid Ta specimens, D-Ta1 and D-Ta3 of 99.56 % and 99.43 %, respectively, confirmed the 

suitability of the LPBF technique to fabricate highly dense Ta parts. The low density (98.99 

%) observed in the D-Ta2 specimen is believed to occur due to high micropores or partially 

fused Ta powder, owing to the low energy density used in processing this specimen. Other 

factors that might contribute to the decrease in density of the LPBF processed Ta is the increase 

in hatch distance and layer thickness, which resulted to a higher material overlap and hence, 

increasing the solidification-induced micropores [28]. 
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4.2 Oxide formation and its effect on LFBF processed Ta 

To reduce oxidation during the LPBF of Ta, high-purity (5 N purity with an oxygen level below 

1.5 ppm) argon atmosphere was employed. However,  the presence of secondary oxide, which 

is believed to be Ta2O5 and Ta2O3 were detected in the LPBF processed solid and porous 

scaffolds of Ta. The presence of oxygen was earlier detected by the EDX and XPS analysis, 

which chemically react with Ta to produce a secondary oxide. We have to state that, balling 

which resulted from oxidation during LPBF was not observed. Low level control of the oxygen 

content of non-spherical tantalum powder used for spheroidization is believed to enhance the 

purity and control the impurity content of the spherical Ta powder [45]. Nanoscale oxides are 

apatite formers. They are beneficial to the implants by enhancing not only the bone-implant 

bonding, but also its biocompatibility and resistance to corrosion [46, 47].  

4.3 Phases formation during LPBF of Ta 

The XRD patterns of LPBF processed Ta revealed various sharp and long peaks, which 

corresponds to BCC Ta. Obviously, the BBC Ta diffraction angles increased with increasing 

energy density. Other factors that might contribute to the shift of diffraction angles to higher 

values is high residual stress, which resulted in microscopic volume expansion and hence, 

affect the lattice structure of the Ta specimens [48]. Despite high residual stresses developed 

during LPBF, it does not always affect the diffraction angle [49]. Thus, our findings show no 

significant shift in the angle of diffraction in both infill and borderline parameter conditions. 

Our results are in agreement with the findings reported by Zhou, et al. [22]. At infill parameter 

conditions, whereby the scanning speed is low and the input energy is relatively high, the 

temperature rises, which resulted in thermal accumulation in the Ta molten pool. Heat release 

by conduction through the LPBF processed Ta decreases the residual stress. Thus, widen the 

diffraction angle of the BCC Ta and form a refined microstructure.   
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4.4 Microstructure and defects formation during LPBF of Ta  

It is apparent that, columnar and equiaxed grains are formed in the LPBF processed Ta 

microstructures, as observed in Figure 8.  In most situation, the orientation of the columnar 

grains occurred parallel to the building direction due to thermal gradient in the pool boundaries 

at the liquid/solid interface [50]. However, sometimes the local variations in heat transfer 

resulted in an inclination between the building and growth directions, which causes the 

columnar grains to grow in a different direction. Formation of equiaxed and fine grains is 

beneficial to LPBF processed Ta by enhancing its ductility (elastic limit) and biomedical 

properties [51]. Previous report revealed that, columnar grains can be completely eliminated 

through heat treatment [23]. 

The FESEM microstructural analysis of both solid and porous scaffolds of Ta processed 

through borderline and infill process parameter conditions revealed numerous process-induced 

defects. The microstructural defects observed include pores-induced microcracks, 

solidification-induced micropores, solidification-induced microcracks, micro-concaves and 

microgrooves. Unlike structural or designed pores, solidification-induced micropores are 

unintentional or undesigned micropores, which commonly occur in the LPBF processed part, 

due to vaporization of gasses.  During the heating, melting and deposition of the top layer, the 

previous solidified layer will also be slowly heated. As the top layer cools rapidly, the shrinkage 

of such layer is hindered by the previous layer, which resulted in a thermal mismatch and hence, 

residual stresses are generated. Subsequent relieving  of the already accumulated residual 

stresses causes solidification-induced microcracks [33]. The 100 W laser power and 500 mm/s 

scanning speed parameters combination in the borderline parameter settings implies very low 

laser energy (6.7 J/mm3), which is insufficient to completely melt the Ta powder during the 

LPBF process. Postprocessing through conventional grinding/polishing dislodge the unmelted 
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or partially fuse Ta powder, which resulted to microgrooves and micro-concaves [52]. In the 

infill parameter settings, the laser power (250 W) and the scanning speed (100 mm/s) 

combination resulted to a high energy density. At this condition, Ta powder are highly melted. 

However, too high energy resulted in the instability of the melt pool, which causes a 

phenomenon called balling and the formation of interconnected porosities (pores-induced 

microcracks) (Figure 10) [40]. Process-induced defects have to be minimized or completely 

avoided to reduce their detrimental effect on the biomedical and mechanical properties of the 

LPBF built parts, thereby  enhancing the performance of the fabricated parts [53]. Proper 

process parameter settings and optimization is proposed as the best approach to minimize the 

process-induced defects during LPBF [54]. 

4.5 Solidification-induced pores distribution and microhardness 

The percentage area distribution of the porosities formed in the fabricated cubic solid D-Ta2 

specimen was determined through particle analyser commend. The measured pore distribution 

of 1.19 % agrees with the simulated results, which has a volumetric pores distribution of 1.08 

%. In a similar study, Ghods, et al. [55] investigated the role of re-used Ti-6Al-4V powder on 

the porosities and spatial distribution during the additive manufacturing of Ti-6Al-4V material. 

The average volumetric pore distribution of the 3D printed specimens was found to be 

0.1±0.02%. The numerical simulation analysing the Ta molten pool behaviour and the pore 

formation mechanism contributes to the better understanding of the process parameters and 

hence, directed for optimisation in the future.  

The microhardness results achieved show that, the specimens processed via low energy settings 

has lower hardness.  This is caused by grain coarsening due to low density coupled with a very 

high speed (500 mm/s) [22]. On the other hand, the high hardness of the LPBF processed Ta is 

caused by grain refining, which strengthened the specimen’s surface [56]. Additionally, the 
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rapid laser solidification resulted in a high accumulation of residual stresses during LPBF, 

which in-turn enhance surface hardness [57]. It has to be noted that, the high hardness-value of 

3D printed Ta trabecular (228 Hv) reported by Yang, et al. [26] was achieved after 

postprocessing (annealing), which is believed to greatly raised its hardness. The as-built Ta has 

hardness-value of 190 Hv. However, this value is still higher than the hardness reported in this 

study. The relatively low hardness achieved in this study, might relate to presence of oxygen, 

which resulted in the formation of thin oxide films on the LPFB processed Ta surface. It is 

obvious that, oxide films like Ta2O5 and Ta2O3 reduces the hardness of metallic alloys [19]. 

5 Conclusion 

Additive manufacturing of pure tantalum has been presented to understand the microstructure 

of the solid and porous scaffolds and to evaluate the process-induced defects for biomedical 

applications. The following specific conclusion can be drawn:  

(1) The processability, microstructure, defect formation and generation mechanism, types 

and geometrical distribution of microstructural defects and the dimensional accuracies 

of the solid and porous scaffolds of Ta were successfully studied.  

(2) The microstructure revealed the formation of nanostructures with roughness between 

3.88 nm to 10.40 nm and a BBC Ta phase consisting of columnar, equiaxed and fine 

grains. Most of the specimens contained a short secondary oxide peak.  

(3) Numerous undesired micro features such as solidification-induced micropores, pores-

induced and solidification-induced microcracks, as well micro-concave and 

microgrooves, resulted from dislodged partially fuse Ta powder were assessed.  

(4)  The process-induced defects are denser and more prevalent on the solid and porous Ta 

specimens processed through borderline parameter settings. However, solidification-
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induced micropores are predominant on the specimens processed through infill 

parameter conditions.  

(5) Porous scaffolds of Ta processed through infill parameter settings were found to have 

maximum microhardness while the lower hardness value is observed in the solid Ta 

processed via borderline parameter settings.  

(6) The numerical simulation conducted to study the formation and defect generation 

mechanism as well as the volumetric distribution of the porosities developed during the 

LPBF of Ta agrees with the experimental results. This demonstrates that, the model can 

predict and rationalise the process-induced porosity and gain insight into process 

improvement.  
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Highlights 

 Highly dense and porous scaffolds of tantalum was successfully processed through 

laser powder-bed fusion process. 

 The final microstructure of the laser powder-bed fusion processed tantalum contained 

equiaxed, columnar and fine grains.  

 The formation mechanism of process-induced defects during laser powder-bed fusion 

of tantalum was assessed.  

 Tantalum specimens processed through borderline parameter conditions have more 

process-induced defects. 
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