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Abstract 

 

This study investigates Ti-Nb-Ta based β alloys with different zirconium additions (0, 5, 9 

wt. %) manufactured by SLM. A low level of as-fabricated defects is obtained: the relative 

density of TNT(Z) alloys is >99.97% with the keyhole size in a range of 3—20 μm. BF TEM 

images combining SAD patterns of TNT(Z) alloys show single β phase obtained inside the beta 

matrix; BF-STEM images reveal potential nano-scale grain boundary alpha phase precipitation. 

Zirconium functions as a neutral element in these high β-stabilized Ti-Nb-Ta based alloys. An 

increase in Vickers hardness and UTS caused by zirconium additions is observed, which is 

explained by beta grain refinement because higher degree of undercooling occurs. Corrosion 

ions of TNT(Z) alloys released from immersion testing at each time intervals show extremely 

small concentrations (<10 μg/L). It indicated that good biocompatibility during culture with 

the negligible corrosion ions. High strength-to-modulus ratio β Ti alloys together with excellent 

biological response show their prospect for biomedical applications. 

      



Keywords: In-situ alloying, Ti-Nb-Ta based β alloys, Zirconium addition, Equiaxed 
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1. Introduction 

 

Osteoarthritis is the most common degenerative human joint disease worldwide, and is 

characterized by the loss of joint cartilage leading to pain, and even loss of load-bearing 

function. It mainly occurs in the aged population, affecting 9.6% of men and 18% of women 

aged >60 years [1]. Traditionally, the end-stage pain cannot be removed by conservative 

modalities, like intra-articular injections, necessitating joint replacement surgery [2]. Among 

attractive candidate materials for total hip replacement (THR) and total knee replacement 

(TKR), metallic orthopedic implants play a predominant role mainly due to their mechanical 

stability [3]. As Ti-6Al-4V alloy has attractive mechanical properties and corrosion resistance, 

as well as good biocompatibility, it becomes a preferred material for load-bearing implant 

manufacturing to date [4]. However, there are still some doubts as to its functional reliability 

as a bimodal (α+β) alloy with a Young’s modulus range of 100-120 GPa [5], which is much 

higher than that of cortical bone (10-30 GPa) [6]. Therefore, the “stress shielding” effect occurs 

after artificial prosthesis instalment in the long term. It is considered as a stiffer implant sustains 

the main load from the human body and causes a reduction in the stress level within bone, 

which leads to the detrimental remodeling of peri-prosthetic bone, thus the implant surrounding 

tissue resorption happens due to the change in the load transfer after total joint replacement 

(TJR) surgery [7–10]. Therefore, many researchers are investigating low-modulus Ti-6Al-4V 

lattice structure implants by additive manufacturing [11–13]. But a question mark surrounds 

their poor fatigue lifetime after subsequent artificial joint replacement. Another concern is that 

the metallic wear debris and in vivo corrosion products with vanadium may release potential 

cytotoxicity [4,14]. 

Beta titanium alloys can be described as any Ti alloys with the addition of enough beta 

stabilizers to retain up to 100% beta phase at room temperature upon cooling from above beta 

transus temperature [15]. Titanium alloys, combined with human-friendly β stabilizers such 

as niobium, molybdenum, and tantalum have been investigated for low-modulus biomechan-



ical material applications [16–19]. Using the DV-Xα cluster method [20], Abdel-Hady et al. 

[21] reported that Ti-29Nb-13Ta-4.6Zr alloy (approx. 2.88 𝐵𝐵𝐵𝐵���� and 2.46 𝑀𝑀𝑀𝑀�����) was measured 

with low elastic modulus at around 50 GPa. Based on molecular orbital calculation, 𝐵𝐵𝐵𝐵���� 

(average covalent bond strength between Ti and other alloying elements) and 𝑀𝑀𝑀𝑀����� (average 

d-orbital energy level of the involved alloying elements) are used to predict mechanical 

properties of the specific Ti alloys. Most existing studies have focused on traditional 

processing, and mechanical properties of β Ti alloys. Among them, Sakaguchi et al. [22] 

investigated metastable as-forged and solution-treated Ti-Nb-Ta-Zr-O alloys with different 

niobium additions (20, 25, 30, 35 wt. %), demonstrating that all aforementioned alloys 

obtained ultimate tensile strength (UTS) of more than 700 MPa, and some of them possessed 

good elongation (more than 20%) with low Young’s modulus. Besides that, Zhukova et al. 

[23] compared the electrochemical behavior of Ti-22Nb-6Ta (at.%) with commercially pure 

(CP) titanium in simulated physiological medium (Hank’s solution), reporting that the Ti-Nb-

Ta β alloy possesses higher open circuit potential (OCP) values under cycling conditions. 

They also found that the oxide film exhibits superior resistance to the applied cyclic load 

when compared to CP titanium. Gordin et al. [24] and Neacsu et al. [25] reported short-term 

in vitro M3CT3-E1 preosteoblast results based on traditional manufactured Ti-Nb-X β alloys. 

They found that the investigated β Ti alloys seemingly obtain equal or even better 

performance than CP titanium during different types of cell-relevant assays (cytotoxicity, 

differentiation, etc.). 

Metal additive manufacturing (AM) is based on the principle of incremental layer-by-layer 

material consolidation, facilitating the fabrication of complicated components through the 

controlled melting or sintering of feedstock materials with the aid of energy sources, e.g. lasers, 

electron beams, etc. [26–28]. Considering factors such as less feedstock consumption in 

manufacturing components, supply chain and assembly line simplification, customized 

complex-part fabrication, metal AM process is an attractive option for manufacturing high-end 

products when compared to traditional manufacturing techniques [29–31]. Among varieties of 

additive manufacturing techniques, powder bed fusion (PBF) techniques are typically suitable 

for manufacturing delicate, custom biomedical implants with high dimensional accuracy [32–

35]. 



A limited amount of research on additive manufacturing β Ti alloys exists to date. Zhang 

et al. [36] and Liu et al. [37] investigated microstructure and mechanical properties of Ti-24Nb-

4Zr-8Sn dense and lattice samples based on electron beam melting (EBM) and selective laser 

melting (SLM). Their studies illustrated keyhole defect (and its formation mechanism), which 

is caused by in-process tin vaporization because tin has the lowest boiling point among the 

evolved alloying elements. However, there does not appear to have publications which 

specifically demonstrate microstructure evolution of Ti-Nb-Ta-Zr alloys undergoing fast 

heating & cooling rates, and laser re-melting via PBF. The function of so-called neutral element 

Zr [38] on β phase stability is not confirmed in the aforementioned thermal history, and there 

is still some dispute about the function of Zr in Ti-Nb based β alloys manufactured by 

traditional manufacturing techniques. Hao et al. [39] mentioned the combined alloying addition 

of Zr and Sn is effective in raising the beta transus temperatures of Ti–Nb based alloys, thus 

potentially narrowing beta phase region. Abdel-Hady et al. [21] concludes that zirconium 

works as a β stabilizing element in Ti-Zr-Nb β alloys over the wide range of Zr content in 

solution-treated and aged conditions. The present study investigates in-situ alloying Ti-Nb-Ta 

based β alloys with different zirconium additions (0, 5, 9 wt. %) manufactured by SLM. The 

as-fabricated parameter optimization, microstructure evolution and process-induced defects 

distribution, tensile testing performance, ion release evaluation, and M3CT3-E1 preosteoblast 

cell viability of TNT(Z) alloys are sequentially characterized. We also introduce solution 

treatment followed by water quenching aiming to reduce their Young’s moduli, which is the 

starting point of decreasing the “stress shielding” effect based on its load-bearing application.   

 

2. Materials and Methods 

 

2.1 Powder feedstock preparation 

 

Pure element powder was chosen for as-designed materials powder mixing. The chemical 

composition of the three designed TNT(Z) alloys in this work (given in Table 1) are Ti-34Nb-

13Ta, Ti-34Nb-13Ta-5Zr, Ti-34Nb-13Ta-9Zr, hereafter termed TNT, TNT5Zr and TNT9Zr  



 

Table 1 As designed chemical composition of the three employed alloys (wt. %). 

 TNT TNT5Zr TNT9Zr 

Ti Balance Balance Balance 

Nb 34 34 34 

Ta 13 13 13 

Zr 0 5 9 

 

 
Fig. 1. (A) Schematic of the as-SLMed TNT(Z) alloys manufactured by in-situ alloying. Characteristic of 

feedstock powder: (B) particle size distribution (PSD) of as-received pure Ti, Nb, Ta powder, (C) particle 

morphology of blended TNT9Zr (e.g.) powder, and (D) EDS map of the involved alloying elements. Note: the 

SLM process figure in Fig. 1A is sourced from article [40]. PSD of Zr powder is not listed as it is too reactive to 

be measured. 

alloy, respectively. Spherical Ti, Zr powder (TLS, Germany) with nominal particle size 

distribution (15—83 μm) and (10—45 μm) were gas atomized in argon atmosphere. Rocky Nb 

(Elite, UK), Ta powder (H.C. Starck, Germany) with an average particle size (D50) of 43.9 μm 



and 23.4 μm (Fig. 1B) was manufactured through a hydride-dehydride process. Powder 

weighing was finished in a glove box with an argon protective atmosphere. Following that, 

powder blending was performed for ten hours in a horizontal rotating drum, as-seen in Fig. 1A. 

The blended powder was characterized by energy-dispersive X-ray spectroscopy (EDS, Bruker) 

mapping, aiming to check blending performance before the SLM manufacturing process (Fig. 

1C-D). 

 

2.2 Selective laser melting 

 

An M2 Cusing SLM system (Concept Laser, GE Additive) was adopted to fabricate TNT, 

TNT5Zr and TNT9Zr samples on Ti alloy substrate. The machine was equipped with a 400 W 

Yb:YAG fiber laser at a wavelength of 1064 nm. The laser beam spot size was focused at 

approx. 63 μm. Considering the high oxidation risk of these pure elements, high purity 

protective argon (99.8%) was continually pumped into the process chamber until the as-

fabricated parts thoroughly cooled down. The key SLM parameters investigated for 

manufacturing parameter optimization were: laser power (240—300 W), scan speed (400—

1000 mm/s), and scan spacing (35—65 μm). The chessboard scan strategy with scan vectors 

rotated by 90º in adjacent 5 x 5 mm blocks was used for building parts, and each successive 

layer was shifted by 1 mm in both the X and Y directions; the preset layer thickness was 20 

μm. Based on SEM (TM3000, Hitachi) backscattered electron (BSE) images (nine low Mag. 

images for each parameter), area fraction of porosity, and un-melted Nb and Ta content through 

image processing software (Image J, Fiji), were analyzed. All data were recorded as the mean 

± standard deviation (SD). The manufactured parts were 7 x 7 x 7 mm cubes and sub-size dog-

bone tensile specimens with 75 mm total length. The sub-size tensile specimen dimension was 

designed according to the ASTM- E8/ E8M-13a standard [41]. The tailored cross-section parts 

were horizontally manufactured with a height of 10 mm, then sliced into 1.5 mm thickness 

dog-bone test-pieces (Fig. 2) using wire electron discharge machining (EDM, GF Machining 

Solutions).  

 



 
Fig. 2. Specimen geometry of dog-bone tensile test specimen in mm. 

 

2.3 Microstructure and micro-defects characterization 

 

Metallographic specimens were prepared using automatic grinding and polishing 

equipment (Tegramin 30, Struers), and then etched by Kroll’s reagent (2% HF + 6% HNO3 + 

92% H2O). The phase identification was performed by X-ray diffractometer (XRD) (AXRD, 

Proto) with Cu Kα radiation, and XRD spectra were collected by a fixed parameter of 0.02º 

step size and a 2s time/step. Electron backscatter diffraction (EBSD) mapping of samples were 

observed with a field-emission gun (FEG) SEM (NNS450, FEI) equipped with EBSD detector 

(EDAX, Ametek). The selected step size was 0.8 μm, aiming to maintain high EBSD indexing 

rate. A transmission electron microscope (2100, JEOL) operating at 200 kV was used to capture 

bright-field (BF) images and selected area diffraction (SAD) pattern, bright-field scanning 

transmission electron microscopy (BF-STEM) images. Thin foils for TEM were prepared 

through an argon ion milling technique (Gatan PIPS, Ametek), involving gradient milling by 

different Ar ion energy and sputter angle settings. The porosity and un-melted particles of 

cylinder specimens (D1.6 H7.5) were analyzed with micro-CT (Skyscan, Bruker). The scan 

parameters were an accelerating voltage of 165 kV and a current of 75 μA for a 360º scan. A 

total of 2,500 projections were collected on a charge-coupled device (CCD) detector using a 1s 

exposure time. The data was reconstructed and visualized using Nikon Pro 3D and Avizo 

software, respectively. 

 

2.4 Differential scanning calorimetry and solution treatment 

  

Differential scanning calorimetry (DSC) analysis was performed by heat-flux DSC cell 



(404 F1 Pegasus, Netzsch). As-fabricated TNT(Z) samples (approx. 20 mg each sample) were 

separately loaded in recrystallized alumina crucible, sealed with a lid using the same material. 

It ran with a constant heating and cooling rate of 10℃/min in argon atmosphere to predict the 

thermodynamic properties. The heating temperature was increased to a maximum temperature 

(1200℃), then cooled down to identify phase transformation characteristics of each alloy. 

Solution treatment specimens were encapsulated in evacuated quartz tubes, dwelled at 750℃ 

in an electric furnace for one hour, followed by quenching into water.     

 

2.5 Micro-hardness and mechanical properties 

 

Mirror-like specimens were mounted on a micro-hardness tester (Wilson VH1202, Buehler) 

for Vickers hardness measurement. The test for each sample was performed with a 100g load 

and 10 times linearly, indented with recommended spacing according to the ASTM E384-17 

standard [42]. The as-fabricated specimens in tensile testing were carried out perpendicularly 

build direction at room temperature. The stress-strain curves were measured at a crosshead 

speed of 0.5 mm/min at room temperature using a tensile testing machine (2500, Zwick/Roell). 

Two specimens per alloy were tested in order to average tensile properties, and a clip-on 

extensometer was attached to the 15 mm gage length of specimen until rupture, then fracture 

morphology was observed using a SEM (NNS450, FEI).  

 

2.6 Metallic ion release evaluation and cell viability 

 

As-fabricated Ti-Nb-Ta based metallic samples (two-side polished, 10 x 10 mm) were 

ultrasonically cleaned in pure ethanol for 10 minutes and then sterilized in autoclave for 90 

minutes. For the ion release study, one sample per each metallic material was submerged for 7 

days, 14 days, 21 days, 30 days, 90 days, and 180 days in 20 mL of minimal essential medium 

(MEM) supplemented with 1% penicillin/streptomycin, and 0.5 g/L L-glutamine. Meanwhile, 

the control group for each time interval contained 20 mL aforementioned MEM containing 

medium without any metallic sample. These liquid samples were all kept in a cell incubator 

with 5% CO2 at 37 °C atmosphere. From these 20 mL after-immersion mediums, the 15 mL 



was used for metallic ion release evaluation, and the other 5 mL was a part of cell culture 

medium to perform MC3T3-E1 cell viability assays. The measurement of ion release after the 

immersion test was performed using inductively coupled plasma optical emission spectrometry 

(ICP-OES) (Optima 8000, PerkinElmer). Before the measurement of metallic ions in all 

samples, the calibration of standardized samples was conducted with the involved elements at 

a wavelength of Ti (334.940 nm), Nb (309.418 nm), Ta (226.230 nm), and Zr (343.823 nm). 

The correlate coefficients of these four calibrations were≥0.999. Two runs measurements were 

set up to demonstrate these element analysis results. After the longest time interval (180 days) 

immersion test, MC3T3-E1 preosteoblast was seeded and cultured in a flask with standard 

culture medium. The after cultured MC3T3-E1 cells were detached from the bottom surface of 

the flask using 0.25% trypsin-EDTA solution (5 minutes at 37℃), then seeded in each well 

(24-well plate) at a concentration of 2 x 104 cells/cm2. The medium for cell culture was 0.5 mL 

medium after the immersion test, supplemented with 0.5 mL standard culture medium 

including serum (MEM, 10% fetal bovine serum, 1% penicillin/streptomycin, and 0.5g/L L-

glutamine); alongside a control group containing standard supplemented medium was set up. 

The plate was then kept in the cell incubator for 24 hours. Alamar blue assay [43] in 96-well 

plate was performed using a spectrophotometer (Spark, Tecan) at a wavelength of 560 nm 

excitation and 590 nm emission. This assay was conducted in triplicate. The viability of cells 

after-immersion medium was analyzed by staining with calcein-AM and propidium iondide. 

Stained cells were visualized using a microscope imaging system (EVOS M5000, Thermo 

Scientific). Analysis of Variance (ANOVA) and two-tailed t-tests were performed for Alamar 

blue results, with a p value <0.05 considered as being statistically significant.   

 

3. Results  

 

3.1 Selective laser melting parameter optimization 

 

The relationship between un-melted particles, porosity and PBF key parameters, is 

presented in Fig. 3A-C. Fig. 3A shows a clear tendency: the percentage of un-melted Nb 



decreases to a large extent from 4.55% to 1.93% when laser power rises from 240 W to the 

maxima (300 W); the variances of Y-values (un-melted Nb, Ta also porosity) also become 

smaller when laser power increases. No ideal processing window obtained inside this parameter 

group after considering the best sample with relatively high value of porosity (2.2%) and un-

melted Ta (0.7%). In Fig. 3B, the slow scan speed (500 mm/s) combining other preset 

parameters is considered an optional processing parameter with low defect level after 

conducting a batch of Y-values versus scan speed characterization. It also can be found the un-

melted particles and porosity level is much higher in samples manufactured by high scan speed,  

 

 

Fig. 3. (A) Un-melted Ta & Nb content and porosity versus laser power; the preset parameters are: 700 mm/s 

scan speed, 50 μm scan spacing. (B) Un-melted Ta & Nb content and porosity versus scan speed; the preset 

parameters are: 300 W laser power, 50 μm scan spacing. (C) Un-melted Ta & Nb content and porosity versus 

scan spacing; the preset parameters are: 300 W laser power, 700 mm/s scan speed. (D) Backscattered SEM 

image of as-built TNT specimen with low energy density, and (E) with high energy density. Note: arrows point 

out grey particle (Nb) and bright particle (Ta), and porosity features ((D) lack of fusion, (E) keyhole). 

 

such as 850 mm/s, when compared to the counterpart manufactured by low scan speed (e.g. 

500 mm/s). The consistent result has been found in Zhang et al. [36] work, the quality of parts 

fabricated by high scan speed is poor because the laser incident energy is insufficient to melt 



the alloy with refractory elements. No obvious Y-values versus scan spacing fluctuation is 

found after increasing from 35 μm to 50 μm (Fig. 3C). It means that the defects level is not 

severely affected by scan spacing factor in the parameter arrays. Additionally, low energy 

density and high energy density as-built TNT specimen SEM (BSE) images are provided in 

Fig. 3D-E. The low energy density case could happen with a low laser power (e.g. 240 W) or 

high scan speed (e.g. 1000 mm/s); the porosity type is mainly a lack of fusion (arrows in Fig. 

3D), and a high percentage of un-melted Nb & Ta disperses randomly during each layer 

manufacturing. The mechanism of lack of fusion voids has been concluded that inadequate 

penetration of molten pool from the upper layer into the previous layer [44,45]. On the other 

hand, the high energy density case could happen in a low scan speed (e.g. 500 mm/s); the main 

porosity formation is keyhole [37,46] (arrows in (Fig. 3E), and an extremely low percentage of 

un-melted Nb & Ta appears in the specimen matrix. The same defect characterization method 

was chosen for TNT5Zr and TNT9Zr alloy build parameter optimization by changing laser 

scan speed. 

 

3.2 Phase analysis and microstructure 

 

Fig. 4 shows the XRD profiles of as-fabricated TNT samples with different Zr additions. 

As seen, these samples all obtained main β phase with the highest intensity peak (110). The 

diffraction angles for (110)β atomic arrangement plane in TNT, TNT5Zr, TNT9Zr alloys are 

38.70º, 38.53º, and 38.43º respectively. There is a low intensity suspicious alpha peak at around 

35º of the three alloys. IPF maps of as-fabricated TNT alloy (Fig. 5A-B) show equiaxed and 

columnar grain formation, and micro-pores are randomly located in the material matrix. <001> 

fiber texture is observed by <001> IPF (Fig. 5C), and the phase distribution map (Fig. 5D) of 

TNT alloy indicates that beta phase matrix (red contrast) existence, and precipitates (green 

contrast) appear along grain boundary. The same type of grain formation and as-fabricated pore 

features are also observed in TNT5Zr (Fig. 6A-B) and TNT9Zr alloys (Fig. 7A-B). <001> fiber 

texture is kept in TNT alloys with zirconium additions, and the maximum texture indexes are 

between 1 and 3 (Fig. 6C & Fig. 7C). Additionally, Fig. 6D & Fig. 7D demonstrate phase 

distribution maps of TNT5Zr and TNT9Zr alloy with grain boundary precipitates. The grain 



size (Fig. 8A) and misorientation angle (Fig. 8B) of the three alloys prove that TNT5Zr, 

TNT9Zr alloys possess a higher percentage of fine grain size (<30 μm) grains than the TNT 

sample. The high-angle grain boundary (greater than 15º) is the main tilt boundary of the three 

alloys after misorientation angle quantification analysis. On the nanoscopic scale, Fig. 9A 

shows a BF micrograph taken from the beta matrix of as-fabricated TNT alloy, together with a 

SAD pattern viewed along [111]β zone axis. It should be noted that no formation of metastable 

precipitates (e.g. ω or α'') inside beta matrix. Fig. 9B presents the BF-STEM image of as-

fabricated TNT alloy, captured from a region close to grain boundary. It indicates the existence 

of nano-scale precipitates along the grain boundary. The BF image and SAD pattern obtained 

from the beta matrix of as-fabricated TNT5Zr alloy are presented in Fig. 9C, which shows no 

precipitation in the beta matrix. The BF-STEM image (Fig. 9D) indicates dispersive nano-scale 

precipitates occur at the grain boundary. Similarly, a single beta phase microstructure is 

observed in the BF image and its SAD pattern (Fig. 9E) of as-fabricated TNT9Zr alloy. 

Meanwhile, potential precipitation is found along beta grain boundary (Fig. 9F).  

 



 
Fig. 4. X-ray diffraction patterns of as-fabricated TNT, TNT5Zr, TNT9Zr alloys. 

 

Fig. 5. EBSD results of SLM-processed TNT alloy: (A) auto inverse pole figure (IPF) map in parallel build 



direction, (B) auto inverse pole figure (IPF) map in perpendicular build direction, (C) <001> inverse pole figure 

(IPF), and (D) phase distribution map. Note: red denotes beta Ti, green denotes precipitate phases. 

 
 

 

Fig. 6. EBSD results of SLM-processed TNT5Zr alloy: (A) auto inverse pole figure (IPF) map in parallel build 

direction, (B) auto inverse pole figure (IPF) map in perpendicular build direction, (C) <001> inverse pole figure 

(IPF), and (D) phase distribution map. Note: red denotes beta Ti, green denotes precipitate phases. 

 



 
Fig. 7. EBSD results of SLM-processed TNT9Zr alloy: (A) auto inverse pole figure (IPF) map in parallel build 

direction, (B) auto inverse pole figure (IPF) map in perpendicular build direction, (C) <001> inverse pole figure 

(IPF), and (D) phase distribution map. Note: red denotes beta Ti, green denotes precipitate phases. 

 

Fig. 8. EBSD quantitative results of SLM-processed TNT, TNT5Zr, TNT9Zr alloys: (A) grain size and (B) 

misorientation angle.  



 

Fig. 9. (A) BF image with corresponding SAD pattern (inset) of as-fabricated TNT alloy, taken from the beta 

matrix region. (B) BF-STEM image of as-fabricated TNT alloy, taken from a region close to the grain boundary. 

(C) BF image with corresponding SAD pattern (inset) of as-fabricated TNT5Zr alloy in the beta matrix. (D) BF-

STEM image of as-fabricated TNT5Zr alloy, taken from a region close to the grain boundary. (E) BF image with 



corresponding SAD pattern (inset) of as-fabricated TNT9Zr alloy in the beta matrix. (F) BF-STEM image of ad-

fabricated TNT9Zr alloy, taken from a region close to grain boundary. Note: the beam direction from each 

capture is parallel to the [111]β direction. 

   

3.2 Micro-defects distribution 

 

Fig. 10 demonstrates the reconstructed 3D parts and the quantitative data of defects by the 

aid of micro-CT technique. Voids (yellow) are with an irregular shape and appear to be 

randomly distributed in SLM-processed TNT(Z) specimens. The total number of the indexed 

un-melted particles (red) is smaller than voids in these three alloys. The main difference here 

is un-melted particles occupy slightly more sites in the TNT5Zr sample than the TNT and 

TNT9Zr samples. The quantitative data reveals the size of two-type defects is mainly located 

in the range of 3—20 μm (Fig. 10B). In the histogram, defects size (EqDiameter) here means 

the equivalent diameter of the spheres with the same volume as the measured defects. The 

relative density of as-fabricated TNT, TNT5Zr, TNT9Zr samples calculated based on the 

quantitative data are 99.98%, 99.99% and 99.97%, respectively. Meanwhile, the un-melted 

particle volume fracture of the TNT, TNT5Zr, TNT9Zr samples calculated based on the 

quantitative data are 0.0007%, 0.0030% and 0.0020%, respectively. 

 

 
Fig. 10. (A) Un-melted particles and pore defects distribution of as-fabricated TNT (left), TNT5Zr (middle), 



TNT9Zr (right) alloy analyzed by micro-CT, and (B) the size and counts of defects inside these samples. 

 

3.3 DSC thermal analysis 

 

High temperature DSC curves of the three TNT(Z) alloys are given in Fig. 11. During the 

heating process, from room temperature to the upper temperature limit (1200℃), there is an 

exothermic peak near 678℃ (TNT); the exothermic peaks of the TNT5Zr and TNT9Zr samples 

are observed near 765℃ and 848℃, respectively. The alpha → beta transus temperature was 

observed to increase with zirconium addition, and a wide range of no-clear exothermic peak 

zone was found at the temperature lower than alpha → beta transus. Contrastively, no clear 

endothermic peaks were observed during the cooling process of the three alloys. According to 

these curves, the solution treating then water quenching was performed at a temperature (750℃) 

between the lowest alpha → beta transus temperature (678.6℃) and the highest counterpart 

temperature (848.3℃).  

 

 

  Fig. 11. The DSC heating & cooling curves of (A) TNT, (B) TNT5Zr, and (C) TNT9Zr alloys. 

 

3.4 Vickers hardness and mechanical properties 

 

Fig. 12A reveals Vickers hardness homogeneity of the three alloys from different planes 

and geometric positions. The micro-hardness of as-fabricated TNT (XOY plane) is 208.5 ± 5.5 

HV0.1. The mean value of as-fabricated TNT5Zr (XOY plane) and TNT9Zr (XOY plane) are 

232.0 ± 6.5 HV0.1 and 259.7 ± 3.9 HV0.1, respectively. The beta grain refinement made 

Vickers hardness of TNTZ as-fabricated samples higher than TNT alloy. The material’s 



microhardness reduction in solution treated condition was observed due to grain growth when 

dwelling at 750℃ for one hour. 

 

 
Fig. 12. (A) Vickers hardness of as-fabricated and solution heat treated TNT, TNT5Zr and TNT9Zr alloys, and 

(B) typical stress-strain curves of these alloys.  

 

Typical stress–strain curves of the as-fabricated and solution-treated TNT, TNT5Zr, 

TNT9Zr alloys manufactured by SLM are shown in Fig. 12(B). All samples exhibit an ultimate 

tensile strength (UTS) approx. above 600 MPa and an elongation exceeding 10%. Table 2 

demonstrates tensile properties on the three as-mentioned alloys in both conditions. The elastic 

moduli of as-fabricated TNT(Z) alloys are all less than 70 GPa. Meanwhile, the elongation of 

as-fabricated TNT(Z) alloys ranges from 11.4% to 14.1%, showing their good ductility. The 

higher Young’s modulus and UTS have been observed after the TNT alloy adding different 

percentage of zirconium. Meanwhile, the UTS slightly decreases after conducting solution 

treating then water quenching of these TNT(Z) alloys. Fig. 13A-F reveals typical ductile 

fractures of these alloys. The large shear-like oval dimple features in as-fabricated TNT 

specimen are more irregular than the counterpart of as-fabricated TNT5Zr and TNT9Zr. As-

fabricated porosity is also found in both conditions of these alloys. The high magnification 

SEM images show the internal wall of keyhole from the as-fabricated TNT (Fig. 13G) and 

TNT5Zr alloys (Fig. 13H). It clearly shows the original un-deformed microstructural difference 

of the two alloys: cellular subgrain (TNT) and equiaxed/columnar mixed grain microstructure 

(TNT5Zr). 



 

Table 2 

Comparison of the tensile properties for the as-fabricated TNT(Z) alloys before and after 

solution treatment. 

Material E (GPa) σ
0.2

 (MPa) σ
UTS 

(MPa) δ (%) σ
UTS 

/E 

TNT-AF 52 ± 3 610 ± 5 681 ± 6 14.1 ± 1.2 12.9 ± 0.6 

TNT5Zr-AF 57 ± 5 650 ± 8 698 ± 4 13.7 ± 0.6 12.1 ± 1.1 

TNT9Zr-AF 66 ± 5 741 ± 8 772 ± 9 11.4 ± 0.4 11.9 ± 0.8 

TNT-ST 47 ± 2 569 ± 2 597 ± 4 15.8 ± 1.8 12.7 ± 0.5 

TNT5Zr-ST 56 ± 3 628 ± 3 639 ± 4 16.0 ± 2.6 11.3 ± 0.4 

TNT9Zr-ST 66 ± 1 715 ± 2 722 ± 4 14.0 ± 1.4 10.9 ± 0.2 

 

 
Fig. 13. Tensile fracture morphologies from the (A) as-fabricated TNT, (B) TNT5Zr and (C) TNT9Zr alloys, 

and (D) solution treated TNT, (E) TNT5Zr and (F) TNT9Zr alloys. (G) The internal wall feature of keyhole from 



as-fabricated TNT alloy, and (H) from as-fabricated TNT5Zr alloy.  

 

3.5 Ion release and in vitro preosteoblast response 

 

The ion release rate of the three alloys after static immersion testing is shown in Fig. 14. 

Overall, the concentration of each metallic ion from TNT (Fig. 14A), TNT5Zr (Fig. 14B), 

TNT9Zr alloys (Fig. 14C) after immersion with MEM containing medium is no more than 10 

μg/L. The TNT alloy ion release result seems show a tread that the concentration of the more 

detectable elements Nb, Ta in the initial stage decrease along with a longer time interval 

immersion (e.g. 180 days). Conversely, Ti ion concentration appears a slight raise with the 

growth of immersion time. By comparison, the concentration level of these four metallic ions 

in TNT5Zr alloy become even lower after Zr addition. Clearly, the mild ion concentration drop 

from Nb, Ta and no fluctuation from Ti, Zr is found when immersion time increases from 7 to 

180 days. Overall, the TNT9Zr alloy ion release result is kept the tread as TNT5Zr alloy. 

However, a slight Ta ion fluctuation below 5 μg/L is observed in the range of relatively short 

term immersion (≤30 days). The metabolic activity of MC3T3-E1 preosteoblast cells with the 

7, 14, 21, 30, 90 and 180 days released ions and cell culture medium are shown in Fig. 14D. 

Fairly similar Alamar blue reduction level of each alloy is found after immersion tests at 

different time intervals when compared to the corresponding control group (Fig. 14D). 

Noticeably, there happens a decrease in fluorescence of the control group after 180 days 

immersion by comparison with the other control groups. Osteoblast cells cultured with medium 

recovered from the ion release assays showcase a prevalence of intact membranes (green) with 

negligible cells marked as ruptured or damaged (red), see in Fig. 15. Notably, it can’t find 

obvious decrease of cell viability in the culture with metallic ion involved medium when 

compared to the control ones in each time points form 7 days to 180 days. 

 



 

 

Fig. 14. Ion concentration of the involved elements in (A) TNT, (B) TNT5Zr, and (C) TNT9Zr alloys measured 

by ICP-OES, and (D) the metabolic activity of MC3T3-E1 preosteoblast cells seeded in after-immersion 

containing medium, where＊signifies p value <0.05 (where more than one pair is illustrated, the comparison 

between the group indicated with a solid line and any other groups indicated with dash lines).  



 
Fig. 15. Micrographs illustrating viability of cells with after-immersion containing medium. Note: live cells are 

stained in green and dead cells in red. 

 

4. Discussion 

 

4.1 Microstructure evolution and defects distribution 



 

The weak peak (around 35º) found in XRD patterns of the three alloy (Fig. 4), which is 

suspected to be the peak of alpha phase obtained during rapid cooling upon beta transus 

temperature in selective laser melting. As the chosen alloys consist of enough beta stabilizers 

(Nb, Ta), which increases the thermodynamics stability of the β phase in the alloy system. 

Therefore, martensitic transformation normally induced by high cooling rate is suppressed in 

these high β-stabilized Ti-Nb-Ta based β alloys, causing the three alloys retain main β phase at 

room temperature. The same phenomenon that α'' martensite is depressed with the increase of 

Nb is also reported by Hao et al. [47]. According to the former thermodynamic calculations 

[48], the classic microstructural evolution e.g. martensitic transformation, diffusionless 

transformation (β→ω) will not occur in high Nb composition Ti-Nb alloys during rapid cooling 

rate processing due to the driving force for the metastable phases nucleation is enough. 

Additionally, the Zr composition change in alloy chemistry generally produces a shift in the 

position of the diffraction peaks of the β phase. Zirconium has a calculated atomic radius (206 

pm) larger than the replaced element titanium (176 pm) [49], which makes TNT9Zr alloy 

possess a slightly lower diffraction angle than TNT and TNT5Zr alloys [50]. A large number 

of grains were statistically analysed in EBSD mapping results (Fig. 5-7), and it found that weak 

but typical <001> fiber texture was obtained in SLM-processed TNT(Z) alloys. The same 

preferred crystallographic orientation was also observed in binary Ti-26Nb alloy manufactured 

by selective laser melting [51] and laser deposited quaternary Ti-34Nb-7Zr-7Ta alloy [52]. The 

majority of grain growth direction is consistent with main thermal dissipation direction during 

layer by layer manufacturing in SLM. Also, it appears that the Zr addition induces the grain 

refinement of TNT5Zr and TNT9Zr alloys manufactured via SLM (Fig. 8A). It may relevant 

to the occurrence of greater undercooling [53] in melting TNTZ alloys than TNT alloy, which 

gives rise to more beta grain nucleation sites after Zr element addition. Except for the 

nucleation rate difference caused by alloying chemistry, short-time high temperature dwell and 

rapid cooling in the selective laser melting process [54] restrict the growth of nucleated grains. 

The grain boundary precipitate phases (green) captured by the EBSD phase contrast map are 

observed in these three alloys. Here, zirconium seems play the role of neutral element in this 

high β-stabilized Ti-Nb-Ta based alloy because there is no distinguishable precipitate intensity 



change when Zr weight percentage increase from 0 to 5%, which is inconsistent with the 

descriptions as-mentioned before [21,39]. Noticeably, there is a study which attempts to explain 

the effects of Zr and Sn contents on α'' martensitic transformation of Ti-Nb based β Ti alloys, 

manufactured by plastically deformed techniques [47]. The conclusions referring to the 

alloying element effect on microstructural evolution of α'' precipitates should be drawn 

cautiously due to it may involve stress-induced martensitic transformation on material 

processing [55].   

BF TEM images (Fig. 9A, 9C, 9E) and XRD patterns (Fig. 4) of these as-fabricated TNT(Z) 

alloys further demonstrate no existence of athermal ω phase inside the beta matrix. These 

results are inconsistent with the results that nanometer-scale omega and alpha precipitation 

obtained inside beta matrix from Ti-34Nb-7Zr-7Ta alloy manufactured by direct laser 

deposition (DLD) [52]; while similar results without precipitation in the beta matrix were found 

after this as-deposited alloy underwent solution treating then water quenching. We presume 

metastable precipitate phases probably still can be formed in some beta Ti alloys manufactured 

by rapid cooling rate processing (e.g. DLD), but they might be suppressed in relative slower 

cooling rate processing (e.g. quenching, and SLM). The latest microstructure analysis relevant 

to Ti-35Nb-7Zr-5Ta alloy manufactured by electron beam melting (EBM) reveals the existence 

of main β phase together with dispersed NbTi4 nanocrystalline intermetallic compound [56]. 

And these intermetallic precipitates transformed by β phase were also recorded by Li et al. [57] 

for Ti-10Nb-5Sn alloy heated and cooled repeatedly in the range of room temperature to 400K.  

Additionally, BF-STEM images of our three alloys show nano-scale grain boundary alpha 

phase precipitation, which agrees the former EBSD mapping and XRD results. The 

precipitation starts from beta transus temperature and some embryos nucleate at grain boundary 

due to the β stabilizer element away from equilibrium in there. However, there is not enough 

time to grow up properly because the high cooling rate in the SLM process. From the DSC 

thermal characterization results (Fig. 11) a wide range of no-clear exothermic peak lower than 

alpha → beta transus temperature was observed. This is consistent with DSC results of Ti-40Nb 

alloy [58], caused by the lack of athermal omega phase decomposition during heat up in these 

alloys. Meanwhile, no measurable sharp exothermic peak was observed during the slow 

furnace cooling process, probably because the material undergoes smooth alpha phase growth 



along grain boundary [59].  

Micro-CT provides a feasible characterization thread to quantify the SLM-processed 

defects. The results in Fig. 10 show the high relative density (≥99.97%) and extremely small 

amount of un-melted Nb & Ta particles of SLM-processed TNT(Z) specimens. The void shape 

tends to be irregular, which is regarded as the keyhole. The mechanism of its formation is due 

to local evaporation of the lowest boiling point element titanium when perform high-speed in-

situ alloying by SLM, which appears similar to the findings from Liu et al. [37]. Meanwhile, 

the rocky pure powders (like Nb, Ta) may increase the difficulty of evenly spreading the 

powder bed. Hence, the localized evaporation probably happens somewhere with a smaller 

amount of refractory element powder existence. The un-melted particles inside these SLM-

processed materials may happen when performing in-situ alloying on the zones with relatively 

coarser refractory powder, the laser incident energy from scanning and remelting cannot 

thoroughly melt these particles. This is common found when in-situ alloying pure elements 

with different thermal physical properties [60], but the percentage of un-melted particles can 

be minor after a systematic parameter optimization.  

 

4.2 Micro-hardness and tensile properties 

 

There appears a small variation of as-measured Vickers hardness values (Fig. 12A) in 

different positions of the as-fabricated TNT(Z) specimens, which positively demonstrates that 

no obvious macro-structure inhomogeneity exists via in-situ alloying TNT(Z) alloys. The low 

Vickers hardness value (203-264 HV0.1) obtained here is at the same level of SLMed Ti-24Nb-

4Zr-8Sn alloy, with a high relative density (>99%) [36]. This is mainly because of low critical 

resolved shear stress when slip happens in these body-centered cubic (bcc) β Ti alloys. From 

stress-strain curves of as-fabricated TNT(Z) specimens (Fig. 12B), ultimate tensile strength 

(UTS) of these as-fabricated β Ti alloys is at the range from 681 ± 6 MPa to 772 ± 9 MPa. As-

fabricated TNT alloy obtained the lowest UTS (681 ± 6 MPa), staying at the same UTS level 

of additive manufactured Ti-30Nb-5Ta-3Zr alloy [61] and Ti-24Nb-4Zr-8Sn alloy [36]. By 

comparing to cold rolling + solution treating then quenching beta alloys with enough β 

stabilizers, like Ti-35%Nb-4%Sn or Ti-35%Nb-7.9%Sn (approx. 500 MPa in UTS) [62], grain 



size difference is regarded as the main factor to decide why there exists a UTS gap. Beta grain 

size refinement in AM-processed TNT(Z) alloys happens mainly due to its rapid solidification 

from high temperature. Contrastively, beta grain of the aforementioned Ti-Nb-Sn alloys 

manufactured by traditional techniques undergo a thorough growth when the long-time dwell 

above beta transus during solution treatment.  

The UTS to modulus ratio is a crucial value to evaluate the mechanical stability of 

orthopedic implants. In this work, all three alloys obtained a high strength-to-modulus ratio of 

approx. 12 (see in table 2), while the recorded value of biomedical Ti-6Al-4V alloy was 

reported to variate between 8.1-8.8 [63]. To explain the UTS increase after zirconium additions 

in TNTZ alloys found in table 2, as dislocations in one crystal pile up on the grain boundary, 

leading to a high stress concentration in the boundary and neighboring grains. Hence, higher 

level grain refinement material (TNT9Zr alloy) provides more grain boundary barriers, thus 

making this material the strongest [64]. Besides that, UTS, Young’s modulus, and Vickers 

hardness experienced a weak reduction after solution treating then water quenching. This can 

be regarded as the grain growth after performing a dwell at solution treated temperature, and 

no extra metastable precipitates form during water quenching process. After comparison with 

the fracture morphologies (Fig. 13(A-F)) of different alloys at both as-fabricated and solution 

treated conditions, these specimens all undergo dimple rupture with relatively high ductility 

(>10%). There exists nucleation, growth and coalescence of microvoids at grain boundary, and 

fracture happens after an accumulation of critical local strain for microvoids [65]. In particular, 

the shear-like oval dimples obtained from as-fabricated TNT(Z) alloys turn into more regular 

equiaxed dimples (Fig. 13(D-F)) after conducting solution treating then water quenching. The 

common found dimple shape appears after materials’ solution treatment probably relevant to 

the grain growth and reorientation. Fig. 13G-H presents the virgin microstructure of as-

fabricated TNT and TNT5Zr alloy; the cellular subgrains inside the equiaxed beta grain 

structure are observed inside un-deformed pores of as-fabricated TNT alloy. The smaller 

amounts of undercooling during TNT alloy solidification promote the formation of cellular 

subgrains. It has been observed that the misorientation angle between subgrains is around 1-2º 

[66], which seems explain why as-fabricated TNT alloy obtains the highest percentage of low 

misorientation angle (≤5º) in these three alloys.  



 

4.3 Ion release and biocompatibility evaluation 

 

This study has evaluated long-term ion release rate for the three defined alloys submerged 

in MEM containing medium and in vitro preosteoblast response to after-immersion medium. 

Ion release results (Fig. 14(A-C)) confirm that these investigated alloys possess good corrosion 

resistance because the highest metallic ion concentration is extremely small (<10 μg/L). The 

corrosion ions origin from uniform attack contain a higher concentration in the first 14 days 

immersion than the other time interval immersion. It is assumed that the acid salts (e.g. MgCl2, 

CaCl2, etc.) from MEM containing medium generate a relatively higher extent of corrosion 

products when reacting with each alloy in the first stage (≤ 14 days). The corrosion product 

film on these TNT(Z) alloys becomes fairly stable after 30 days immersion, potentially further 

slowing down the overall corrosion rate. It indicated that good biocompatibility with respect to 

cytotoxicity during culture with corrosion ions is obtained in these TNT(Z) alloys. As the 

overall metallic ion concentration is small, no obvious cytotoxicity can be found after cell 

culture even though the highest time interval is 6 month. The same positive results can be found 

in short-term (maximum 4 weeks) titanium, niobium, and tantalum wire implantation in soft 

and hard bone rat tissue [67]. No dissolution of Ti, Nb, Ta was detected in peri-implant tissues 

and no inflammatory response was observed around these implants. The literature [68] 

demonstrates that proteins in an in vivo environment can interplay with the corrosion reactions 

of metallic implants in several ways: proteins bind to metal ions and transport them away from 

the solid-liquid interface, thus accelerating further ion dissolution; the proteins may adhere to 

the alloy surface and restrict the diffusion of oxygen to the surface, potentially blocking the 

metal surface re-passivation. However, it is difficult to mimic a serum containing cell culture 

in vitro environment for 30 days ion release evaluation due to its short shelf life when incubated 

in a 37 °C atmosphere. Meanwhile, it should be noted that the quantification of released 

metallic ions from these three alloys is also challenging. The excellent corrosion resistant 

TNT(Z) alloys extract small concentration ions in MEM containing medium. If analyzed using 

higher resolution facility (e.g. ICP-MS), proper dilution is needed due to high concentration 

background Ca2+ in MEM medium. However, the liquid samples should be a high percentage 



below the detection limit after that operation. Though the ion release rate can be increased by 

using strong acid or another corrosive medium, the chance to combine ion release test and 

cytotoxicity assays together will be lost.  

 

5. Conclusions 

 

This study investigated in-situ alloying Ti-Nb-Ta based β alloys with different zirconium 

additions (0, 5, 9 wt. %) manufactured by selective laser melting (SLM) for load-bearing 

implant development. The microstructure and defects, mechanical properties, and 

biocompatibility were systematically analyzed, and the following main conclusions are drawn: 

 

1. The slow scan speed (e.g. 500 mm/s) with high laser power (e.g. 300 W) is accepted 

as being an optional parameter combination to manufacture TNT(Z) alloys at a low 

defects level. Micro-CT results show that the size of un-melted particles (Nb & Ta) 

and keyhole of after-optimization TNT(Z) alloys is mainly located in a range of 3—

20 μm, and the relative density of as-fabricated TNT(Z) alloys is >99.97%.  

2. Martensitic transformation normally caused by high cooling is suppressed in the 

high β-stabilized Ti-Nb-Ta based alloys, making these three as-SLMed alloys obtain 

main β phase at room temperature. No existence of athermal ω or α'' phase inside 

the beta matrix and potential nano-scale grain boundary alpha phase precipitation 

is observed in TNT(Z) alloys, which agrees the relevant EBSD mapping and XRD 

results. Additionally, zirconium is regarded as a neutral element in this high β-

stabilized Ti-Nb-Ta based alloy when perform SLM manufacturing. 

3. Tensile testing shows that the ultimate tensile strength (UTS) of these as-fabricated 

β Ti alloys ranges from 681 ± 6 MPa to 772 ± 9 MPa. Here, the Vickers hardness 

and UTS increase caused by zirconium addition is explained by grain refinement. 

A weak UTS reduction after solution treating then water quenching is regarded as 

grain growth when dwell at solution treated temperature. Notably, the UTS to 

modulus ratio of as-designed TNT(Z) alloys is approx. 12, which is much higher 

than the recorded value (8.1-8.8) of biomedical Ti-6Al-4V alloy. 



4. Corrosion ions released from uniform attack in MEM containing medium at each 

time interval have an extremely small concentration (<10 μg/L). The corrosion 

product film on these TNT(Z) alloys, presumably to be fairly stable after 30 days 

immersion. It indicated that good biocompatibility with respect to cytotoxicity 

during culture with corrosion ions is obtained in these TNT(Z) alloys.   
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