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Abstract: The demand for metallic biomaterials has increased proportionally to the number of elderly 

population and people who have bone disorders related to diseases, accidents, or premature wear. 

Because of this, the studies related to the development of metal alloys for applications in biomaterials 

have increased and Ti-29Nb-13Ta-4.6Zr (TNTZ) alloy received a great highlight. TNTZ alloy was 

obtained by powder metallurgy technique in order to study the microstructural development and 

investigate the interactions with in vivo environment. To perform this work, elementary powders were 

mixed in alloy stoichiometry, uniaxial and isostatically cold compacted and sintered in high vacuum 

(10-5 Torr) at temperatures from 800 °C up to 1600 °C. X-ray diffractometry showed a tendency for 

 phase stabilization at higher temperatures. The density and microhardness tests showed increasing 

results as the temperature increased, showing values of 5.7 g/cm³ and 352 HV. The mechanical tests 

presented modulus of elasticity around 40 GPa, maximum compressive strength of 1018 MPa and 

flexural strength of 1297 MPa. The biological tests of Ti-29Nb-13Ta-4.6Zr samples sintered at  

1600 °C demonstrated antimicrobial activity against Candida albicans and Pseudomonas aeruginosa, 

reducing 36 and 60 % and high in vivo biocompatibility, which supports their use in implants. 

Keywords: titanium alloys; TNTZ; powder metallurgy; biomaterials; biocompatibility; 

microstructural development. 
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1. Introduction 

Metals and their alloys are widely used as biomaterials. Among these metals, titanium 

and its alloys have the highest biocompatibility [1]. Beyond that, Ti also exhibits high corrosion 

resistance and specific strength, which is the density ratio to strength. Because of this, the 

demand for Ti alloys as biomaterials has increased, and many studies on the use of Ti alloys 

for biomedical applications have been developed [2–4]. 

The initial approach of Ti alloys as bone implants started with α + β alloy Ti-6Al-4V. 

However, Al and V's components were pointed as hazardous elements due to their high toxic 

ions release in the living tissue environment [5–7]. This drawback made the research focus on 

alloys composed only with high biocompatible elements such as niobium (Nb), tantalum (Ta) 

and zirconium (Zr) [6].  
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The Ti alloys elaborated with Nb, Ta and Zr represent the β class alloys characterized 

by their higher biocompatibility and a lower value of Young's modulus. The reason that β alloys 

are preferred in bone implant application is that they prevent the occurrence of stress shielding 

effect [8]. This phenomenon is responsible for promoting bone resorption and poor bone 

remodeling due to the great difference between the rigidity of the bone (10 - 30 GPa) and the 

implant [9–11]. This mismatch leads to a looseness of the implant, causing its failure [12].  

The Ti-29Nb-13Ta-4.6Zr alloy (TNTZ) has received particular attention from 

worldwide scientific research due to its exceptional properties that include high specific 

strength, high deformability and superior biocompatibility and is currently the most studied 

titanium alloy for implants [13–16].  

The TNTZ alloy was developed in Japan to guarantee superior properties to the 

conventional Ti-6Al-4V, Co-Cr-Mo and 316L stainless steel alloys, which can be applied to 

both dental and orthopedic implants [17,18]. Among its properties, the ones that stand out the 

most are the low values of elastic modulus (40 - 60 GPa), good resistance to fatigue and 

excellent bonding characteristics when in contact with bone tissue [19,20]. These 

characteristics make the TNTZ alloy very attractive for replacing bone tissue, hip joints and 

bone plates by preventing the phenomenon of stress shielding [21].  

Some studies using the conventional manufacturing method showed that TNTZ alloy 

presents attractive mechanical and biocompatible properties. Niinomi, M. (2003) [19] 

evidenced that TNTZ alloy presents Young’s modulus much lower than that of Ti-6Al-4V 

(ELI). The same author studied in 2018 the in vivo osteoconductivity of surface-modified 

TNTZ alloy, showing that this alloy has high potential to be applied as an orthopedic implant 

because it presented high osteoconductivity and corrosion resistance [20].  

The progression of researches regarding this alloy composition suggests the high 

importance of this material in the biomedical field and the opportunity to think about alternative 

processing routes. Since the TNTZ alloy presents in its composition high levels of refractory 

elements (Nb and Ta), its elaboration is complex in terms of obtaining a homogeneous 

microstructure free of precipitates or inhomogeneities [22]. 

To overcome this issue, in this work, the powder metallurgy (P/M) technique was used 

aiming to assure a high control of the chemical in order to obtain complex geometrical design 

parts with elevated microstructural homogenization [6,23].  P/M techniques have intrinsic 

advantages over the conventional melting metallurgical route, particularly in terms of costs and 

biocompatible properties  [24,25].  

P/M method permits the production of parts with near-net shapes, which avoids the use 

of complex machining operations, including material losses. In addition, the process occurs 

under a solid-state diffusion, where titanium does not reach the molten state, which means that 

the process uses lower work temperatures [26,27]. In terms of biocompatibility, P/M may offer 

the advantage of a porous surface that enables the interlocking of the implant with the 

surrounding bone tissue via bone ingrowth, enhancing the synergy between the prosthesis and 

bone [24].  

In this paper, all elemental powders were used in the hydrogenated state. The use of 

titanium hydride powder produces titanium alloy parts with high relative density, low oxygen 

content, and mechanical properties that meet the Aerospace Material Specification (AMS) 

requirements [28,29]. 

This work aims to present an unprecedented investigation of the P/M-TNTZ 

microstructural evolution, including the behavior of the hydrided powder during sintering, to 
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determine the influence of the key process variables on the alloy microstructure. Beyond that, 

biological tests were performed aiming at an efficient and safe application of P/M TNZT in 

surgical implants. 

2. Materials and Methods 

2.1. Raw materials.  

The blended elemental method of hydride powders followed by uniaxial and cold 

isostatic pressing with subsequent densification by sintering was used to prepare the TNZT 

samples.  

Titanium and zirconium hydride powders were obtained from sponge fines. Hydriding 

was carried out at 500 °C, in a vacuum furnace, for 3 h, under positive pressure. After cooling 

to room temperature, the friable hydride was milled in a titanium container in vacuum condition 

(10-3 Torr). Tantalum and niobium hydride powders were obtained using the same route, 

however, using machining chips and hydriding temperatures significantly higher  

(800 °C). The particle size measurements of the powders were carried out by Mastersizer 

3000E equipment and are shown in Table 1.  

Table 1. Particle size measurements. 

Characteristic * Ti Nb Ta Zr 

D10 (μm) 1.10 1.26 0.84 0.90 

D50 (μm) 2.84 6.98 4.22 4.56 

D90 (μm) 15.20 21.50 20.40 20.00 

* D10: The portion of particles with equivalent spherical diameters smaller than this value is 10%; D50: The portions of 

particles with diameters smaller and larger than this value are 50% (Also known as the median diameter); D90: The portion 

of particles with diameters below this value is 90%. 

2.2. Preparation and sintering. 

Initially, the powders were weighted in the alloy's stoichiometry to obtain 100 g of 

mixture. Then, the powders were blended for 1 h in a Y-shaped mixer. After blending, powders 

were cold uniaxially pressed at 100 MPa, in a cylindrical 10 mm diameter steel die without 

lubricants. Afterward, the green compacts were encapsulated under vacuum in flexible latex 

molds and cold isostatically pressed at 450 MPa during 30 s, aiming to increase their green 

density. 

Sintering was carried out in high vacuum condition (10-5 Torr) inside a niobium crucible 

using Oxy-gon FC 530 model with tungsten heat zone furnace. The sintering temperatures were 

ranged from 800 °C up to 1600 °C, with heating rates of 20 °C/min. After reaching the nominal 

temperatures, samples were held for 1 h and then furnace-cooled to room temperature.  

2.3. Microstructural characterization. 

For microstructural characterization of TNTZ sintered samples, the conventional steps 

of metallographic preparation were followed. To start, the samples were mounted in bakelite 

and then sanded with sheets of sandpaper with different grit sizes: 120 (coarse), 220, 400 and 

600 (fine). Afterward, the samples were polished with a solution of alumina (1 μm) and oxalic 

acid. In the next step, the samples were etched with Kroll solution (3 mL HF: 6 mL HNO3: 100 

mL H2O) to reveal their microstructure. Micrographs were obtained using SEM Tescan model 

Vega 3, in the backscattered mode (BSE). Dispersive energy spectrometry (EDS) analysis was 
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performed to identify the elements in dissolution. The density was measured by the Archimedes 

method and the phases present during sintering were analyzed by x-ray diffractometry (XRD) 

using a Panalytical model X'Pert Pro equipment.  

2.4. Mechanical characterization. 

Samples of TNTZ alloy sintered at 1600 °C were characterized by microhardness, 

compression and bending test. The microhardness was determined by Emcotest DuraScan 

equipment applying a load of 0.2 kgf. 

In order to obtain Young's modulus (E) of the TNTZ processed by P/M technique, it 

was performed a mechanical compression and a bending test. Mechanical compression tests 

were performed in a Universal Testing Machine MTS-810 at room temperature with a strain 

rate of 0.005 mm/mm.min, using 6 cylindrical specimens (diameter: 5.2 mm, height: 16 mm) 

with strain gages by ASTM E9-19 standard [30]. Mechanical bending test was carried out in 

an MTS LANDMARK equipment with the 3 points bending configuration at room temperature 

and at a strain rate of 0.005 mm/mm.min using 16 sintered bars (4.5 mm of width x 3.5 mm de 

height x 42 mm length) by ASTM E855-8 standard [31].  

2.5. Biological characterization.  

The study of the biologic properties from TNZT samples sintered at 1600°C was 

performed in two steps. In the first step, in vitro assays were developed to assess the microbial 

biofilm formation on TNTZ alloy and the cytotoxicity of Vero cells. In the second step, the 

material's biocompatibility was assessed by an in vivo assay using a murine model.  

2.5.1. Microbial biofilm formation.  

The biofilm assays used reference strains of three microbial species:  Pseudomonas 

aeruginosa ATCC 15442, a Gram-negative bacillus; methicillin-resistant Staphylococcus 

aureus (MRSA) ATCC 33591, a Gram-positive coccus, and Candida albicans SC 5314, 

opportunistic fungal species. The bacterial strains were plated on Tryptic soy agar (TSA) and 

fungal strain on Sabouraud dextrose (SD) and incubated for 24 h at 37 °C. After this period, 

standardized suspensions (106 cells/ml) of P. aeruginosa (OD: 0.115 : 600), S. aureus MRSA 

(OD: 0.462 : 600) and Candida albicans SC 5314(OD: 0.180 : 530) were prepared in sterile 

saline solution (NaCl 0.9%), with the aid of a spectrophotometer.  

Biofilm formation assays were performed on 24-well plates. Standardized samples of 

TNTZ sintered at 1600 °C (n = 12 for each group) were sterilized by autoclave and added to 

wells, under sterile conditions, with the aid of a laminar flow chamber. The control group was 

composed by Ti-6Al-4V specimens obtained by P/M route (n = 12).  

After, 2 mL of Tryptic soy broth or RPMI broth were added to the wells for assays with 

bacteria or C. albicans, respectively. An aliquot of 200 μL of previously standardized microbial 

suspensions was transferred to each well. The plates were incubated at 37 ºC, under agitation 

(75 rpm), for 90 min for the pre-adhesion phase. Then, the samples were washed with sterile 

saline solution (500 μL), adding fresh culture medium and incubated for a total period of 48 h. 

The culture medium was refreshed after 24 h of incubation.  

Afterward, biofilms were washed with sterile saline and dispersed in 1 mL of a saline 

solution under sonication. The microbial suspensions were plated on TSA (for bacteria) or 

Sabouraud dextrose agar (for C. albicans) and incubated for 24 h at 37 ºC, under aerobiosis. 
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After this incubation period, the number of colonies was counted and the value of colony-

forming units per specimen (CFU/specimen) was calculated. The tests were performed in 

triplicate in three independent experiments. Data of CFU/specimen were compared statistically 

between the groups by Normality test (post-hoc Shapiro-Wilk) and preceded by One-way 

ANOVA and Tukey’s multiple comparison test. The level of significance adopted was 5%.   

2.5.2. In vitro cytotoxicity on Vero cells. 

According to Kido methodology, the cytotoxicity of TNTZ alloy was assessed upon 

Vero cells (fibroblast-like from a kidney of green monkey) [32]. The cells were grown in 96-

well plates by using DMEM (Dulbecco's Modified Eagle's medium) supplemented with 

inactivated fetal bovine serum, 100 IU/mL penicillin and 100 μg/mL streptomycin. Plates were 

incubated at 37 °C and 5 % CO2. To obtain the culture medium containing the leachate from 

the testing material (TNTZ alloy, n = 9), the specimens were previously prepared and sterilized 

by autoclave. For comparative purposes, specimens of Ti-6Al-4V alloy with the same 

dimensions were prepared and autoclaved (n = 9). The specimens were kept in DMEM medium 

for 7 days (1 specimen + 2 mL of DMEM). After this conditioning period, the DMEM was 

removed and the specimen was submerged in 2 mL of DMEM medium supplemented for 24 

h. This medium exposed for 24 h to the materials was diluted to obtain the concentration of 50 

%, placed in contact with the cells in culture. To assess cell viability, MTT method was used. 

Three independent experiments were carried out in triplicate. The results were expressed as a 

percentage of viable cells (%), using the number of cells grown in a non-exposed culture 

medium as the negative control (100 % viability). Samples were assayed directly or after 

extraction with a cell-culture medium as described in guideline ISO 10993-10:2002 [33].   

2.5.3. In vivo biocompatibility test. 

In vivo biocompatibility test was performed by implanting TNTZ alloy specimens in 

subcutaneous tissue according to the ISO 10993 standard [34] following the protocol approved 

by the Research Ethics Committee with Experimental Animals No. 02/2019.  

Briefly, five male Wistar rats (Rattus norvegicus), 60 days old, were used. The animals were 

maintained in cycle 12 h light and dark and received food and water ad libitum. The animals 

were anesthetized with intramuscular injections of a 10 % ketamine solution (Dopalen - Ceva, 

Brazil; 0.2 mL/100 g of body weight) and 2 % xylazine (Anasedan - Ceva, Brazil; 0.1 mL/100 

g of the animal). A standardized region on the dorsum of each animal was determined to 

perform the trichotomy. Then, the region was submitted to antisepsis with povidone iodine (10 

% povidone aqueous solution with 1 % free iodine). The sterile TNTZ alloy specimens (5 mm 

in diameter and 1 mm in thickness) were implanted between the subcutaneous tissue and the 

muscular fascia with subsequent sutures of the tissues with 4-0 nylon thread. The control group 

(n = 1) was submitted to the same anesthesia and sham surgery procedures with no specimen 

insertion. The animals were sacrificed 14 days after surgery and the implant-tissue compounds 

were harvested and immersed in 10 % formalin fixative, washed, processed and paraffin-

embedded. After, semi-serial 5 μm sections were obtained and stained with HE (Hematoxylin-

Eosin). Two random sections located in different depths were analyzed at 200x and 400x 

magnification. Tissue repair evidence and type of inflammatory alterations were analyzed. 
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3. Results and Discussion 

3.1. Microstructural development. 

3.1.1. SEM analysis. 

The study of the microstructural development TNTZ samples during sintering between 

800 °C to 1600 °C, indicated the development of the β phase from the dissolution of the Ta and 

Nb particles. Zr is generally considered a neutral element and dissolves rapidly in the titanium 

matrix. However, recent studies indicate that Zr also acts as a β stabilizer when in solid solution 

with other β stabilizers such as Mo, Nb and Ta  [8,35,36]. 

At 800 °C, the presence of particles from all alloy elements is observed, except for Zr. 

It is also observed the beginning of α + β microstructure formation close to regions containing 

Ti particles. The darkest areas are regions containing Ti. The gray areas contain Nb primarily 

and the lighter areas contain Ta. The presence of Widmanstätten-like microstructure (α + β) at 

this temperature is mainly related to the dissolution of regions containing Zr particles (Figure 

1). 

 
Figure 1. Microstructural development of the Ti-29Nb-13Ta-4,6Zr alloy sintered at temperatures of 800 °C 

obtained by SEM. 

 
Figure 2. Microstructural development of the Ti-29Nb-13Ta-4,6Zr alloy sintered at 900 °C (SEM). 
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At 900 °C, Nb and Ta particles are still evident in the microstructure, showing their 

reduced dissolution in the titanium matrix. This indicates the need for an increment in the 

temperature in order to dissolve these elements. The α + β regions are composed of Zr in 

dissolution and/or areas with a high concentration of Ti that suffered diffusion of Ta and Nb. 

In this stage, there is also the presence of a considerable number of pores with irregular 

geometry located in the interface between the particles and in their interior. This porosity tends 

to reduce as the temperature increases [37]. In Figure 2 it is possible to observe the 

microstructure present at 900 °C. 

At 1000 °C, the former angular-shaped niobium particles become rounded. This 

indicates the loss of its angular geometry due to the diffusion processes that occur more 

strongly as the sintering temperature rises [37]. It is still possible to visualize the presence of 

large nuclei of Nb and Ta, biphasic regions α + β and regions containing only Ti. In Figure 3 

it the microstructure is shown present at 1000 °C. 

 
Figure 3. Microstructural development of the Ti-29Nb-13Ta-4,6Zr alloy sintered at 1000 °C (SEM). 

 
Figure 4. Microstructural development of the Ti-29Nb-13Ta-4,6Zr alloy sintered at 1100 °C (SEM). 

At 1100 °C, it is observed that Nb particles are dissolving faster than Ta particles, which 

is consistent with its lower melting point. The two-phase microstructure encloses the Ti 

particles that are still in dissolution. Nb and Ta particles (β stabilizers) are surrounded by the β 

regions (Figure 4). 
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Between 1200 °C to 1300 °C, it is possible to notice that the Nb particles dissolve faster 

than the Ta particles, as seen in Figure 5. At these temperatures, areas containing only Ti were 

replaced by regions containing α + β microstructure and by single-phase β regions.  

       
Figure 5. Microstructural development of the Ti-29Nb-13Ta-4,6Zr alloy sintered at 1200 °C and 1300 °C 

(SEM). 

At 1400 °C, areas with Nb nuclei are completely dissolved. Figure 6 shows that the 

predominance of β and α + β areas is no longer noticed. However, it is still possible to notice 

the presence of Ta regions. Due to its high melting point, the Ta element is the last element to 

dissolve in the Ti matrix, becoming the microstructural homogenization dependent on its 

complete dissolution. 

 
Figure 6. Microstructural development of the Ti-29Nb-13Ta-4,6Zr alloy sintered at 1400 °C obtained (SEM). 

At 1500 °C, the microstructure is almost completely homogeneous. However, lighter 

areas still enriched with tantalum are observed, as evidenced by EDS mapping, where the 

dissolution of the last regions rich in Ta was detected in this temperature. Thus, it was necessary 

to increase the sintering temperature for the total dissolution and homogenization of the 

elements.  

The complete dissolution of all the elements is only verified at 1600 °C, in which a 

homogeneous β-like microstructure is observed is throughout the sample. The presence of 

residual porosity in spherical geometry is also observed. This is associated with the final stage 

1200 °C 
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of sintering, where there is a migration from the smallest to the largest pores from the Ostwald 

ripening effect [28].  

   

Figure 7. Microstructural development of the Ti-29Nb-13Ta-4,6Zr alloy sintered at temperatures of 1500 °C 

and 1600 °C obtained by SEM. 

In general, the microstructural development of the TNTZ alloy was dependent on the 

increase in the sintering temperature and the total dissolution of Ta and Nb particles. The choice 

of granulometric parameters and mixing time was carefully selected to avoid the segregation 

of any component in the matrix or the presence of agglomerates that prevent the 

homogenization of the microstructure. 

The microstructural evolution of the Ti-29Nb-13Ta-4,6Zr (TNTZ) based on the 

dissolution of the β phase stabilizing elements during sintering was similar to that observed in 

the literature for the Ti-35Nb-7Zr-5Ta (TNZT) alloy [38–40]. However, the final 

microstructure of the TNTZ alloy after 1600 °C is composed only of phase β, without the 

presence of α phase needles close to the grain boundaries observed in the TNZT alloy. This 

characteristic contributes to reducing the modulus of elasticity without the need for additional 

thermo-mechanics treatments [40]. 

3.1.2. EDS analysis. 

Compositional mapping analyzes were carried out by EDS in order to study the 

dissolution of elements in the TNTZ alloy during sintering. In the mapping images (Figure 8), 

the blue areas represent Ti, green Nb, red Ta and orange Zr. 

 
Figure 8. Compositional mapping analyzes by EDS of TNTZ sintered at 800, 900 and 1000 °C. 

At 800 ° C, the most notable fact is that areas containing α + β regions are related to 

Zr's dissolution. In previous studies, the literature describes the difficulty of defining the role 

1500 °C 1600 °C 
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of Zr particles due to their rapid dissolution in Ti matrix [41,42]. This characteristic is also 

observed at 900 ºC and 1000 ºC, which is noticeable in the intense presence of Zr where the  

α + β phase is located.  

At 1200 °C, it was accomplished an EDS punctual analysis (Figure 9 and Table 2). It 

is observed that point 1 is characterized as a Ta region, point 2 represents an Nb-rich region, 

point 3 indicates a β area close to TNTZ alloy nominal composition. Point 4 shows a two-phase 

area (α + β) in a region richer in Ti. This indicates that the two-phase areas at 1200 °C are 

formed by the increased diffusion of Nb and Ta in areas from titanium particles. 

 
Figure 9. Sample of Ti-29Nb-13Ta-4,6Zr alloy sintered at 1200 °C in which EDS analyzes were performed at 

points 1, 2, 3 and 4. 

Table 2. Ti, Nb, Zr and Ta contents obtained in points 1, 2, 3 and 4 analyzed by EDS in the sample of Ti-29Nb-

13Ta-4,6Zr alloy sintered at 1200 °C. 

Point Ti (%wt) Nb (%wt) Ta (%wt) Zr (%wt) 

1 0.1 0.0 99.6 0.3 

2 4.1 95.4 0.5 0.0 

3 53.6 36.4 6.2 3.9 

4 54.8 27.6 10.7 6.9 

3.2. Density analysis. 

The analysis of TNTZ samples indicated an increase in densification associated with 

an increase in sintering temperature. The low-density values at temperatures of 800 and  

900 °C can be explained by the large amount of pores presented among the particles. At this 

stage, there was still not enough activation energy for the alloy elements to diffuse throughout 

the material and promote microstructural homogenization and pores amount reduction [43]. 

The analyzes were highly influenced by the heterogeneity of the microstructure and the 

elevated number of pores at lower temperatures. As the temperature increased, the diffusion 

mechanisms of mass transport were activated, allowing a higher interaction between the 

elements of the alloy, retraction and elimination of the pores [44]. The increase in density 

occurred gradually at a rate of approximately 2 % at each temperature. At 1500 °C, the TNTZ 

alloy had a maximum density value of 5.71 g/cm3, which represented densification of 96 % 

compared with the theoretical value (Figure 10). At 1600 °C, which was the last experimental 

temperature, this level of density was maintained. 
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Figure 10. Density curve of Ti-29Nb-13Ta-4.6Zr alloy from 800 ºC to 1600 ºC. 

3.3. X-ray diffraction analysis. 

The XRD analyzes of TNTZ alloy samples sintered between 800 °C to 1600 °C is 

shown in Figure 11. The primary peak from phase β occurs coincidentally with the phase α 

peak in 2θ equal to 38.4, and its identification is complex. However, the identification of the β 

phase was reinforced by the presence of the secondary and ternary peaks that occur separately 

in 2θ equal to 69.6 ° and 55.5 °, respectively.  

 
Figure 11. X-ray diffraction (XRD) patterns of Ti-29Nb-13Ta-4.6Zr alloy sintered from 800 °C to 1600 °C. 

Nb and Ta have peaks coinciding with those of phase Ti-β. Based on SEM's 

microstructural development, it is possible to confirm the presence of undissolved Nb until 
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1300 ºC and Ta up to 1500 °C. The most important aspect of the diffractogram interpretation 

lies in the tendency for a vanishment of α peaks with increasing sintering temperature, 

becoming absent from 1400 ºC. This indicated the stabilization of the β phase in the alloy 

microstructure due to the high contents of β stabilizers from the Nb and Ta dissolution. The 

XRD analysis reinforced the information obtained by SEM regarding microstructural 

development. 

3.4. Mechanical properties analyses. 

3.4.1. Microhardness. 

The graph in Figure 12 illustrates the microhardness behavior of the TNTZ alloy 

produced by P/M. As well as density analysis, the alloy microhardness behavior tended to 

increase with increasing temperature. At 800 °C (initial temperature), the microhardness value 

was 128 HV and 352 HV at 1600 °C (final temperature). The increase in these values is due to 

the densification process and homogenization of the β microstructure during sintering since the 

indentation close to pores and elements in dissolution tends to show lower values. 

Haftalang et al. (2020) [37,45] studied the micro and macro mechanical properties of 

the metastable Ti–29Nb–14Ta–4.5Zr alloy holding nano-sized precipitates. The precipitates 

studies evaluated the influence of phases α and ω in the microhardness values. The samples 

analyzed were obtained via the hot-forged condition and were submitted to different heat 

treatments. The samples that presented phases β + α and β + ω showed microhardness values 

around 398 HV and 510 HV. These values increment can be associated with the high resistance 

of these second phases to the local shear stress. 

 
Figure 12. Microhardness curve of Ti-29Nb-13Ta-4.6Zr alloy from 800 °C to 1600 °C. 

3.4.2 Compression test. 

The graph in Figure 13 shows the stress x deformation curve obtained in the 

compression test of the TNTZ alloy samples sintered at 1600 °C. The elastic modulus (E) was 

obtained by linearizing the linear portion of the curve, which corresponds to the elastic 

deformation region of the material. For 6 samples tested, the average value obtained was 42 ± 
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7 GPa, very close to that found in the literature for this alloy manufactured by melting 

techniques [16,18,46–48]. The ultimate tensile strength (UTS) showed an average value of 

1018 MPa with a standard deviation of 248 MPa, also close to the values obtained for beta 

alloys produced by conventional techniques [49]. 

 

 
Figure 13. Compressive stress-strain curve of Ti-29Nb-13Ta-4.6Zr alloy sintered at 1600 ºC. 

3.4.3. Bending test. 

The flexural strength and E results were 1297 ± 156 MPa and 39 ± 8 GPa, respectively. 

These results are superior compared to human cortical bone and other ceramic biomaterials 

such as Al2O3 and ZrO2 [3,50].  Comparing the E result obtained with the result found in the 

compression test, the values present a slight difference of 8.2 %.  

3.5. Biological characterization of TNTZ alloy. 

3.5.1. Microbial biofilm formation. 

The results suggest that the anti-biofilm formation outcome may have been positively 

influenced by the chemical composition of the TNTZ alloy and the microstructural composition 

constituted by the β-phase. Significative reduction in the number of viable cells in the biofilms 

formed by C. albicans and P. aeruginosa on TNTZ alloy was observed when compared with 

the T-6Al-4V alloy. A reduction of 36.86 % and 60.53 % was detected, respectively, as can be 

seen in (Figure 14). This way, the results suggest an important and promising antimicrobial 

activity, as these microorganisms are amongst the most common found in implant infections 

and are responsible for the major problems in elective and trauma surgery [51].  It is known 

that the formation of biofilms directly impacts the success of implant surgery because their 

eradication is extremely difficult and increases the probability of infection progress 

considerably [52]. 

The results obtained in this research are in accordance to a previous study that evaluated 

different Ti compositions on biofilm formation, and the second better antibiofilm activity was 

shown by Ti-Zr [53]. According to Fellah et al. (2020) studies, the nanostructure and 

microstructure could influence the antimicrobial property [54–57]. According to the literature, 

the improvement of β-alloys with addiction of elements as Nb, Zr, Mo, Ta, or Sn may influence 

the biological properties, such as biocompatibility [58]. The TNTZ alloy used in this study has 
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β-phase as major composition and the presence of β-phase with elements as Ta, Zr could have 

influenced the anti-biofilm results.  

In this study, no differences in the biofilm formation by S. aureus were detected 

(p>0.05). Differences in the responses to the materials of different microbial groups have 

already been detected previously. Szymczyk-Ziółkowska et al. (2020), observed that S. aureus 

formed a significatively more robust biofilm on Ti-6Al-4V surfaces than P. aeruginosa and C. 

albicans [55].  

Another interesting observation was the notably more profuse biofilm formed by P. 

aeruginosa when compared to S. aureus and C. albicans. This difference can be related to the 

differential ability of different microbial species to adhere to the material's surface. According 

to Ferraris et al. (2018),  the presence of the outer membrane in Gram-negative bacteria may 

allow a more fluidic interaction with the nano-irregularities of the material and favor bacterial 

adherence [56].  

 
Figure 14. Viability of biofilms formed by Candida albicans, Pseudomonas aeruginosa and Staphylococcus 

aureus on TNTZ and T-6Al-4V alloys specimens. *Statistically significant differences (p=0,05). **not 

statistically significant.  

3.5.2. In vitro cytotoxicity on Vero cells. 

The evaluation of cytotoxicity is an important step for proving the biocompatibility of 

a material. Among the most used alloys, Ti-6Al-4V is the most employed titanium alloy used 

as a biomaterial. However, it contains vanadium in its composition that has been considered 

highly cytotoxic. In search of low cytotoxicity, the TNTZ alloy becomes interesting due to the 

absence of this compound. In the researches, the viability of TNTZ was analyzed using Vero 

cells that are a lineage highly recommended for studies of cytotoxicity and for cell substratum 

interactions for biomaterials research [59]. For this research, cytotoxicity of TNTZ alloy was 

also analyzed with Vero cells and the results for the concentrations of 50 %, are shown in 

Figure 15. TNTZ alloy group showed a cell viability of 73.6% and according to the 

classification adopted, TNTZ alloy was sorted as slightly cytotoxic [34]. Thus, TNTZ alloy 

appears to have an advantage as it does not contain vanadium in its composition  
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Previously, a cell viability study accomplished by Costa et al. (2019) [60] showed that 

vanadium ions were released into the cell culture medium. Hence, it has been suggested that 

the prolonged presence of this material for long periods can be potentially dangerous for the 

body environment.  

Chandar et al. 2017 [61] analyzed the cytotoxicity of alloy Ti-6Al-4V and Ti pure on 

human gingival fibroblast. The cells were treated with different doses (5 – 100 µl add in the 

culture medium) and showed a 13% to 17% reduction in cell viability after 48 h and 72 h, 

respectively, for the alloy Ti-6Al-4V. The presence of vanadium reduces cell viability since 

when analyzing pure titanium, the viability was above 90%.  

Niinomi et al., 2003 [19], evaluated the cytotoxicity of TNTZ, Ti-6Al-4V and pure Ti 

alloys. The extracts were exposed to the alloys for 7 or 14 days and the L929 cells were then 

exposed to these solutions for 2 days. The TNTZ alloy was classified as non-cytotoxic, similar 

to Ti pure. The Ti-6Al-4V alloy had a cell viability of around 70%. 

Therefore, the TNTZ alloy did not induce a significant cytotoxic effect and would not 

have a clinically important impact. In this way, TNTZ can be considered for biomedical 

applications. 
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Figure 15. Vero cells viability after 24 h (n = 9). 

3.5.3. In vivo biocompatibility test. 

When there is a biomaterial implant, a three-phase process occurs that includes 

blood/material interaction, inflammation (acute followed by chronic), and granulation tissue 

formation [62]. The inflammation normally lasts not more than two weeks and, when there is 

no infection, a fibrous capsule is formed [62]. One of the first signs to be observed is the 

absence of liquid on the interface implant/soft tissue (seroma), which could prevent implant 

bond to soft tissues, an important factor to repair, especially in reconstructions and facial 

contouring implants [63]. 

The histopathologic analyses showed that 14 days after the implantation of TNTZ alloy 

specimens, tissue remodeling can be noticed in the implant area, both in the epithelium and 

subepithelial regions. The epithelium is slightly hyperplasic and the subepithelial region 

reveals several active fibroblasts and a diffuse mild inflammatory infiltrate, composed mainly 

by macrophages. These features can also be observed in deeper sections of the tissue, where 

several active fibroblasts, some macrophages, plasmocytes and rare lymphocytes can be 

observed in the area around the implant as well as sparse giant cells. In resume, there is mild 

inflammation, chronic, with the initial formation of granulation tissue and an initial formation 
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of a fibrous capsule around the implant, expected signs for the period when there is no material 

rejection. No signs of necrosis could be found.  

The presence of giant cells is common for the two-week analyzed period as well as 

capsule formation and granulation tissue, and it is in accordance with other studies in the 

literature that evaluated biocompatible alloys [64–67], as it is a foreign body. Erdmann et al. 

(2010) and Elkaim et al. (2019) [64,67] found giant cells in periods longer than two weeks with 

no other signs of rejection. 

Complete tissue repair could be observed in the animal submitted to sham procedure 

(control) after 14 days. The epidermis and dermis are well-delimited, without inflammatory 

infiltrate. The connective tissue is dense, with few fibrocytes and rare fibroblasts. Sebaceous 

glands and hair follicles can be observed. Muscle and sub-muscle layers are intact. The 

described picture is totally expected as well, though a surgical sham procedure has been done 

once the blood/material phase is absent and the local injury is smaller. 

 
Figure 16. Tissue remodeling from the epithelium to the implant area evidencing mild inflammation 

surrounding the incision area (*) as well as around the implant area (arrow). A pilus follicle is evidenced 

(circle). 

 
Figure 17. A group of giant cells can be observed (circle) in the connective tissue, surrounded by macrophages, 

lymphocytes and rare neutrophils.  
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In short, inflammatory responses due to the repair processes could be observed after 

implanting TNTZ alloy specimens. The absence of intense polymorphonuclear inflammatory 

infiltrate, necrosis or edema, and no foreign body reaction are evidence of biocompatibility. 

Studies carried out with implants made of 316L stainless steel show that this material tends to 

form fibrous capsular tissue when implanted in subcutaneous tissue [1]. For this material, 

surface modification processing is required to improve the biocompatibility properties [68]. 

Based on the histopathologic findings associated with low cytotoxicity, it can be suggested that 

the TNTZ alloy specimens are biocompatible. 

 
Figure 18. Area of capsule formation (*) can be seen as well as areas of granulation tissue around all the 

capsule. Plus, active fibroblasts and inflammatory cells are dispersed in the tissue.  

4. Conclusions 

In the present study, the β -type TNTZ alloy has been fabricated in a relatively cost-

effective method from hydride powders. The effect of the processing on the microstructure, 

mechanical properties, and biocompatible behavior was investigated and led to the following 

conclusions: 

The microstructural development indicated a tendency to exhibit a β phase with 

increasing sintering temperature. The microstructural homogenization of the alloy is obtained 

after the total dissolution of the Ta particles that only occur at 1600 ° C; 

The microhardness and density values tended to grow as the temperature increased. 

These results were related to the dissolution of the alloying elements in the titanium matrix and 

the presence of pores; 

The mechanical properties analyzed by compression and bending tests showed low 

values of the modulus of elasticity which may contribute to avoid the phenomenon of stress 

shield in bone tissue repair implants;  

The microbiological tests pointed out that TNTZ alloy was less prone to the adherence 

of C. albicans and P. aeruginosa than the control alloy commonly used as raw material in 

implants;  

TNTZ alloy showed low cytotoxicity to Vero cells;  

The in vivo analysis of subcutaneous implantation indicated that there was no tissue 

rejection process, suggesting that the TNZT alloy implants produced by tested P/M are 

biocompatible; 

Combining relatively low-cost powders, compaction techniques with high productivity, 

homogeneous microstructure, good mechanical properties, low modulus of elasticity, and high 

100 m 
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biocompatibility can make the production of the alloy Ti-29Nb-13Ta-4,6Zr per P/M more 

attractive in biomedical applications. 
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