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SyntheSiS of ti-nb-Zr AlloyS Combined Powder metAllurgy And ArC melting methodS 

scientists and medics are still searching for new metallic materials that can be used in medicine, e.g., as material for implants. 
The following article proposes materials based on titanium with vital elements prepared by combined powder metallurgy and arc 
melting methods. Four compositions of Ti-28Ta-9Nb, Ti-28Ta-19Nb, Ti-28Ta-9zr and Ti-28Ta-19zr (wt.%) have been prepared. 
The tested material was thoroughly analyzed by X-ray diffraction and scanning electron microscopy. Qualitative phase analysis 
using X-ray diffraction showed the presence of two phases, α' and β titanium. in addition, a microhardness test was conducted, 
and the material was characterized in terms of corrosion properties. it was found that the corrosion resistance decreases with an 
increase of the β phase presence.

Keywords: Titanium-based alloys; biomaterials; arc-melting; structure; corrosion

1. introduction

Titanium and its alloys have many advantages compared 
to the other metallic biomaterials, such as high strength, low 
density, excellent corrosion resistance in various body fluid 
environments, and biocompatibility. additionally, the titanium 
has also lower Young’s modulus in comparison to other metallic 
materials [1-4]. The main problem with commercial used alloy 
for implants is presence of aluminum and vanadium. unfortu-
nately, in literature are increasing reports of the toxicity of the 
aforementioned elements, which can affect nerve cell damage 
and bone softening. currently, intensive research work is un-
derway on titanium alloys, in which aluminum and vanadium 
are replaced by less toxic elements like tantalum, zirconium and 
niobium [1,5-9]. zirconium have been deeply investigated as 
biomedical materials and belongs to the group of vital elements. 
zr revealed low cytotoxicity, excellent biocompatibility and very 
high corrosion resistance [2,10]. Titanium and zirconium belong 
to the same group in periodic table. Moreover, the phase diagram 
revealed the complete solution and the same crystal structure 
of both elements [11]. Niobium is an element that is well toler-
ated by the human body, exhibit very good biocompatibility 
and corrosion resistance. additionally, the Nb is β-stabilizer in 
titanium alloy, already the presence of 25 wt.% of the Nb sup-
ports the presence of the phase β [11-14]. Tantalum is one of 
the most promising element additives to titanium alloy in term 

of high biocompatibility. The addition of tantalum improve the 
corrosion resistance and strength of material compare to pure 
titanium [2,15,16]. Titanium, zirconium, tantalum and niobium 
are not carcinogenic, genotoxic or mutagenic [2]. 

The main aim was production of new biomedical alloys 
from the Ti-28Ta-X system with variable content of zr and Nb 
elements by combination of homogenization by powder metal-
lurgy and arc melting. The as-prepared material was thoroughly 
analyzed by X-ray diffraction, scanning electron microscopy, 
microhardness measurement and corrosion resistance. 

2. materials and methods

commercially available powders of Ti (atlantic equip-
ment engineers (aee); purity 99.7%), Ta (sigma aldrich; 
purity 99.9%; particle size <300 µm), Nb (atlantic equip-
ment engineers (aee), purity 99.8%, particle size <5 µm), 
zr (atlantic equipment engineers (aee); purity 99.5%; 
particle size <300 µm) were used to prepare four chemical 
compositions: Ti-28Ta-9Nb, Ti-28Ta-19Nb, Ti-28Ta-9zr and 
Ti-28Ta-19zr (wt.%). The first step of material preparation  
was homogenization in planetary ball-mill Fritch Pulverisette 7 
premium line with parameters: rotation speed was 200 rpm, time 
was 24 hours, the weight ratio of balls to the material was 10:1 and 
the process were carried out in argon atmosphere. in the next step 
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from the powder were prepared green compacts by cold isostatic 
pressing under 1000 MPa. The second stage of material prepara-
tion was remelting by the vacuum arc melting (VaM) technique 
in an ar-protective atmosphere under the 1.2 bar pressure. Before 
melting the alloys, a high-purity Ti-getter was used to remove the 
residual gases from a chamber. To homogenize, the obtained by 
Var buttons were flipped over and re-melted five times for the 
60 s each time. in the third and final step, the samples were sub-
jected to homogenization in the furnace at 1000°c for 24 hours.

The phase composition were analyzed by X-ray diffraction 
method (XrD), using a Phillips X-ray X’Pert diffractometer 
having a lamp with a copper anode (cuKα – λ = 1.54178 Ǻ). 
The registration of diffractograms were performed with 40kV 
acceleration voltage with step-scan 0.04°. The rietveld analysis 
was applied and performed by dBws-9807 program [17]. the 
Rwp (weighted-pattern factor) and s (goodness-of-fit) parameters 
were used as numerical criteria for the quality of the fit of the 
calculated to experimental diffraction data [18,19].

The microstructure of samples were observed using the 
optic microscope (OM) Olympus GX-51 and scanning electron 
microscope (seM) JsM 6480. additionally, were performed 
chemical composition analyses using an energy dispersive X-ray 
spectroscopy detector (eDs). The samples for observation were 
prepared by griding, polishing and eatching. 

as the first look on mechanical properties were the micro-
hardness measurements. The Vickers microhardness measure-
ment was conducted on Wolpert 401MVD tester with the load 
of 500 N for a loading time of 10 s.

The corrosion resistance of titanium alloys were conducted 
using a ParsTaT 4000 potentiostat (aMeTeK). The measuring 
apparatus consisted of a thermostated electrolytic cell and three 
electrodes: working electrode (We), auxiliary platinum electrode 
(ce) and haber-luggin capillary with reference electrode (re) 
– saturated calomel electrode – sec. corrosion resistance meas-
urements were carried out at 37°c in ringer’s solution. During 
the measurements, the following were determined: open circuit 
potential EOC [mV], the polarization curve in the eOc potential 
range from –20 mv to +20 mv, (dE/dt = 1 mV s–1) and cyclic 
voltammetry curve in the eOc potential range from –0.1 mv 
to 3 V. The parameters of corrosion potential, ECOR, mV; and 
polarization resistance Rp, Ω cm2 were determined from the po-
larization curves. The corrosion current density was recalculated 
according to the stearn-Gear’s method 
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Where: B is the stern-Gear constant [V], βa and βb are the slopes 
of the anodic and cathodic Tafel sections, respectively [V], 
and Rp is the polarization resistance at the corrosion potential 
[Ω ∙ cm2].

The value of polarization resistance Rp was calculated ac-
cording to the relation:
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3. results and discussion

Qualitative phase analysis revealed the presence of two 
phases α' and β of titanium in all samples (Fig. 1 and 2). it should 
be noted that the β phase is dominant for all samples. The distur-
bances in intensity of the diffraction lines observed in the diffrac-
togram of samples were caused presence of a large grain, what 
was confirmed by microscopic observations. Detailed analysis 
by the rietveld method allowed to determine the structural 
parameters and perform the quantitative phase analysis (Ta-
Ble 1 and 2). for ti-28ta-9nb and ti-28ta-19nb sample were 

Fig. 1. XrD patterns of Ti-28Ta-9Nb and Ti-28Ta-19Nb sample

Fig. 2. XrD patterns of Ti-28Ta-9zr and Ti-28Ta-19zr sample
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observed content of 93.6 and 96.4 wt.% β -Ti, respectively. c.M. 
lee et. al. [20], shown that in the binary system Ti-Nb demand 
at least 30 wt. % of Nb to obtain β-Ti. additionally, in the Ti-Ta 
binary system, the minimum content of Ta to obtain β -Ti alloy is 
55 wt. % [20,21]. The combination of the presence of tantalum 
and niobium makes it possible to obtain a high beta content (more 
than 90%). in contrast, increasing the niobium content by 10% 
by weight did not affect the β -Ti phase content significantly. For 
Ti-28Ta-9zr and Ti-28Ta-19zr composition were observed 81.3 
and 64.1 wt.%  β -ti, respectively (taBle 1). higher zirconium 
content by weight resulted in lower beta content. in this case only 
tantalum is responsible of β phase formation, because zirconium 
is a neutral element, indeed stabilizes the α -Ti phase [10,22-
26]. a detailed the rietveld analysis allowed to observation of 
changes in lattice parameters (taBle 2). In case ti-28ta-9nb 
and Ti-28Ta-19Nb composition a slight increase in the values of 
lattice parameters for α' phase was found with a simultaneous, 
slight expansion of the elementary cell for the β phase. in case 
Ti-28Ta-9zr and Ti-28Ta-19zr composition an increase in the 
values of the lattice parameters for the α phase was found, at 
the same time the a0 value for the β phase increased. The atomic 
radius of Ta (1.45 Å) and Nb (1.45 Å) are close to atomic radius of 
Ti (1.40 Å), negligible cause an increase in the lattice parameters 
of the newly formed β phase. The observed lattice expansions of 
the α' and β phases observed for the samples with zr are related 
to the fact of a larger atomic radius zr (1.55Å) [26,27].

taBle 1

changes in quantitative phase composition for all samples

Phase
Sample

ti-28ta-9nb ti-28ta-19nb ti-28ta-9Zr ti-28ta-19Zr
α 6.4(4) 3.6(3) 18.7(4) 35.9(3)
β 93.6(8) 96.4(8) 81.3(8) 64.1(8)

Fig. 3 show the optic microscope photos and revealed the 
needle-like microstructure for all samples however, differing in 
distribution and size. The sample Ti-28Ta-19zr were observed 
distinctly different microstructure, whit increase of zr content in-
crease the size of grains. in the case of composition with Nb were 
observed smaller needle-like grains with increase of the niobium 
content, thereby a smaller participation of α' phase. The increasing 
of the niobium content causes the dendritic structure to become 
less pronounced and the needle-like areas to disappear [20,28]. 

Fig. 4 present seM photographs of all samples and show 
bi-phase nature of samples. in case of composition with Nb were 

clearly observed grains boundaries. it also confirmed the pres-
ence of finer needles inside the grain for the sample with higher 
Nb content. in contrast, images for the samples Ti-28Ta-9zr and 
Ti-28Ta-19zr revealed significantly finer needles. analysis of the 
element distributions (Fig. 5) revealed a higher concentration of 
titanium in darker needles, with simultaneous lower concentra-
tion of tantalum. it can be explain by the presence of α phase 
in the observed area. zirconium is homogenously distributed 
throughout the sample.

The first look on mechanical properties were microhard-
ness measurement. the microhardness values are 439 hv0.5 
for ti-28ta-9nb, 313 hv0.5 for ti-28ta-19nb, 469 hv0.5 for 
ti-28ta-9zr and 449 hv0.5 for ti-28ta-19zr. generally, the 
values were highest for sample with zirconium in comparison to 
samples with nb. however, there are no significant differences 
between the samples with zirconium. in case of Ti-28Ta-9Nb 
and Ti-28Ta-19Nb, alloys similary as X. Tang et al. [29] were 
observed decrease of microhardness measurement with increase 
of Nb content. 

taBle 3 summarizes the results obtained from corrosion 
resistance tests for the titanium alloys tested in ringer’s solution. 
The open circute potential for all tested surfaces was measured 
in ringer’s solution for 60 minutes and it is presented in Fig. 6. 
The value of EOC registered for all tested samples was similar 
and ranged from –276.3 mv to –258.8 mv. the tested samples 
revealed differences in their corrosion potential (ECOR), polari-
zation resistance (Rp) and corrosion current density (jCOR). The 

taBle 2
unit-cell parameters of α and β phases of all samples

Phase unit-cell parameter 
[nm] iCdd

Sample
ti-28ta-9nb ti-28ta-19nb ti-28ta-9Zr ti-28ta-19Zr

α'
a0 0.2970 0.2975(2) 0.2981(2) 0.2958(2) 0.2981(2)
c0 0.4720 0.4658(4) 0.4671(4) 0.4703(4) 0.4712(4)

β a0 0.3307 0.3289(3) 0.3299(3) 0.3293 (3) 0.3304(3)

Fig. 3. OM images of Ti-28Ta-9Nb, Ti-28Ta-19Nb, Ti-28Ta-9zr and 
Ti-28Ta-19zr (wt.%) samples (scale bar 100 µm)
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Ti-28Ta-9Nb alloy sample had the highest polarization resistance 
value. however, ti-28ta-9nb sample show a slightly lower 
value of corrosion current density jCOR = 4.1·10–8 a cm–2. The 
voltammetric curves registered for the investigated titanium al-
loy samples are shown in Fig. 8. The shape of the voltammetric 
curves is significantly affected by the surface morphology, what 
is clearly visible in case of Ti-28Ta-19Nb sample. For all sam-
ples, an increase in current density above the potential of 0.4 V 

vs. sec was registered. however, a rapid increase in current 
density was observed at a potential of 1.2 V vs. sec and reached 
the maximum at a potential value of about 2.5 V. The shape of the 
voltammetric curves indicates the formation of oxide layers. On 
the surface of titanium alloys, titanium oxides such as tiooh, 
Ti2O3 are formed, then at a potential above 0.1 V, Ti3+ ions are 
oxidized to Ti4+ forming a stable TiO2 phase. The recorded signal 
at a potential of 1.4-2 V vs. sce indicates that the electrode is 
oxidized and oxides, including non-stoichiometric oxides, are 
formed on the surface.

The sample Ti-28Ta-9Nb revealed the highest corrosion 
resistance and the Ti-28Ta-19Nb show the lowest corro-
sion resistance compared to the rest of the samples. samples  
Ti-28Ta-9zr and Ti-28Ta-19zr have approximate values to 
sample Ti-28Ta-9Nb.

3. Conclusion

Based on the obtained results in the research the following 
conclusion can be drawn:
1. The combination of powder metallurgy method and arc 

melting allow for successfully production of Ti-28Ta-9Nb, 
Ti-28Ta-19Nb, Ti-28Ta-9zr and Ti-28Ta-19zr (wt.%) alloys. 

2. Qualitative phase analysis performed using X-ray diffrac-
tion showed bi-phase structure with the presence of two 
phases, α' and β titanium. 

3. The correlation of the dependence of the chemical compo-
sition of the Ti-28Ta-19Nb (wt.%) material and the phase 
composition and properties of the obtained material is vis-
ible. The corrosion resistance decreases with an increase 
in the proportion of the β phase.

4. it was found that in the Ti-28Ta-9Nb, Ti-28Ta-19Nb alloys 
were observed a commasification of titanium at the grain 
boundaries, while the β-creative elements (Nb and Ta) 
locate inside the grains. the β phase.
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