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Abstract: Titanium β-type alloys are preferred biomaterials for hard tissue replacements due to the
low Young modulus and limitation of harmful aluminum and vanadium present in the commercially
available Ti6Al4V alloy. The aim of this study was to develop a new ternary Ti-Zr-Nb system at
36 ≤ Ti ≤ 70 (at. %). The technical viability of preparing Ti-Zr-Nb alloys by high-energy ball-milling in
a SPEX 8000 mill has been studied. These materials were prepared by the combination of mechanical
alloying and powder metallurgy approach with cold powder compaction and sintering. Changes
in the crystal structure as a function of the milling time were investigated using X-ray diffraction.
Our study has shown that mechanical alloying supported by cold pressing and sintering at the
temperature below α→β transus (600 ◦C) can be applied to synthesize single-phase, ultrafine-grained,
bulk Ti(β)-type Ti30Zr17Nb, Ti23Zr25Nb, Ti30Zr26Nb, Ti22Zr34Nb, and Ti30Zr34Nb alloys. Alloys
with lower content of Zr and Nb need higher sintering temperatures to have them fully recrystallized.
The properties of developed materials are also engrossing in terms of their biomedical use with Young
modulus significantly lower than that of pure titanium.

Keywords: metals and alloys; mechanical alloying; X-ray diffraction; phase transition;
powder metallurgy

1. Introduction

Titanium appears in two different allotropic forms. At low temperatures, it has a closed packed
hexagonal crystal structure (space group: P63/mmc–hcp), which is known as α, whereas above
882 ± 2 ◦C, it has a body-centered cubic structure (space group: Im-3m – bcc) termed β. The alloying
elements, such as N, O, and Al, tend to stabilize the α phase, whereas elements V, Cr, Nb, and Mo
stabilize the β phase [1–4]. Pure titanium and Ti-6Al-4V alloy are the main materials in the medical
field. A component such as vanadium is described to be cytotoxic. The release of its ions to the human
body system during implant wear can lead to neurodegenerative diseases such as Alzheimer’s disease.
Furthermore, some of the researches also revealed the severe danger of the DNA damage caused by
the Ti-6Al-4V alloy [5–7]. Vanadium ions were also proven to be toxic to the fibroblasts causing the
significant limitation of their viability [8]; therefore, preparation of Ti alloys without these additives
should be the prior goal of most researches. One of the possibilities is to produce β-type titanium
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alloys with low toxicity and high biocompatibility as Ti-Zr-Nb alloys. To stabilize Ti(β) it is necessary
to form the alloys based on the following elements [9].

(a) Binary alloys: Ti-Nb, Ti-Mo, Ti-Ta, Ti-Zr, Ti-Mn, Ti–Cr.
(b) Ternary alloys: Ti-Nb-Mo, Ti-Nb-Pd, Ti-Nb-Zr, Ti-Nb-Sn, Ti-Nb-Ta, Ti-Nb-Fe, Ti-Mo-Zr,

Ti-Mo-Nb, Ti-Cr-Al, Ti–Cr–Nb, Ti-Cr-Sn, Ti–Mn–Al, Ti-Ta-Nb, Ti-Ta-Sn, Ti-Ta-Zr, Ti–Mn–Fe, Ti–Sn–Cr.
(c) Quaternary alloys: Ti-Ta-Sn-Zr, Ti-Nb-Zr-Sn, Ti-Nb-Zr-Fe, Ti-Nb-Ta-Zr, Ti-Mo-Zr-Fe,

Ti-Fe-Ta-Zr, Ti-Cr-Mn-Sn.
Two of the elements stabilizing Ti(β) are niobium and zirconium. Both have been proven to

have higher biocompatibility than aluminum and vanadium. The biocompatibility of niobium was
also concerned to be higher than titanium [10]. Ti-Zr [11–15] and Ti-Nb systems [16–21] were already
examined in several articles. It was reported that Ti-Zr alloys can improve biocompatibility properties
of pure titanium, their mechanical strength and grind ability [13,14]. Additionally, it can be observed
that the content of Zr in the binary Ti-Zr alloys cannot provide Ti(β) formation at room temperature.
Zr allows only to decrease the temperature of Ti(α)-Ti(β) phase transition to 806 ◦C [11,12]. On the
other hand, Ti-Nb alloys allow improving the mechanical properties of titanium. Niobium increases
the hardness of the alloy and decreases the compression modulus. Content of niobium influenced
also compression strength and wear resistance [17]. Niobium forms also isomorphous phase with
titanium providing good Ti(β) stabilizing effect and appearance of this phase at room temperature.
Ti-Nb alloys can form double Ti(α) + Ti(β) phases and single Ti(β), Nb phases [21]. The matter of great
importance is that crystal structure influences Young’s modulus which is lower with the addition of
β-stabilizers. It was observed that Ti(β) alloys and near Ti(β) alloys can be characterized by the lower
elastic modulus, even multiple times lower than commercially pure titanium (especially for alloys
with niobium and zirconium content) [3,22]. It limits the possibility of mechanical unfit and loosening
of the implant (so-called stress shielding effect) [1,2].

The Ti-Nb-Zr alloys need to be well treated after alloying to provide the correct structure.
The properties of the β-type alloys are susceptible to heat and mechanical treatment. Ti-39Nb after
repeated several times cold rolling and heat treatment had the single β structure with low Young
modulus equals to 39 GPa. This is mainly because of the high density of the defects as dislocations and
grain boundaries [23]. The properties of casted Ti–15Zr–5Cr–2Al alloys were also drastically changed
after water quenching [24]. Titanium alloys in Ti-Nb-Zr system could be used as the coating. It is
provided that this type of modification will improve the surface properties of the alloy. Moreover,
depending on the type and the parameters of the process it is possible to control the properties and
the microstructure of the manufactured implant layer [25]. To develop biomaterials properties the
use of mechanical alloying (MA) should be considered [26]. Phase equilibria in the Ti-Nb-Zr system
with the powders produced by this technology has not been investigated so far. However, these tests
are relevant to determine the influence of the process parameters on the crystal structure of these
materials. Recently, other β-type materials were tested as Ti-Fe-Zr alloys [27] and the properties
of the Ti-Nb-Zr alloys were introduced only in two different chemical compositions: Ti14Zr16Nb
and Ti23Zr25Nb [28]. Many β-type titanium alloys are still under investigation as selective laser
melted metastable Ti–37Nb–6Sn [29], laser powder bed fused Ti-18Zr-14Nb [30] with nano α-phase
precipitates, vacuum arc melted Ti-32Nb-(2, 4) Sn with nano α-phase precipitates [31], mechanically
alloyed Ti-Mo alloys [32]. Low Young modulus alloys are not mentioned to be only the titanium-based
alloys. Mechanical properties of materials as Zr-12Nb-4Sn seems to be also interesting [33].

Nowadays, the majority of Ti-Nb-Zr alloys are produced by traditional methods as vacuum
arc remelting (VAR) [34,35]. Mechanical alloying allows us to form the nonequilibrium structures
(nanocrystalline, ultrafine grain structure, etc.) influencing the improvement of some properties.
The process can be controlled by the following parameters: time of milling, the ball to powder mass
ratio, type of the mill, milling speed, etc [26,36]. Ti-Nb-Zr alloys have been produced by mechanical
alloying but the influence of Nb and Zr on the crystal structure has not been examined [27]. The hardness
of Ti13Zr20Nb (at. %) has been estimated as 660 HV, which is higher than the hardness of traditional
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alloys [37,38]. Recently Bai et al. investigated the diffusion behaviors of Zr and Nb in β-Ti alloys and
developed an atomic mobility date base for the bcc phase in the Ti-Zr-Nb system using the LALPHAD
method [39]. Additionally, the properties of ternary Ti-Nb-Zr alloys with porous structures synthesized
by a magnetron sputtering method was studied [40]. It was shown that the porous structure was also
dependent on the alloy composition. The Young’s modulus of ternary thin films was in the range of
80 to 95 GPa.

The aim of the current study was the synthesis of ultrafine-grained Ti-Zr-Nb alloys at
36 ≤ Ti ≤ 70 (at. %) by mechanical alloying and powder metallurgy methods. Proposed in this work
broad stabilizing elements composition was chosen to include both dual-phase and single-phase Ti-Zr-Nb
alloys structure evolution as also its microstructure formation and properties comparison studies.
The influence of Zr and Nb contents with a heat treatment temperature on phase transitions of Ti(α) to
Ti(β), with a microstructure examination, were studied. Yet to the authors’ knowledge, there have been
no papers regarding the addition of Zr and Nb to Ti-based alloys in very wide concentrations to have
appeared until now.

2. Materials and Methods

2.1. Chemicals and materials

The following powders were used to produce the materials: the commercial Ti (Alfa Aesar,
Haverhill, MA, USA, 99.9% purity, CAS:7440-32-6), Nb (Sigma Aldrich, St. Louis, MO, USA, 99.8%
purity, CAS:7446-03-1) powders and Zr fillings from a sponge (Sigma Aldrich, ≥ 99%, CAS:7440-67-7).
The experiments were carried out on 9 different Ti-Zr-Nb type alloys (Table 1). The experiments were
arranged at three stages: (1) Ti-Zr-Nb (Nb: 16-34 at. %; Zr: 14-30 at. %) powders preparation by
mechanical alloying for 10 h, (2) sample consolidation by cold pressing and sintering at the temperature
range of 600 to 1000 ◦C, and (3) materials characterization (phase structure analysis with X-ray
diffraction, wettability, and surface free energy, corrosion resistance, hardness, and nanoindentation,
EDS and EBSD).

Table 1. Chemical compositions of output powders needed to get following Ti-Nb-Zr alloys after all
stages of specimen preparation by the application of SPEX 8000 Mixer Mill (total weight of milling
powders: 4.5 g; ball-to-powder mass ratio: 7.5:1; milling time: 10 h).

Alloy Ti Zr Nb
wt % wt % wt %

Ti14Zr16Nb (at. %) 66 17 17
Ti23Zr16Nb (at. %) 57 26 17
Ti30Zr17Nb (at. %) 50 33 17
Ti14Zr25Nb (at. %) 57 17 26
Ti23Zr25Nb (at. %) 48 26 26
Ti30Zr26Nb (at. %) 41 33 26
Ti13Zr33Nb (at. %) 50 17 33
Ti22Zr34Nb (at. %) 41 26 33
Ti30Zr34Nb (at. %) 34 33 33

2.2. Specimen Preparation

SPEX 8000 Mixer Mill (SPEX® Sample Prep, Metuchen, NJ, USA) and round-bottom stainless vials
were used for the mechanical alloying process in an argon atmosphere. Glove box (LabMaster 130) filled
with argon atmosphere (O2< 2 ppm and H2O < 1 ppm) was used to weigh, blend, and pour (into vials)
the elemental powders (Ti, Nb, and Zr). MA process was lasted up to 10 h in all cases. All the powders
turned into bulk specimens of 6 mm diameter and 4 mm height. The pressure of 600 MPa was used for
cold compaction to consolidate the powders. The specimens were next sealed in a quartz tube filled with
an argon atmosphere. Specimens were sintered in five temperatures: 600, 750, 800, 850, and 1000 ◦C
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within a 30 min heating being sealed in a quartz tube filled with an argon atmosphere. Specimens were
fast cooled in water.

2.3. Materials Characterization

Panalytical Empyrean XRD equipment with Cu Kα radiation (Almelo, Netherlands) was used to
evaluate the structure of the specimens at room temperature during different processing stages. XRD
measurements was done as follows; voltage 45 kV, anode current 40 mA, 2 theta range 30 – 80[◦], time
per step 60.325 [s/step], and step size 0.0334[◦]. Background, profile coefficients, lattice parameters,
linear absorption coefficients, and other variables were refined to obtain the spectra. Crystallite size
and lattice strain of mechanically alloyed powders were estimated by the Williamson–Hall (W–H)
analysis method [41] with the use of the uniform deformation model (UDM) [41] linearly fitting
points assigned to the different diffraction lines. Rietveld analysis [42] was done to estimate the lattice
parameters and phase quantity by Maud software. The following analyzed structural models were
used in this approach: Ti(α) (ref. code 01-071-4632), Ti(β) ref. code 01-074-7075), Nb0.81Zr0.19 (ref.
code 00-049-1455), Zr (ref. code 01-088-2329), and NbZr (ref. code 01-071-9970). The calculated pattern
of the model structure was fitted by minimization of the sum of the squares and using Marquardt
least-squares algorithm [43]. High goodness of fit (χ2<3) was achieved. Pattern fitting parameters:
Rwp—weighted pattern residual indicator; Rexp—expected the residual indicator: S—the goodness of
fit were revealed.

The chemical composition was examined by the scanning electron microscope (SEM, VEGA
5135, Tescan, Brno, Czech Republic) with the energy dispersive spectrometer (EDS, PTG Prison
Avalon, Princeton Gamma Tech., Princeton, NY, USA) calibrated by a typical Cu calibration procedure.
The parameters of the measurement are as follows; accelerating voltage: 20 kV; working distance:
23 mm; spot size: 160 nm. The microstructure of the alloys was characterized by electron backscatter
diffraction (EBSD), using a Tescan Mira microscope (Brno, Czech Republic) and Digiview V camera
from EDAX (Mahwah, NJ, USA). The crystal orientation maps were acquired using electron beam
conditions of 20 kV and 10 nA, with 100 nm step size. The minimum misorientation angle for the grain
calculation was 5◦ and with a minimum of 8 pixels, discarding the grain smaller than 300 nm in diameter.
No cleaning procedure was applied to the maps. The contact angle (CA) of the surfaces was recorded by
the optical system with a digital camera (Kruss-DSA25, Krüss, Hamburg, Germany) and measured by
dedicated software (Kruss-Advanced 1.5, Krüss, Hamburg, Germany). The specimens were polished
with Al2O3 suspension, flushed with alcohol, and dried before the measurement. Determination of
contact angles for diiodomethane and glycerol was done with the ellipse fitting method [44] and 2 µL
drop. Surface free energies were calculated based on the results for both fluids. The experiments
were repeated three times for each specimen to determine the uncertainty and standard deviation
for each measurement and all at ambient conditions (23 ◦C). For the specimen corrosion resistance
analysis in the Ringer’s solution (NaCl: 9 g/L, KCl: 0.42 g/L, CaCl2: 0.48 g/L, NaHCO3: 0.2 g/L) at
ambient conditions (23 ◦C). the potentiodynamic method was used. The experiments and analysis
were conducted on Solartron 1285 potentiostat (Solartron Analytical, Farnborough, UK) with dedicated
Corrware and Corrview software (Solartron Analytical, Farnborough, UK). Ag/AgCl electrode was
used as a reference electrode in the measurements. The corrosion potential and current were calculated
with Tafel curves. The specimens were polished with grinding paper 600 grit and clean with ethanol
inside the ultrasonic bath before each measurement before starting. Potentiodynamic tests were
preceded with open circuit potential measurement for 60 min. Every specimen was measured three
times to estimate uncertainties and standard deviation.

Vickers microhardness (HV) of the sinters was measured using an Innovatest Nexus microhardness
tester (Innovatest, Maastricht, Netherlands) with an applied load of 300 g and loading time 10 s.
The modulus analysis of selected specimens based on the EIT (indentation modulus) estimation,
was realized on Fischerscope HM2000 nanoindenter with Vickers tip located in Bern University of
Applied Sciences (Biel, Switzerland). The measurement was carried out with nanoindenter using DIN
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50 359/ISO 14577 standard, and load parameters of the test as: F (the max load with the loading time)
= 300 mN/20s, C (creep time at the max load) = 5 s.

3. Results

Synthesis of ultrafine-grained Ti-Zr-Nb alloys by mechanical alloying and powder metallurgy
method was the goal of this research, see Table 1. Crystal structure and its changes during milling
were deeply examined. Diffractograms of the selected Ti-Zr-Nb alloy powders with the final single
phase beta-structure (Ti23Zr25Nb) and dual-phase alpha + beta structure (Ti14Zr16Nb) milled for
different times were presented in our previous article [28]. After 15 min of milling, the positions of
the 2θ peaks of Ti-Zr-Nb mixtures are the same as that of the elemental powders, indicating that no
significant reaction had occurred during milling. The hexagonal Zr (101) plane is barely visible after
3 h of milling. Moreover, 6 h of mechanical alloying leads to the formation of Ti(β) for all produced
compositions. Zr content influences the angle position of the newly formed Ti(β) phase peaks moving
them to the higher values. (Figures 1 and 2). It can be seen that after 10 h of MA of Ti14Zr16Nb and
Ti23Zr16Nb there are peaks of Ti(α) and Ti(β). Additionally, in the case of Ti30Zr17Nb, Ti14Zr25Nb,
Ti23Zr25Nb, Ti30Zr26Nb, Ti13Zr33Nb, Ti22Zr34Nb, and Ti30Zr34Nb mixtures all three peaks emerge.
These peaks mark to coincide with the peaks of Ti(β) phase suggesting that these mixtures could be of
a bcc structure induced by deformation during the mechanical alloying.

Figure 1. X-ray diffraction (XRD) spectra of Ti-Zr-Nb powders mechanically alloyed for 10 h.

Figure 2. New phase Ti(β) 2 theta locations of studied alloys after 6 h of MA.
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Mechanical alloying was described as a high energy milling process in which powder particles
were subjected to repeated cold welding, fracturing, and rewilding [26]. The high plastic deformations
of the powders result in a high density of dislocations and, subsequently, subgrains formation that may
finally lead also to desired phase Ti(β) formation [45]. Our studies have shown that the mechanical
alloying of mixtures of Ti, Zr, and Nb metal powders produces the crystal phases depending on the
milling conditions and starting composition. No amorphous phases have also been observed in milled
powder mixtures. Mechanical alloying allows inducing allotropic transformation of titanium (from
hexagonal α to cubic β). Both the content of beta-stabilizers (Zr and Nb) and time help to control this
transformation. Based on the Williamson–Hall model [41] after 10 h of milling crystallite size was
estimated in the range of 14 to 28 nm. Moreover, the application of mechanical alloying increases the
microstrains in the produced alloys (on average 9 – 23 × 10−3) – Figure 3. Proper choice of the process
parameters and alloy composition allows producing crystalline Ti(β) phase.

Figure 3. Linear Williamson–Hall plots with estimated crystallite size (CS) and microstrain (MS) factors
based on the XRD spectra of Ti-Zr-Nb powder materials after 10 h of mechanical alloying.

To produce bulk specimens of mechanically alloyed powder: cold pressing and sintering were
conducted. Heating was done for 0.5 h and at five different temperatures: 600, 750, 800, 850 and
1000 ◦C. The process was conducted at the argon atmosphere to prevent the materials from oxidation.
The diffractograms of alloys sintered at the same temperature of 750 ◦C were presented in Figure 4.
The diffractogram relations of two selected specimens with single-phase beta structure (Ti23Zr25Nb)
and dual-phase alpha+beta structure (Ti14Zr16Nb) with the sintering temperature were presented
in our previous article [28]. Additionally, lattice constants and phase amounts relations based on
a composition and processing parameters of the materials were presented in Table 2. After consolidation,
two groups of produced materials can be distinguished:

(a) Ti14Zr16Nb, Ti23Zr16Nb, Ti14Zr25Nb, and Ti13Zr33Nb alloys with visible traces of Ti(α) (ref.
code 01-071-4632), and Nb0.81Zr0.19 (ref. code 00-049-1455),

(b) Ti30Zr17Nb, Ti23Zr25Nb, Ti30Zr26Nb, Ti22Zr34Nb, and Ti30Zr34Nb alloys with visible traces
of Zr (ref. code 01-088-2329), NbZr (ref. code 01-071-9970), and Nb0.81Zr0.19.

Single beta alloys were produced at some specific sintering conditions which confirm the high
influence of consolidation parameters on the crystal structure of the materials. Ti23Zr25Nb and
Ti30Zr26Nb alloys needed the sintering temperature in the range of 600 to 800 ◦C, Ti22Zr34Nb and
Ti30Zr34Nb in the range of 600 to 750 ◦C and Ti30Zr17Nb—600 ◦C. In higher temperatures, pure Zr
was present in the structure of alloys. It was observed in almost all materials except these with the
smallest concentration of Zr: Ti14Zr16Nb, Ti14Zr25Nb, and Ti13Zr33Nb. This phase appears mainly in
the temperatures above 850 ◦C. The increasing concentration of Ti(β) phase could be easily connected
with the increase of the sintering temperature. All alloys, except Ti14Zr16Nb with the lowest content
of beta-stabilizers, have the pseudo-beta structure with Ti(β) phase content above 97%.
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The chemical compositions of alloys were confirmed with EDS. All the spectra and results were
presented in Figure 5.

Figure 4. XRD spectra of bulk Ti-Zr-Nb specimens sintered at 750 ◦C.

Figure 5. Energy-dispersive spectroscopy (EDS) spectra of Ti-Zr-Nb alloys.
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Table 2. Crystallographic data analysis of bulk Ti-Zr-Nb specimens sintered at different conditions.

Specimen PT [◦C] Ti(α) Ti(β) Additional Phase
Rwp [%] Rexp [%] SNb0.81Zr0.19

a [Å] c [Å] V [Å3] PA [%] a [Å] V [Å3] PA [%] a [Å] V [Å3] PA[%]

Ti14Zr16Nb

600 2.9862(4) 4.7566(14) 36.73(2) 44.83 3.3218(3) 36.65(1) 55.17 - - - 4.86 3.35 1.45

750 2.9853(4) 4.7761(15) 36.86(3) 26.54 3.3255(3) 36.78(1) 73.46 - - - 5.67 3.20 1.77

800 2.9908(5) 4.7843(19) 37.06(3) 26.20 3.3313(3) 36.97(1) 73.80 - - - 6.28 3.65 1.72

850 2.9903(11) 4.7817(41) 37.03(6) 9.94 3.3327(2) 37.02(1) 88.64 4.3477(25) 82.18(14) 1.42 7.35 3.39 2.17

1000 2.9972(16) 4.7798(63) 37.18(9) 2.69 3.3357(2) 37.12(1) 96.02 4.3214(14) 80.70(8) 1.29 6.58 3.04 2.17

Zr

Ti23Zr16Nb

600 2.9966(8) 4.7892(33) 37.24(5) 24.90 3.3494(2) 37.57(1) 75.10 - - - 5.47 2.99 1.83

750 2.9982(34) 4.8054(156) 37.41(21) 7.87 3.3510(2) 37.63(1) 92.13 - - - 6.58 3.03 2.17

800 3.0246(41) 4.7830(196) 37.89(26) 9.65 3.3527(2) 37.68(1) 90.35 - - - 6.42 2.91 2.21

850 - - - - 3.3509(2) 37.63(1) 99.19 4.6102(17) 97.98(11) 0.81 5.01 2.95 1.70

1000 - - - - 3.3532(2) 37.70(1) 98.98 4.6051(14) 97.66(9) 1.02 6.33 2.89 2.19

Zr

Ti30Zr17Nb

600 - - - - 3.3610(2) 37.97(1) 100 - - - 6.74 2.72 2.48

750 - - - - 3.3699(2) 38.27(1) 99.66 4.6157(29) 98.33(18) 0.34 6.73 2.84 2.37

800 - - - - 3.3688(2) 38.23(1) 98.71 4.6050(23) 97.66(15) 1.29 6.89 2.89 2.39

850 - - - - 3.3628(2) 38.03(1) 99.53 4.6054(22) 97.68(14) 0.47 6.62 2.77 2.39

1000 - - - - 3.3671(2) 38.17(1) 99.27 4.6092(13) 97.92(9) 0.73 7.79 2.65 2.94

Zr

Ti14Zr25Nb

600 2.9826(7) 4.7679(27) 36.73(4) 14.05 3.3232(2) 36.70(1) 85.95 - - - 5.50 2.99 1.84

750 2.9949(13) 4.7679(55) 37.04(8) 6.98 3.3261(2) 36.79(1) 93.02 - - - 6.55 2.82 2.32

800 2.9993(15) 4.7671(65) 37.14(9) 7.24 3.3280(2) 36.86(1) 92.76 - - - 6.35 2.97 2.14

850 2.9992(22) 4.7653(87) 37.12(12) 4.68 3.3278(2) 36.85(1) 95.32 - - - 7.35 2.95 2.49

1000 3.0091(43) 4.7939(183) 37.59(25) 3.23 3.3359(2) 37.12(1) 96.77 - - - 6.21 3.05 2.03
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Table 2. Cont.

Specimen PT [◦C] Ti(α) Ti(β) Additional Phase
Rwp [%] Rexp [%] SNb0.81Zr0.19

a [Å] c [Å] V [Å3] PA [%] a [Å] V [Å3] PA [%] a [Å] V [Å3] PA[%]

Zr

Ti23Zr25Nb

600 - - - - 3.3440(1) 37.39(1) 100 - - - 4.86 2.67 1.82

750 - - - - 3.3495(2) 37.58(1) 100 - - - 5.19 2.60 2.00

800 - - - - 3.3524(2) 37.68(1) 100 - - - 5.05 3.08 1.64

850 - - - - 3.3500(2) 37.60(1) 99.50 4.6035(30) 97.56(19) 0.50 5.46 2.97 1.84

1000 - - - - 3.3500(2) 37.60(1) 99.07 4.6077(25) 97.83(16) 0.93 6.76 2.74 2.46

Zr

Ti30Zr26Nb

600 - - - - 3.3694(2) 38.25(1) 100 - - - 5.61 3.23 1.74

750 - - - - 3.3720(2) 38.34(1) 100 - - - 5.36 3.02 1.77

800 - - - - 3.3753(2) 38.45(1) 100 - - - 6.20 2.62 2.37

850 - - - - 3.3720(2) 38.34(1) 99.35 4.6199(16) 98.60(10) 0.65 5.82 2.93 1.99

1000 - - - - 3.3770(2) 38.51(1) 98.66 4.6188(12) 98.53(8) 1.34 6.53 2.64 2.48

Nb0.81Zr0.19

Ti13Zr33Nb

600 2.9880(15) 4.7643(68) 36.84(9) 6.88 3.3242(2) 36.73(1) 93.12 - - - 5.09 3.04 1.67

750 3.0022(14) 4.7679(56) 37.22(8) 5.60 3.3314(2) 36.97(1) 94.40 - - - 5.38 2.95 1.82

800 3.0033(22) 4.7591(98) 37.18(13) 4.82 3.3271(2) 36.83(1) 95.18 - - - 5.82 2.76 2.11

850 3.0103(16) 4.7667(73) 37.41(10) 6.94 3.3318(2) 36.99(1) 93.06 - - - 6.18 2.79 2.22

1000 - - - - 3.3327(2) 37.02(1) 99.44 4.3283(48) 81.09(27) 0.56 7.18 2.97 2.41

NbZr

Ti22Zr34Nb

600 - - - - 3.3490(2) 37.56(1) 97.14 3.4573(18) 41.33(7) 2.86 4.66 2.73 1.71

Zr

750 - - - - 3.3512(1) 37.63(1) 100 - - - 4.93 2.98 1.65

800 - - - - 3.3515(1) 37.65(1) 100 - - - 6.13 2.64 2.32

850 - - - - 3.3527(2) 37.69(1) 99.78 4.5920(31) 96.83(20) 0.22 6.33 2.68 2.36

1000 - - - - 3.3537(2) 37.72(1) 99.63 4.5992(23) 97.29(15) 0.37 6.99 3.07 2.28
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Table 2. Cont.

Specimen PT [◦C] Ti(α) Ti(β) Additional Phase
Rwp [%] Rexp [%] SNb0.81Zr0.19

a [Å] c [Å] V [Å3] PA [%] a [Å] V [Å3] PA [%] a [Å] V [Å3] PA[%]

Zr

Ti30Zr34Nb

600 - - - - 3.3528(2) 37.69(1) 100 - - - 5.03 2.44 2.06

750 - - - - 3.3677(2) 38.20(1) 100 - - - 4.6 2.56 1.80

800 - - - - 3.3698(1) 38.27(1) 99.15 4.6383(29) 99.79(19) 0.85 4.46 2.94 1.52

850 - - - - 3.3706(1) 38.29(1) 99.04 4.6236(14) 98.84(9) 0.96 4.33 2.71 1.60

1000 - - - - 3.3742(2) 38.42(1) 98.86 4.6288(8) 99.18(6) 1.14 4.37 3.21 1.36
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The microstructure of the sintered specimen was determined by EBSD (Figure 6). Both alloys show
similar mean grain sizes in the order of 1.2 to 1.7 µm. The black areas in the maps are miss-indexed
points due to too small grains which cannot be measured by classic EBSD. The grain smaller than
300 nm has been discarded from the grain size distribution shown in Figure 7. The dual-phase
Ti14Zr16Nb alloy shows an alpha fraction of ~39%. The beta phase in this alloy contains a lot of low
angle boundaries, as seen in the misorientation angle distribution in Figure 7. The alpha phase shows
a misorientation angle distribution similar to the random one. The single beta phase Ti23Zr25Nb alloy
shows some low angle boundaries in the larger grains, but to a less extent than the beta phase of the
Ti14Zr16Nb alloy.

Hardness and surface free energy by diiodomethane and glycerol contact angles of the Ti-Zr-Nb
alloys were determined and the results listed in Table 3. Hardness for alloys was approximate 400 HV0.3.
Contact angles for all alloys were much lower than 90◦ pointing their good wettability. Ti30Zr34Nb
alloy was characterized by the highest value of surface free energy among all materials. The corrosion
resistance of this alloy in the Ringer solution is also the highest which is indicated by the highest value
of corrosion potential and the lowest value of corrosion current. All produced materials passivate in
the higher potentials making their potentiodynamic curves not so different than that of pure titanium
(Figure 8). This phenomenon is identified with no corrosion current increase in the anodic range of
potentiodynamic curves and corresponds with the formation of the particular compounds on the
material’s surface, preventing them from further corrosive wear.

Figure 6. Top: Electron backscatter diffraction (EBSD) crystal orientation maps of α and β phases in
Ti14Zr16Nb and Ti23Zr25Nb (only β phase) cold pressed and sintered at 750 ◦C for 30 min. The IPF
color is displayed for the z-direction (cold pressing axis). Bottom: α and β phase distribution map
in Ti14Zr16Nb.
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Figure 7. Misorientation angle and grain size distributions from EBSD measurements of α and β phases
in Ti14Zr16Nb and Ti23Zr25Nb (only β phase) cold pressed and sintered at 750 ◦C for 30 min.

Table 3. Vickers hardness (HV0.3), surface free energy, diiodomethane, and glycerol contact angles for β
and pseudo-β alloys Ti30Zr17Nb, Ti23Zr25Nb, Ti30Zr26Nb, and Ti30Zr34Nb, cold pressed and sintered
at 750 ◦C for 30 min in comparison with dual-phase Ti14Zr16Nb processed in the same conditions.
The results were obtained from the group of three replicated measurements.

Specimen HV0.3 CA[M]
Diiodomethane [◦]

CA[M]
Glycerol [◦] SFE [mN/m]

Ti14Zr16Nb 409 ± 17 53.4 ± 2.0 69.2 ± 2.2 35.0 ± 2.0

Ti30Zr17Nb 387 ± 14 59.8 ± 1.6 93.3 ± 3.3 29.1 ± 1.2

Ti23Zr25Nb 384 ± 13 54.0 ± 7.8 74.2 ± 6.8 34.4 ± 6.6

Ti30Zr26Nb 386 ± 15 65.1 ± 3.7 70.6 ± 2.5 30.8 ± 4.1

Ti30Zr34Nb 412 ± 17 48.0 ± 1.8 61.5 ± 6.2 40.0 ± 3.6

Figure 8. Potentiodynamic curves of bulk β and pseudo-β alloys Ti30Zr17Nb, Ti23Zr25Nb, Ti30Zr26Nb,
Ti30Zr34Nb cold pressed and sintered at 750 ◦C for 30 min in comparison with dual-phase
Ti14Zr16Nb processed in the same conditions. The results were obtained from the group of three
replicated measurements.
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Young modulus of all the β and pseudo-β Ti30Zr17Nb, Ti23Zr25Nb, Ti30Zr26Nb, and Ti30Zr34Nb
is lower than 80 GPa and significantly lower than for dual-phase Ti14Zr16Nb alloy (Figure 9). There are
no meaningful differences between the mechanically alloyed Ti-Nb-Zr alloys in terms of that property.
Moreover, all the E modulus are nearly twice lower than pure titanium: 141 GPa [28].

Figure 9. Load–depth curves of bulk β and pseudo-β alloys Ti30Zr17Nb, Ti23Zr25Nb, Ti30Zr26Nb, and
Ti30Zr34Nb cold pressed and sintered at 750 ◦C for 30 min, in comparison with dual-phase Ti14Zr16Nb
processed in the same conditions.

4. Discussion

Presented results clearly demonstrate that the powder manufacturing route supported by the
mechanical alloying process allows the production of β-Ti-based alloys. Moreover, it was possible with
the formation of ultrafine-grained structure. It could lead to better mechanical properties of produced
alloys cause of the strengthening of the material with the use of the grain refinement mechanism.

In one of the latest papers of our group [28], the MA technique was used to manufacture Ti14Zr16Nb
and Ti23Zr25Nb (at. %) alloys. A positive impact of using MA process on properties was due to
the reduction of particle size, creation of new clean surfaces, and creation of various types of defects.
These materials were prepared by the combination of mechanical alloying and powder metallurgy
approach with cold powder compaction and sintering or interchangeably hot pressing. The mechanical
alloying of Ti, Zr, and Nb for 10 h with additional hot pressing (71 MPa) and sintering for 10 min at
600 ◦C results in ultrafine-grained structure formation. It has been observed in the cited paper that the
mechanically alloyed Ti23Zr25Nb material upon sintering at 600 ◦C for 10 min led to the formation
of a single β-type phase alloy. Note that to control the crystal structure of Ti(β) alloys, processing
parameters are a significant factor. These alloys are not only sensitive to the beta-stabilizers content
but also to the sintering temperatures. However, Nb has much higher beta-stabilizing properties than
Zr, which mainly leads to the spontaneous passivation of its alloys and does not form Ti(β) structure
in the Ti-Zr binary alloys as a neutral element [46]. Henriques et al. synthesized the Ti–13Nb–13Zr
alloy by conventional sintering [47]. The densification between 93 and 97% was achieved at a high
sintering temperature of 1400 ◦C. Recently, nanostructured near-β Ti–20Nb–13Zr at. % alloy with nontoxic
elements and enhanced mechanical properties have been synthesized by spark plasma sintering (SPS)
of nanocrystalline powders obtained by mechanical alloying [37]. A nearly full density structure was
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obtained after SPS at 1200 ◦C. The microstructure of the obtained alloy is a duplex structure with the α-Ti
(hcp) region having an average size of 70–140 nm, surrounding the β-Ti (bcc) matrix. The obtained alloy
was chemically homogenized with a microhardness value (HV) of 660. Compared to these results, it is
clear that we were able to obtain by the powder metallurgy approach nearly full density in the Ti–Zr-Nb
alloys, at a much lower temperature (600 ◦C) [28]. The synthesized Ti23Zr25Nb alloy was chemically
homogenized with a hardness value, HV0.3 of 407. The Ti, Zr and Nb are nontoxic elements [10].
Additionally, Nb in Ti–Zr-Nb system act as β-stabilizer and Zr acts as a neutral element for forming
a homogeneous solid solution in the α- and β-phases [48]. On the other hand, Nb is found to reduce the
elastic modulus when alloyed with titanium [49]. Studies on Ti–Zr-Nb systems for medical applications
have shown that α↔β phase transformations are sensitive not only by chemical composition but also by
heat treatment parameters and cooling rates.

The Zr content in the Ti-Nb-Zr alloys not only allows the formation of the single-phase β-type
alloys, but also influences the lattice constant of both Ti(α) and Ti(β)-phase. The increase of the Zr
clearly expands the volume of the cell (Table 2). Nb in Ti-Nb-Zr does not have any impact on the Ti(β)
lattice constants but increases the amount of the Ti(β) phase and volume of Ti(α) phase (in smaller
range than Zr). The Ti-Zr alloys allow only to form a single-phase α-type alloys without β-phase
presence because of no stabilization effect of Zr without the present of Nb in the alloy composition
could not be observed. The volume of Ti(β) phase cell in the produced alloys varies from 36.65(1)
Å3 to 38.51(1) Å3 and volume of Ti(α) phase vary from 36.73(2) Å3 to 37.89(26) Å3. The structure of
produced alloys depends also on the temperature of sintering. It was observed that in the produced
single β-phase alloys beneath 25 at. % Nb content (Ti23Zr16Nb, Ti30Zr17Nb, Ti23Zr25Nb Ti30Zr25Nb)
in the temperatures above 750–800 ◦C lattice constant of Ti(β) phase decreases. In the dual-phase alloys
(Ti14Zr16Nb, Ti14Zr25Nb) in the temperatures beneath 1000 ◦C the same situations always happen
with the Ti(α) phase volume. The volume of Ti(β) phase grows in these two alloys continuously with
the sintering temperature increase. In the alloys with Nb content from 23 at. % to 34 at. % Zr-phase
appears in the higher temperatures. Moreover, in Ti22Zr34Nb alloy in the temperature of 600 ◦C
the NbZr-phase diffraction peaks are visible and show the same group symmetry as Ti(β) phase but
with a higher volume cell equals to 41.33(7) Å3. It is the transitional phase that appears because of
limited solubility in the lower temperature of Zr and Nb in Ti solid solution. It disappears in higher
temperatures forming a single β-phase structure in the temperature of 750 ◦C and 800 ◦C.

The EBSD results show significant differences in microstructures between dual-phase Ti14Zr16Nb
and a single β-phase Ti23Zr25Nb alloys. The misorientation distribution histograms can be easily
contrasted (Figure 7). The recrystallization of Ti-Zr-Nb powders is driven by the energy stored in
the mechanically alloyed materials coming from multiple crystal defects in the dominant form of the
dislocations coming from the plastic deformation of powders during milling. These types of defects
are considered to be the main part of the stored energy [50]. These alloys should be considered as
high stacking fault energy materials with dynamic recovery and continuous dynamic recrystallization
(CDRX) [50,51]. CDRX is the mechanism of low angle grain boundaries (LAGB) migration to the
high angle grain boundaries (HAGB). It is clearly visible that CDRX in Ti14Zr16Nb alloy has not
been completed cause a high amount of HAGB in comparison to the random distribution histograms.
However, it was finished in Ti23Zr25Nb alloy with higher β-stabilizing Nb and Zr content. This type
of histogram for this alloy matches the random one. The above result confirms that Ti14Zr16Nb alloys
were not fully recrystallized in the provide sintering temperature of 750 ◦C because LAGB was not
fully annihilated by HAGB. The thermal energy provided during sintering was not enough. However,
the same temperature was enough to recrystallized and annihilate the HAGB in the Ti23Zr25Nb alloy.
The Rietveld refinement results for Ti14Zr16Nb alloy (Table 2) shows the trend of the clear increase
of Ti(β) phase fraction with sintering temperature. It is in parallel to the further recrystallization of
this material. Nb and Zr limit the thermal energy provided to that materials during the sintering
process and needed to fully recrystallize highly-defected Ti-Zr-Nb alloys after the mechanical alloying
process which can be easily proven by the limitation of α→β phase transformation temperature in the
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binary phase Ti-Nb and Ti-Zr diagrams. That is highly dependent on their β-stabilizing properties.
EBSD results prove also an obtained ultrafine grain structure of prepared by mechanical alloying, cold
compaction and sintering approach materials, with grain size significantly lower than one micron
(Figure 7).

Moreover, the produced β and pseudo-β alloy—Ti30Zr17Nb, Ti23Zr25Nb, Ti30Zr26Nb, and
Ti30Zr34Nb—have interesting properties in terms of their biomedical applications. Their corrosion
properties are nearly similar to that of the pure titanium which means that they are not going to behave
much differently inside the human body. However, the most important remains a significant reduction in
their Young modulus comparing to pure titanium. These properties limit the stress shielding effect and
increase the osteointegration which should be also stimulated by the porosities in these materials [52].
The obtained results are between 67.9 (Ti30Zr34Nb) and 84.6 (Ti14Zr16Nb) which makes their modulus
near about twice lower than that of commercially pure titanium. The modulus of β and pseudo-β alloys
are also lower than that of dual-phase α+β Ti14Zr16Nb alloy, which proves clearly the influence of the
crystal structure of these materials on their mechanical properties.

In this work, the mechanical alloying process followed by the pressing and sintering was applied
for the preparation of the bulk Ti-Zr-Nb near-β type alloys. The developed ultrafine-grained Ti-based
alloys can be used as the implant materials in dental and orthopedics applications. The special interest
should be focused on modifying these alloys by the formation of biocomposite materials. Biocomposite
formed by adding 45S5 Bioglass to these alloys during milling can lead to interesting results as higher
biocompatibility, hardness, and lower Young modulus. The structure, microstructure, porosity, surface
morphology, corrosion resistance, wettability, and in vitro cytocompatibility will be investigated and
the results will be published independently.

5. Conclusions

The Ti-Zr-Nb near-β type alloy 36 ≤ Ti ≤ 70 (at. %) was synthesized by mechanical alloying
and powder metallurgy method. The influence of Nb and Zr contents as also heat treatment on
phase transitions (α→β) were studied. The main conclusions can be withdrawn: For the analyzed
compositions, the Ti(β) –phase content can be increased with the longest processing time of mechanical
alloyin; the formation of Ti(β) type alloys is possible after recrystallization of MA powders during
its sintering in the wide range of process temperatures; with the increase of Zr and Nb amount
in the Ti-Zr-Nb system, the Ti(β) phase content is higher and Zr has the main impact on the Ti(β)
lattice constant and Nb on the beta-stabilizing effect; single-phase Ti(β) type Ti30Zr17Nb, Ti23Zr25Nb,
Ti30Zr26Nb, Ti22Zr34Nb, and Ti30Zr34Nb alloys are synthesized after sintering at a low temperature
(600 ◦C) for 30 min; the mechanical alloying and powder metallurgy approach remains beneficial
in grain growth control and synthesis of ultrafine-grained Ti-Zr-Nb alloys for implant applications,
the recrystallization process during sintering and final microstructure of Ti-Zr-Nb alloys clearly
depends on the β-stabilizers content; and the developed ultrafine-grained Ti-Zr-Nb alloys could be
used as the implant materials in dental and orthopedics applications because of their good properties
as significantly reduced Young modulus in contrast to the commercially pure titanium and limitation
of toxic elements as β-stabilizers.

Author Contributions: Conceptualization, M.M.; Formal analysis, M.M. and A.M.; Funding acquisition, M.J.;
Investigation, M.M., A.M. and X.M.; Supervision, M.J.; Writing—original draft, M.M.; Writing—review & editing,
M.M., A.M., X.M., and M.J. All authors have read and agreed to the published version of the manuscript.

Funding: The work has been financed by the National Science Centre Poland (under decision no.
DEC-2017/25/B/ST8/02494).

Conflicts of Interest: The authors declare no conflict of interest.



Materials 2020, 13, 587 16 of 18

References

1. Kuroda, D.; Niinomi, M.; Morinaga, M.; Kato, Y.; Yashiro, T. Design and mechanical properties of new β type
titanium alloys for implant materials. Mater. Sci. Eng. A 1998, 243, 244–249. [CrossRef]

2. Rack, H.J.; Qazi, J.I. Titanium alloys for biomedical applications. Mater. Sci. Eng. C 2006, 26, 1269–1277.
[CrossRef]

3. Geetha, M.; Singh, A.K.; Asokamani, R.; Gogia, A.K. Ti based biomaterials, the ultimate choice for orthopaedic
implants—A review. Prog. Mater. Sci. 2009, 54, 397–425. [CrossRef]

4. Sidambe, A.T. Biocompatibility of advanced manufactured titanium implants—A review. Materials 2014, 7,
8168–8188. [CrossRef]

5. Rhoads, L.S.; Silkworth, W.T.; Roppolo, M.L.; Whittingham, M.S. Cytotoxicity of nanostructured vanadium
oxide on human cells in vitro. Toxicol. Vitr. 2010, 24, 292–296. [CrossRef] [PubMed]

6. Dragan-Raileanu, L.A.; Cotrutz, C.E.; Munteanu, C.; Strugaru, S.; Avram, P.; Istrate, B.; Petreus, T. In vitro
study regarding the cytotoxicity of some TiNbZr alloys. Ann. Rom. Soc. Cell Biol. 2013, 18, 186–191.

7. Gomes, C.C.; Moreira, L.M.; Santos, V.J.S.V.; Ramos, A.S.; Lyon, J.P.; Soares, C.P.; Santos, F.V. Assessment of
the genetic risks of a metallic alloy used in medical implants. Genet. Mol. Biol. 2011, 34, 116–121. [CrossRef]
[PubMed]

8. Costa, B.C.; Tokuhara, C.K.; Rocha, L.A.; Oliveira, R.C.; Lisboa-Filho, P.N.; Costa Pessoa, J. Vanadium ionic
species from degradation of Ti-6Al-4V metallic implants: In vitro cytotoxicity and speciation evaluation.
Mater. Sci. Eng. C 2019, 96, 730–739. [CrossRef] [PubMed]

9. Mohammed, M.T.; Khan, Z.A.; Siddiquee, A.N. Beta Titanium Alloys: The Lowest Elastic Modulus for
Biomedical Applications: A Review Surface Modifications through FSP View project MACHINING View
project. Int. J. Chem. Nucl. Metall. Mater. Eng. 2014, 8, 726–731.

10. Eisenbarth, E.; Velten, D.; Müller, M.; Thull, R.; Breme, J. Biocompatibility of β-stabilizing elements of
titanium alloys. Biomaterials 2004, 25, 5705–5713. [CrossRef]

11. Thibon, I.; Ansel, D.; Gloriant, T. Interdiffusion in β-Ti-Zr binary alloys. J. Alloys Compd. 2009, 470, 127–133.
[CrossRef]

12. Predel, B. Ti-Zr (Titanium-Zirconium). In Pu-Re – Zn-Zr. Landolt-Börnstein—Group IV Physical Chemistry 5J;
Madelung, O., Ed.; SpringerMaterials: Berlin/Heidelberg, Germany, 1998.

13. Takahashi, M.; Kikuchi, M.; Okuno, O. Grindability of dental cast Ti-Zr alloys. Mater. Trans. 2009, 50, 859–863.
[CrossRef]

14. Ikarashi, Y.; Toyoda, K.; Kobayashi, E.; Doi, H.; Yoneyama, T.; Hamanaka, H.; Tsuchiya, T. Improved
biocompatibility of titanium-zirconium (Ti-Zr) alloy: Tissue reaction and sensitization to Ti-Zr alloy
compared with pure Ti and Zr in rat implantation study. Nippon Kinzoku Gakkaishi/J. Japan Inst. Met. 2007, 71,
395–401. [CrossRef]

15. Nagase, T.; Kinoshita, K.; Nakano, T.; Umakoshi, Y. Fabrication of Ti-Zr binary metallic wire by arc-melt-type
melt-extraction method. Mater. Trans. 2009, 50, 872–878. [CrossRef]

16. Moffat, D.L.; Kattner, U.R. Stable and metastable Ti-Nb phase diagrams. Metall. Trans. A, Phys. Metall. Mater.
Sci. 1988, 19 A, 2389–2397. [CrossRef]

17. Xu, L.J.; Xiao, S.L.; Tian, J.; Chen, Y.Y.; Huang, Y.D. Microstructure and dry wear properties of Ti-Nb alloys
for dental prostheses. Trans. Nonferrous Met. Soc. China (English Ed.) 2009, 19, 639–644. [CrossRef]

18. Karre, R.; Niranjan, M.K.; Dey, S.R. First principles theoretical investigations of low Young’s modulus beta
Ti-Nb and Ti-Nb-Zr alloys compositions for biomedical applications. Mater. Sci. Eng. C 2015, 50, 52–58.
[CrossRef]

19. Chang, L.L.; Wang, Y.D.; Ren, Y. In-situ investigation of stress-induced martensitic transformation in Ti-Nb
binary alloys with low Young’s modulus. Mater. Sci. Eng. A 2016, 651, 442–448. [CrossRef]

20. Elmay, W.; Patoor, E.; Bolle, B.; Gloriant, T.; Prima, F.; Eberhardt, A.; Laheurte, P. Optimisation of mechanical
properties of Ti-Nb binary alloys for biomedical applications. Comput. Methods Biomech. Biomed. Engin. 2011,
14, 119–120. [CrossRef]

21. Predel, B. Nb-Ti (Niobium-Titanium). In Li-Mg – Nd-Zr. Landolt-Börnstein—Group IV Physical Chemistry 5H;
Madelung, O., Ed.; SpringerMaterials: Berlin/Heidelberg, Germany, 1997.

22. Kim, S.E.; Jeong, H.W.; Hyun, Y.T.; Lee, Y.T.; Jung, C.H.; Kim, S.K.; Song, J.S.; Lee, J.H. Elastic modulus and
in vitro biocompatibility of Ti-xNb and Ti-xTa alloys. Met. Mater. Int. 2007, 13, 145–149. [CrossRef]

http://dx.doi.org/10.1016/S0921-5093(97)00808-3
http://dx.doi.org/10.1016/j.msec.2005.08.032
http://dx.doi.org/10.1016/j.pmatsci.2008.06.004
http://dx.doi.org/10.3390/ma7128168
http://dx.doi.org/10.1016/j.tiv.2009.08.010
http://www.ncbi.nlm.nih.gov/pubmed/19716874
http://dx.doi.org/10.1590/S1415-47572010005000118
http://www.ncbi.nlm.nih.gov/pubmed/21637553
http://dx.doi.org/10.1016/j.msec.2018.11.090
http://www.ncbi.nlm.nih.gov/pubmed/30606586
http://dx.doi.org/10.1016/j.biomaterials.2004.01.021
http://dx.doi.org/10.1016/j.jallcom.2008.02.082
http://dx.doi.org/10.2320/matertrans.MRA2008403
http://dx.doi.org/10.2320/jinstmet.71.395
http://dx.doi.org/10.2320/matertrans.MRA2008379
http://dx.doi.org/10.1007/BF02645466
http://dx.doi.org/10.1016/S1003-6326(10)60124-0
http://dx.doi.org/10.1016/j.msec.2015.01.061
http://dx.doi.org/10.1016/j.msea.2015.11.005
http://dx.doi.org/10.1080/10255842.2011.593760
http://dx.doi.org/10.1007/BF03027565


Materials 2020, 13, 587 17 of 18

23. Meng, Q.; Zhang, J.; Huo, Y.; Sui, Y.; Zhang, J.; Guo, S.; Zhao, X. Design of low modulus β-type titanium
alloys by tuning shear modulus C44. J. Alloys Compd. 2018, 745, 579–585. [CrossRef]

24. Wang, P.; Wu, L.; Feng, Y.; Bai, J.; Zhang, B.; Song, J.; Guan, S. Microstructure and mechanical properties of
a newly developed low Young’s modulus Ti–15Zr–5Cr–2Al biomedical alloy. Mater. Sci. Eng. C 2017, 72,
536–542. [CrossRef] [PubMed]

25. Frutos, E.; Karlík, M.; Jiménez, J.A.; Langhansová, H.; Lieskovská, J.; Polcar, T. Development of new
β/α”-Ti-Nb-Zr biocompatible coating with low Young’s modulus and high toughness for medical applications.
Mater. Des. 2018, 142, 44–55. [CrossRef]

26. Suryanarayana, C. Mechanical alloying and milling. Prog. Mater. Sci. 2001, 46, 1–184. [CrossRef]
27. Zeng, L.; Xu, G.; Liu, L.; Bai, W.; Zhang, L. Experimental investigation of phase equilibria in the Ti-Fe-Zr

system. Calphad Comput. Coupling Phase Diagrams Thermochem. 2018, 61, 20–32. [CrossRef]
28. Marczewski, M.; Miklaszewski, A.; Jurczyk, M. Structure evolution analysis in ultrafine-grained Zr and

Nb-based beta titanium alloys. J. Alloys Compd. 2018, 765, 459–469. [CrossRef]
29. Chen, W.; Chen, C.; Zi, X.; Cheng, X.; Zhang, X.; Lin, Y.C.; Zhou, K. Controlling the microstructure and

mechanical properties of a metastable β titanium alloy by selective laser melting. Mater. Sci. Eng. A 2018,
726, 240–250. [CrossRef]

30. Kreitcberg, A.; Brailovski, V.; Prokoshkin, S. New biocompatible near-beta Ti-Zr-Nb alloy processed by laser
powder bed fusion: Process optimization. J. Mater. Process. Technol. 2018, 252, 821–829. [CrossRef]

31. Bahl, S.; Das, S.; Suwas, S.; Chatterjee, K. Engineering the next-generation tin containing β titanium alloys
with high strength and low modulus for orthopedic applications. J. Mech. Behav. Biomed. Mater. 2018, 78,
124–133. [CrossRef]

32. Sochacka, P.; Miklaszewski, A.; Jurczyk, M. The influence of mo content on phase transformation in Ti-Mo
alloys. Arch. Metall. Mater. 2017, 62, 2051–2056. [CrossRef]

33. Guo, S.; Zhang, J.; Shang, Y.; Zhang, J.; Meng, Q.; Cheng, X.; Zhao, X. A novel metastable β-type Zr-12Nb-4Sn
alloy with low Young’s modulus and low magnetic susceptibility. J. Alloys Compd. 2018, 745, 234–239.
[CrossRef]

34. Lee, D.G.; Lee, Y.T.; Mi, X.; Ye, W.; Hui, S. Beta-Based Titanium Alloy with Low Elastic Modulus. U.S. Patent
20110070121A1, 24 March 2011.

35. Lee, D.G.; Lee, Y.T.; Mi, X.; Ye, W.; Hui, S. Beta-Based Titanium Alloy with Low Elastic Modulus. U.S. Patent
20140112820A1, 24 April 2014.

36. Tulinski, M.; Jurczyk, M. Nanomaterials Synthesis Methods. In Metrology and Standardization of Nanotechnology;
Mansfield, E., Kaiser, D., Fujita, D., Eds.; Wiley-VCH: Weinheim, Germany, 2017; pp. 75–98.

37. Hussein, M.A.; Suryanarayana, C.; Al-Aqeeli, N. Fabrication of nano-grained Ti-Nb-Zr biomaterials using
spark plasma sintering. Mater. Des. 2015, 87, 693–700. [CrossRef]

38. He, Y.; Zhang, Y.; Meng, Z.; Jiang, Y.; Zhou, R. Microstructure evolution, mechanical properties and enhanced
bioactivity of Ti-Nb-Zr based biocomposite by bioactive calcium pyrophosphate. J. Alloys Compd. 2017, 720,
567–581. [CrossRef]

39. Bai, W.; Tian, Y.; Xu, G.; Yang, Z.; Liu, L.; Masset, P.J.; Zhang, L. Diffusivities and atomic mobilities in bcc
Ti-Zr-Nb alloys. Calphad Comput. Coupling Phase Diagrams Thermochem. 2019, 64, 160–174. [CrossRef]

40. Yang, J.; Baatarsukh, M.; Bae, J.; Huh, S.; Jeong, H.; Choi, B.; Nam, T.; Noh, J. Phase stability and properties of
Ti-Nb-Zr thin films and their dependence on Zr addition. Materials 2018, 11, 1361. [CrossRef]

41. Mote, V.; Purushotham, Y.; Dole, B. Williamson-Hall analysis in estimation of lattice strain in nanometer-sized
ZnO particles. J. Theor. Appl. Phys. 2012, 6. [CrossRef]

42. Mccusker, L.B.; Von Dreele, R.B.; Cox, D.E.; Louër, D.; Scardi, P. Rietveld refinement guidelines.
J. Appl. Crystallogr. 1999, 32, 36–50. [CrossRef]

43. Marquardt, D.W. An Algorithm for Least-Squares Estimation of Nonlinear Parameters. J. Soc. Ind. Appl. Math.
1963, 11, 431–441. [CrossRef]

44. Fitzgibbon, A.; Pilu, M.; Fisher, R.B. Direct least square fitting of ellipses. IEEE Trans. Pattern Anal. Mach. Intell.
1999, 21, 476–480. [CrossRef]

45. Adamek, G.; Jakubowicz, J. Microstructure of the mechanically alloyed and electrochemically etched
Ti-6Al-4V and Ti-15Zr-4Nb nanocrystalline alloys. Mater. Chem. Phys. 2010, 124, 1198–1204. [CrossRef]

46. O’Brien, B.; Stinson, J.; Carroll, W. Development of a new niobium-based alloy for vascular stent applications.
J. Mech. Behav. Biomed. Mater. 2008, 1, 303–312. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.jallcom.2018.02.259
http://dx.doi.org/10.1016/j.msec.2016.11.101
http://www.ncbi.nlm.nih.gov/pubmed/28024619
http://dx.doi.org/10.1016/j.matdes.2018.01.014
http://dx.doi.org/10.1016/S0079-6425(99)00010-9
http://dx.doi.org/10.1016/j.calphad.2018.02.005
http://dx.doi.org/10.1016/j.jallcom.2018.06.224
http://dx.doi.org/10.1016/j.msea.2018.04.087
http://dx.doi.org/10.1016/j.jmatprotec.2017.10.052
http://dx.doi.org/10.1016/j.jmbbm.2017.11.014
http://dx.doi.org/10.1515/amm-2017-0304
http://dx.doi.org/10.1016/j.jallcom.2018.02.088
http://dx.doi.org/10.1016/j.matdes.2015.08.082
http://dx.doi.org/10.1016/j.jallcom.2017.05.287
http://dx.doi.org/10.1016/j.calphad.2018.12.003
http://dx.doi.org/10.3390/ma11081361
http://dx.doi.org/10.1186/2251-7235-6-6
http://dx.doi.org/10.1107/S0021889898009856
http://dx.doi.org/10.1137/0111030
http://dx.doi.org/10.1109/34.765658
http://dx.doi.org/10.1016/j.matchemphys.2010.08.057
http://dx.doi.org/10.1016/j.jmbbm.2007.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19627795


Materials 2020, 13, 587 18 of 18

47. Henriques, V.A.R.; Galvani, E.T.; Petroni, S.L.G.; Paula, M.S.M.; Lemos, T.G. Production of Ti-13Nb-13Zr
alloy for surgical implants by powder metallurgy. J. Mater. Sci. 2010, 45, 5844–5850. [CrossRef]

48. Elias, L.M.; Schneider, S.G.; Schneider, S.; Silva, H.M.; Malvisi, F. Microstructural and mechanical
characterization of biomedical Ti-Nb-Zr(-Ta) alloys. Mater. Sci. Eng. A 2006, 432, 108–112. [CrossRef]

49. Wang, L.; Yang, G.; Yang, H.; Cao, J.; Lü, W.; Zhang, D. Characterization of microstructure and mechanical
properties of TiNbZr alloy during heat treatment. Xiyou Jinshu Cailiao Yu Gongcheng/Rare Met. Mater. Eng.
2009, 38, 1136–1140.

50. Alaneme, K.K.; Okotete, E.A. Recrystallization mechanisms and microstructure development in emerging
metallic materials: A review. J. Sci. Adv. Mater. Devices 2019, 4, 19–33. [CrossRef]

51. Bobbili, R.; Madhu, V. Dynamic recrystallization behavior of a biomedical Ti-13Nb-13Zr alloy. J. Mech. Behav.
Biomed. Mater. 2016, 59, 146–155. [CrossRef]

52. Apostu, D.; Lucaciu, O.; Berce, C.; Lucaciu, D.; Cosma, D. Current methods of preventing aseptic loosening
and improving osseointegration of titanium implants in cementless total hip arthroplasty: A review. J. Int.
Med. Res. 2018, 46, 2104–2119. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s10853-010-4660-8
http://dx.doi.org/10.1016/j.msea.2006.06.013
http://dx.doi.org/10.1016/j.jsamd.2018.12.007
http://dx.doi.org/10.1016/j.jmbbm.2015.12.025
http://dx.doi.org/10.1177/0300060517732697
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Chemicals and materials 
	Specimen Preparation 
	Materials Characterization 

	Results 
	Discussion 
	Conclusions 
	References

