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Abstract
A systematic theoretical and experimental study concerning the crystallographic structure and
electronic properties of Ti-xNb (x< 50 at%) alloys is presented, aiming to enlighten the electronic
origins of the β-phase stability which is of high interest for the development of novel β stabilized
1
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Ti-based alloys for biomedical applications. Both quantum-mechanical calculations and X-ray
diffraction found several structural phases depending on Nb concentration. The ab-initio total
energy results reveal that at low Nb contents the α´ and ω phases are favoured while at Nb

RI
PT

content > 18.75 at% the β-phase is favoured against all other crystallographic structures in line
with the experimental results. Interestingly, at high Nb content the α´ and ω hexagonal phases
become unstable due to the electronic band filling close to the Fermi level EF, which is mainly

SC

due to Nb-p and Ti-d antibonding hybridizations. On the contrary, in the cubic β-Ti-25Nb (at%)
the depletion of the occupied electronic states at the EF occurs mainly due to Nb-d and Ti-d

M
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bonding interactions, resulting in a stable β-ΤiNb structure. These data could enlighten the
electronic origin of the Ti-Nb phase stability, thus, may contribute to the design of β stabilized
low moduli Ti-based alloys suitable for load-bearing biomedical applications.
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1. Introduction

Ti-based alloys are dominating as metallic biomaterials and in this role are central to the wellbeing and quality of life of a large part of the human population. Since the 1950s Ti-6Al-4V

EP

(wt.%) is the most conventional alloy for medical bone-replacing and supporting use due to its
good workability, heat treatability and large strength compared to steels or Co-Cr alloys [1, 2].

AC
C

However, compatibility concerns in terms of biological safety of V and Al [3, 4] and mechanical
properties [5, 6] have motivated extensive efforts since the 90ies to develop β-stabilized Ti-based
alloys without harmful elements and reduced Young’s modulus. Due to these efforts this class of
alloys and in particular Ti-Nb-based, Ti-Ta-based and Ti-Zr-based alloys are emerging as
promising materials for load-bearing as well as for functional biomedical implant components [1,
2, 5].

2
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The strongest attention was and is still given to β-phase Ti-Nb-based alloys [1, 7, 8]. The high
attractiveness of Ti-Nb alloys is based on their superior combination of low elastic moduli [9,
10], high corrosion resistance [11, 12] and minimal cytoxicity [13, 14], together with their
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superelastic and shape memory features [8, 15, 16]. Several phases (including α, β, αʹʹ and ω)
may coexist in Ti-Nb alloys, depending on the Nb concentration, which decisively influence their
mechanical and functional properties, as has been suggested in previous works [5, 9]. Nb is a β-

SC

stabilizer and, therefore, the body centered cubic (bcc) β-phase is retained at room temperature
(RT) by quenching for compositions above about Ti-22.5Nb (at%). For Nb-leaner compositions,
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the phase transition pathway from the hcp α-phase to into the bcc β-phase gives rise to the α″
orthorhombic phase [17, 18]. The suitability of Ti-Nb alloys for some task heavily depends on the
composition, microstructural design and processing. Appropriate selection of composition and
thermo(mechanical) processing allows tailoring of the mechanical and functional properties for

TE
D

biomedical applications [4, 5, 19-21].

This behavior is directly related to the instability of pure β-Ti at ambient conditions, which is
correlated with its elastic instability (negative values of the tetragonal shear modulus Cʹ) [22, 23].

EP

For cubic d transition metals and alloys, Cʹ is associated with the energy difference between the
face centered cubic (fcc) and bcc phases, while the stability of the fcc, hexagonal close packed

AC
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(hcp) and bcc structures is linked to the electronic band filling and the number of d-electrons and
the shape of their electronic density of states (EDOS) [22]. In particular, the stability of the β-Ti
phase is attributed to the increase of the number of d-electrons due to charge transfer from the s
and p electrons upon pressure [24, 25] or upon alloying with V, Nb, Ta, Mo, and W [26, 27]
where a critical number of 4.24 valence electrons per atom (e/a) was introduced [26] as a
convenient predictive criterion. Tailoring C’ and e/a allows obtaining a unique combination of
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very low elastic modulus and large elastic strain together with high mechanical strength and large
deformability as demonstrated by the “Gum metal” alloy family [26].
In addition, due to the d-electrons, the β-phase elements may exhibit strong directional covalent
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bonds [28]. Covalent bonding was also suggested in the ω–phase of Ti, Zr, Hf [23]. Further
theoretical studies introduced the Bond order (Bo) as a measure of the strength of the covalent
bonding, while another theoretical model combines the Bo with the highest occupied molecular

SC

orbital centered upon the alloying atom and the resulting absolute- energy value as a measure of
the ionization potential of this atom in the corresponding system [29]. Both methodologies try to
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correlate the electronic properties of the Ti-based alloy with the experimentally observed low
elastic modulus and shape memory characteristic and provided guidelines for the design of new
alloys.

Although during the last years there has been a lot of attention on the Ti-Nb alloys,

TE
D

investigations concerning the whole set of experimentally observed phases (α’, β, αʹʹ and ω) are
rare. Most of the studies, especially the theoretical ones, have been focused mainly on the
electronic properties and the stability of one or two of the four phases, or on selected alloy

EP

compositions. A detailed study of the crystallographic structures and electronic characteristics,

AC
C

combining theoretical calculations with experiments, is lacking.
In this work, we present results from a systematic study of several Ti-Nb alloys covering a large
Nb concentration range from 0 at% to 50 at%, combining both experimental and theoretical data.
The αʹ, β, αʹʹ and ω phases observed in our experimental Ti-Nb samples (in both bulk and thin
film forms) were studied by ab-initio calculations seeking for the electronic origin of their
formation, as well as their stabilities. The lattice parameters and the EDOS were obtained for all
phases and Nb concentrations, in order to uncover their influence in the resulting poly-crystalline
alloys.
4
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2. Experimental details

RI
PT

Ingots of binary Ti-Nb alloys with Nb content between 4.9 at% and 29.3 at% were prepared by
arc melting the unalloyed elements (purity 99.7% or higher) in Ar atmosphere. To ensure
complete melting of the elemental Ti and Nb each ingot was re-melted for at least 5 times.

SC

Subsequently, the ingots were cast into rods by cold-crucible casting using a water-cooled Cu
crucible and a Cu mold 10 mm in diameter. The Nb and O contents of the cast alloys were
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measured by inductively coupled optical emission spectroscopy and carrier hot gas extraction; the
corresponding values are reported in [17]. In order to prepare a chemically uniform state the ascast rods were subjected to a homogenization treatment followed by water quenching (HQ).
Therefore, the rods were encapsulated in quartz tubes under 150 mbar Ar and homogenized in the
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single β-phase field at 1000°C for 24 h. In order to suppress diffusional processes leading to local
changes in the compositions during cooling the rods were quenched into water. Slices of these
rods were mechanically thinned to below 100 µm by grinding with SiC paper for X-ray

EP

diffraction (XRD), which was performed in transmission geometry at RT in a STOE STADI P
diffractometer operated with Mo-Kα1 radiation (λ = 7.093 Å). The scattering angle is reported in
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terms of the wavevector transfer Q = (4π·sinθ)/λ. Phase analysis was carried out and the lattice
parameters of the identified phases were determined by Rietveld refinement using FullProf [30].
Details of the refinements are given in [17]. HQ samples for light microscopy (LM) were
mechanically ground, polished and etched with an aqueous solution containing 2 vol.% HF and 6.5
vol.% HNO3.

Binary Ti-Nb films were deposited on commercial, Czochralski-grown, n-type Si(001) cleaned
in ultrasound acetone and methanol bath in sequence, followed by dip in Hydrofluoric acid (HF),
5

ACCEPTED MANUSCRIPT

rinse off by dionized water and then dried under high pressure flow of high purity Nitrogen
(purity 99.999%). The deposition was performed by dual-cathode confocal magnetron sputtering
using high purity Ti (purity 99.995%) and Nb (purity 99.8%) magnetron targets in a high vacuum

RI
PT

chamber (base pressure of 5x10-6 mbar). As sputtering gas we used high purity Ar (purity
99.999%), which was leaked in the deposition chamber achieving working pressure of 4x10-2
mbar. The applied power to the magnetron guns was fixed at 80W RF and 15W or 30W DC for

SC

the Ti and the Nb targets, respectively. The compositions of the grown samples were determined
by energy dispersive X-ray spectroscopy (EDS) in a JEOL 5600 scanning electron microscope
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coupled to an Oxford Link ISIS L300 detector, while grazing incidence XRD measurements were
performed in a Bruker D8-Advance diffractometer with Cu-Ka radiation for the evaluation of the
crystal structure of the grown Ti-based films.
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3. Computational Method

We performed quantum mechanical calculations based on the density functional theory using
the linearized augmented plane wave method within the WIEN2k software [31]. This method

EP

expands the Kohn–Sham atomic-like orbitals inside the atomic muffin tin (MT) spheres and the
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plane waves in the interstitial region. The MT radii were taken 2.5 a.u. for both Ti and Nb atoms.
The calculations were performed with the exchange correlation functional treated within the
generalized gradient approximation GGA (PBE96) [32]. In order to simulate the αʹ, β, αʹʹ and ω
phases we used several unit cell configurations with respect to the Nb concentrations and
sampling of the Brillouin zone. In particular as presented in Table 1, the α'-Ti has space group
P63/mmc (No. 194) with 2 basis atoms placed at the Wyckoff positions (1/3, 2/3, 1/4) and (2/3,
1/3, 1/4); the ω-Ti has space group P6/mmm (No. 191) and 3 basis atoms were at (0, 0, 0), (1/3,
2/3, 1/2) and (2/3, 1/3, 1/2); the α''-Ti with space group Cmcm (No. 63) was constructed using 4
6
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atoms situated at (0, 0, 0), (0, y, 0), (1/2, 1/2, 0) and (0, 1/2+y, 1/2) [50], the y parameter denotes
the shuffle and it was set to 0.1 that is the typical value for the Ti-Nb alloys [51]; and the β-Ti
with space group lm3 ̅m (No. 229) is defined by one atom located at the origin. For the pure Ti
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phases 2925, 1098, 2736 and 1540 k-points were used to sample the α'-Ti, ω-Ti, α''-Ti and β-Ti,
respectively. Using these space groups and the corresponding lattice vectors and basis atoms
supercells were created having up to 32 atoms (β Ti-9Nb(at%), 242 (12×12×6) k-points) in order

SC

to simulate several Ti-Nb compositions as denoted in Table I. Due to the different number of the
α', ω, α'' and β basis atoms it is impossible in Ti-Nb to simulate exactly the same Nb composition
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for all phases. The k-point sampling was chosen large enough to reach convergence and scaled
upon the number of atoms, for example, for the 32 atoms unit cell a 12×12×6 (242) k-point mesh
was employed.

Aiming to identify the more stable atomic conformation of each phase, several different

TE
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occupations of Nb ions within each Ti structure especially for the high Nb compositions. In [46]
we have found that the critical point for energetically favoured configuration depends in the
appearance of Nb-Nb First neighbours (FN), Second neighbours (SN) or Third neighbours (TN)

EP

and it is related not only with the Nb composition but also with the coordination number of each
phase. In particular, for small Nb (<8at%) contents (Nb-Nb are third neighbours and the
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hexagonal structures are preferred), the Ti-8,33at% Nb composition stands for the existence of
one Nb atom among 12 Ti first neighbours having mainly Nb-Nb SN (stand mainly for the
orthorhombic phase) while for higher Nb compositions the existence of Nb-Nb FN emerges that
stabilizes the β-phase (obvious since Nb prefers the β-phase and the Nb-Nb FN bonding
hybridizations enhancing the critical corner-central atom bonding of the β-phase) [46]. In the
Fig.1 we present an example for the different occupations of Nb ions within Ti structures for the:
a) Ti-18.75at%Nb were the Nb-Nb SN configurations are found to be favoured while the b) Ti7

ACCEPTED MANUSCRIPT

25at%Nb the Nb-Nb FN preference emerges. The DEtotvalues/ eV/atom are given relatively to
the energetically favored phase for each Nb composition in parenthesis while for the Ti18,75at%Nb case the α″ phase is unflavoured to the β-phase by 0,047 eV/atom as depicted in
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Fig.4. Finally, for the smallest compositions like Ti-6.25at%Nb our ab initio WIEN2k unit cell
consist of 16 atoms having 15 Ti atoms and 1 Nb atom resulting equivalent positions for the
doping element.

SC

4. Results and discussion
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4.1 Phases identified by XRD

The XRD patterns and typical microstructures of the bulk HQ Ti-Nb alloys are shown in Fig. 2.
The main structural constituent in these alloys is either α', α" or β. In addition, in all martensitic
alloys minor amounts of ω and/or retained β are present according to XRD. In Nb-lean alloys
containing less than 9 at% Nb mainly hexagonal martensite α’ was found. Alloys with Nb

TE
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contents from 9 at% to 20.4 at% consist primarily of the orthorhombic martensite α’’. These
observations are in excellent agreement with the literature [8, 18, 35, 40, 41]. Besides α’’, alloys
containing 22.4 at% Nb and more contained increasing amounts of retained β that did not

EP

transform into martensite by quenching. Lower limits for the presence of retained β ranging
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between 17−20 at% Nb were reported in the literature as discussed in [17]. The scatter of these
values may result from the presence of minor amounts of athermal and/or isothermal ω in these
alloys. Bragg-reflections of β and ω in 1-dimensional diffractograms are subject to severe
overlapping [33] and if reflections unique to ω, such as (0001)ω ,{11 2 1}ω or (0002)ω, are not
excited or absent because of its low volume fraction, the remaining reflections may be easily
interpreted in terms of β instead of ω. For Nb contents higher than 24.9 at% no secondary phases
were detected in β. The composition limits within which α’’ is found corresponding to a valence
electron per atom ratio of e/a = 4.08 (lower limit) and e/a = 4.25 (upper limit) [24].
8
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Fig. 3 depicts the lattice parameters obtained from our XRD measurement and our ab-initio
total energy minima for various Nb contents for the αʹ, ω, αʹʹ and β phases. The diagram
compares these values with theoretical values from the literature and the experimental lattice
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parameters corresponding to the diffractograms in Fig. 2 and literature sources [17, 34-42]. The
experimental lattice parameters of αʹ, αʹʹ and β obtained from Fig. 1 below 25 at% Nb are
reproduced from [17].

SC

Depending on the crystal symmetry of the identified phases, up to three different lattice
parameters exist. For the hexagonal αʹ phase, Fig. 3a, the ab-initio data show that the lattice

M
AN
U

parameter aαʹ decreases, while cαʹ increases with increasing Nb content almost linearly. In
addition, we find that the αʹ volume increases and the theoretical results are comparable with the
experimental data [17].

In Fig. 3b, the ab-initio results of the lattice parameters of ω are shown. In addition, the XRD

TE
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data are also shown in this figure using the largest and smallest lattice parameters of ω one
obtains if the low intensity reflections in Fig. 1 (e.g. located at Q=2.7 Å-1 and Q=3.8 Å-1) are
attributed to ω. A very good agreement is found between the ab-initio and the experimentally

EP

determined ranges of the ω lattice parameters. In the ω-phase the lattice parameter aω increases
and is larger than cω which decreases upon Nb enrichment, resulting in an enlargement of the ω
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volume similarly to the case of αʹ. It should be noted that although different, a similar increasing
behavior of the ω phase’s aω lattice parameter and the αʹ phase’s cαʹ lattice parameters expected
due to the orientation relation between the ω and αʹ unit cells ((01 ̅11)ω is parallel to (0001)αʹ).
In the orthorhombic αʹʹ phase, we can distinguish three independent lattice parameters (aαʹʹ, bαʹʹ
and cαʹʹ) that are presented in Fig. 3c along with several experimental and theoretical data. The
XRD data available in the literature agree very well [17, 18, 34, 35-37, 39-42] while the small
deviations of our ab-initio values are related to the several approximations introduced in our first
9
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principles calculations. Some examples of the limitations in our theoretical approach are the
absence of temperature and pressure, the small unit cell sizes (up to 32 atoms) or the multitude of
available relative positions that substitutional Nb atoms may occupy within the Ti tetragonal box.
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Nevertheless, both theoretical and experimental data follow, in general, the same trend as the Nb
content increases. The aαʹʹ lattice parameter increases with the gradual Nb replacement while bαʹʹ
and cαʹʹ are reduced, as seen in Fig. 3c. Despite this difference, the volume of the αʹʹ unit cell

SC

increases upon Nb substitution according to the ab-initio data, in line with the αʹ and ω phases.
Finally, in Fig. 3d, we present the increasing behavior of lattice parameter of the β-phase as a
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function of Nb. As in the case of ω, this figure also includes the largest and smallest experimental
lattice parameters of β one obtains if the low intensity reflections are attributed to the β phase. We
observe that our Ti-Nb XRD data for both bulk and thin films agree with the available
experimental ones [17, 26, 34, 35-37, 42]. Meanwhile our ab-initio calculations are close to other
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theoretical results [43, 26] and to the β-Ti-30Nb (at%) single crystal value [34] due to the
similarity of the unit cells, in contrast with the polycrystalline structure of the arc melted alloys.
Also in this case, our calculations underestimate the experimental results because of the

EP

approximations of the ab-initio calculations and show an increasing trend of the lattice parameter
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of β upon Nb addition, in agreement with the experimental data sets in [7, 17].

4.2 Crystallographic structure versus electronic properties by theoretical calculations
The experimentally observed αʹ, β, αʹʹ and ω Ti-Nb phases were studied systematically by
means of ab-initio calculations aiming to reveal the relation between structure, phase stability and
electronic properties. In Fig. 4 we present the total energy difference (DEtot) and the EDOS for
several Ti-Nb alloys and for pure Ti. The DEtot is given as a function of the unit cell volume
under hydrostatic pressure and the EDOS correspond to the lowest energy configuration for each
10
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phase. It should be noted that all DEtotvalues are given relatively to the energetically favoured
phase for each Nb composition, while in the EDOS the Fermi level (EF) is set to zero.
Starting with pure Ti, we found that the β-Ti is clearly least energetically favoured among αʹ, β,
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αʹʹ and ω, while the hexagonal αʹ-Ti and ω-Ti exhibit almost equal DEtot values, in line with
previous theoretical [43] and experimental [44] results. Interestingly, the DEtot between the β-Ti
and the αʹ-Ti is correlated with the corresponding EDOS’s lowest electron occupation close to EF,

SC

Fig. 4. The lowest αʹ-Ti’s total energy against the β-Ti was previously theoretically found for Ti,
Zr and Hf and it was attributed to the shape of the EDOS, in particular to the lowest d electron

M
AN
U

occupation at EF [40]. Ti-6.25Nb (at%) exhibits similar characteristics to pure Ti, yielding the βTi-6.25Nb (at%) energetically unfavoured and showing the highest electron occupation at EF
against the other phases. Τhe αʹʹ-Ti-12.5Nb (at%) DEtot is almost equal to those of αʹ-Ti-12.5Nb
(at%) and ω-Ti-12.5Nb (at%) hexagonal structures, revealing similar electronic occupation at EF

TE
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denoting the gradual stability improvement of the αʹʹ phase, in line with our experimental
observations and previous experimental works [8, 26, 37, 45]. As the amount of Nb substitutions
increases, the β phase becomes energetically favoured for Ti-18.5Nb (at%) and Nb richer

EP

compositions by almost 0.05eV/atom. Nevertheless, for this case the total EDOS at the fermi
level does not saw the lowest occupation for the β-phase and therefore for high Nb compositions

AC
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the full energy length of EDOS (from -4eV up to fermi) should be investigated as depicted as in
the following Fig. 5a. For Ti-50Nb (at%), αʹ is expected to be totally unstable due the highest
DEtot and the filling of the EDOS at EF, compared to the pure αʹ-Ti. Similarly, the ω-Ti-50Nb
(at%) and αʹʹ-Ti-50Nb (at%) phases exhibit enhanced occupancy of the d-bands between -0.5eV
and EF compared to Ti-6.25Nb (at%), while the β-TiΝb6.25 EDOS peak at EF decreases, denoting
improved stability of β in Ti-50Nb (at%). Although the current Total energy and EDOS results
refer to the perfect CsCl β Ti-50at%Nb and not in the solid solution β-phase that is experimental
11
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observed for high Nb contents they offer the corresponding preference against an orthorhombic
or a hexagonal type structure while for the β Ti-18.75at%Nb and β Ti-25at%Nb β solid solution
phase was simulated and the configuration with Nb-Nb first neighbours was found energetically
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favoured compared to the Nb-Nb second neighbour configuration and to the other phase as
presented in Fig.1 and Fig.4 [46].

The EDOS alterations in αʹ, β, αʹʹ and ω upon Nb substitution are presented in detail in Fig. 5a

SC

where besides the total EDOS the partial electronic density of states (PEDOS) of Ti and Nb are
also shown. Each row corresponds to the EDOS and PEDOS of one of the four phases. The
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EDOS of αʹ exhibits a local minimum at around -0.5eV below EF (indicated by an arrow) which
gradually changes upon Nb substitution. Interestingly, for a Nb content of 25 at% a peak emerges
inside this EDOS minimum denoting instability of this phase at high Nb content, in agreement
with our experimental data (Fig. 2). This peak is mainly due to the Nb-p PEDOS (Fig. 5a) while,
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interestingly, the presence of Nb p electrons at around -0.5eV introduce mostly antibonding or
non-bonding sites with most of the first neighboring Ti d electrons. These bonding and
antibonding features of the Nb p-electrons with the d-electrons of the Ti neighbours are presented

EP

in Fig. 4b, for the corresponding wavefunction of the -0.5eV energy peak, inside the (0001)α'
plane on which the shear transition from α' phase to α" or βand vice versa takes place. From blue

AC
C

to red colour scale the positive/negative charge values of the wavefunction are denoted that reveal
the bonding (similar colour) or antibonding (different colour) hybridizations between the atoms.
In particular, two weak directional bonds (shown by dashed blue lines) are formed between the
blue lobe of the Nb p electrons and the blue d electron lobes of the Ti6 and the Ti1 atoms.
Meanwhile antibonding or non-bonding features are found between the Nb p orbital and the other
neighboring Ti (named Ti2, Ti3, Ti4 and Ti5) d electrons’ lobes. In particular, the Nb p electron’s
red lobe (negative charge of the wavefunction) has a different charge sign than the Ti2, Ti3 and Ti4
12
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d blue electrons’ lobes (positive charge of the wavefunction), thus indicating that these nonbonding or even antibonding features in the (0001)α' plane may destabilize the αʹ-Ti-25Nb (at%)

corresponding Burgers orientation relationships [49].
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towards the α", along a transformation pathway similar to NiTi [48], or β phases following the

Similar behavior in the EDOS and wavefunction characteristics were also found in the ω phase,
in which the EDOS (shown in the second row Fig. 5a) suggests that as the Nb amount increases

SC

the electronic states are depleted (green arrow in the Nb PEDOS’s at -3.0eV), while the gradual
increase of the EDOS around -0.5eV is mainly due to Nb pd-PEDOS and Ti d-PEDOS.
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Moreover, in line with αʹ-Ti-25Nb (at%) the presence of Nb p electrons close to EF introduces
antibonding features with the d electrons of the Ti first neighbouring atoms for all available Nb
sites (inside the honeycomb or hexagonal ω sub-lattice) [46]. The third row in Fig. 4a shows the
EDOS and PEDOS of the αʹʹ phase. The αʹʹ-Ti-6.25Nb (at%) is unstable since there is no local

TE
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EDOS minimum at EF, while as the Nb substitution increases the EDOS decreases and low
values emerge for αʹʹ-Ti-25Nb (at%) denoting stability of this phase [22, 23]. Similarly, to the αʹʹ
phase, the β-Ti-6.25Nb (at%) is unstable, while for higher Nb compositions the electronic states

EP

are shifted towards lower energies, especially for the broad band below -1eV, while the EDOS at
EF exhibits a local minimum. This connection between the EDOS features and the β-phase

AC
C

stability has been also recently proofed in ternary Ti-Nb alloys containing doping elements such
Sn [47] or In [21]. These features are due to the strong Ti d - Nb d electron bonding
hybridizations as depicted in Fig. 5c for the β-Ti-25Nb (at%) (110)β plane which appear even at
the -3.5eV well localized energy state very far from EF. In particular, the red lobes of the Nb1d
electron are bonded to the first Nb3 and second Nb2,4 neighbouring atoms red lobes forming
strong directional σ covalent-like bonds (denoted by the dashed white lines originating from the
Nb1 atom inside the red negatively charged contour area), while the Ti1,2,3 first neighbours also
13
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participate. Interestingly the Nb1 blue d electron lobes are also hybridized with the blue d lobes of
the first neighbouring Ti1,2,3 and Nb3 atoms, thereby strengthening the bonds and the stability of
the structure. These bonding characteristics uncover the electronic origin of the β phase stability
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against the α’ phase for aNb content of 25at%.
5. Conclusions
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In this work, we present experimental and theoretical results regarding the crystallographic
structure and electronic properties of Ti-Nb phases. We found that upon increasing the Nb
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content several phases may coexist, starting with the hexagonal (αʹ and ω) at low Nb amounts,
followed by the orthorhombic martensite (αʹʹ) at intermediate Nb content and the cubic β phase
for the highest Nb concentration. Both experimental and theoretical results agree that the volume
of the unit cells of αʹ and β expands with increasing Nb content. The ab-initio total energy
difference results for low Nb contents favor the α´ and ω phases, while the β-Ti-18.5Nb (at%) is

TE
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found to be stable against all other phases, in line with the experimental results. In addition, we
found that Nb enrichment results in the enhancement of the total number of d-electrons and psemi core electrons. Interestingly, this effect, in conjunction with the Nb-Ti hybridizations, is

EP

responsible for the depletion of the occupied electronic states at EF, which characterize the β-

AC
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phase of Ti, thus leading to a stable β-Ti-Nb structure at high Nb content. On the contrary, the
Nb-Ti antibonding features close to EF are related with the corresponding band filling and the
instability of the hexagonal α' and ω phases upon Nb substitution. These theoretical predictions
are in agreement with the experimental results according to which the Ti-Nb system exhibits a
variety of phases (including α´, β, αʺ) depending on the Nb concentration. These results could be
of use for the design of Ti-based alloys suitable for biomedical applications such as load-bearing
and/or functional implants.
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Table I. Space groups, basis vectors and atoms, Ti-xNb compositions (at%), Ti-xNb total and Nb number
of atoms as well as the corresponding number k-points for each supercell. In the α'’ phase the parameter y
is set to 0.1 that is the typical value for the Ti-Nb alloys [51]
α'’ phase

β phase

P63/mmc (No. 194)

P6/mmm (No. 191)

Cmcm (No. 63)

lm3 ̅m (No. 229)

|a1|=| a2|=a; a3=c
α=β=90°; γ=120°
(1/3, 2/3, 1/4);
(2/3, 1/3, 1/4)

|a1|=| a2|=a; a3=c
α=β=90°; γ=120°
(0, 0, 0); (1/3, 2/3, 1/2)
(2/3, 1/3, 1/2)

|a1|=a; | a2|=b; a3=c
α=β=γ=90°
(0, 0, 0); (1/2, 1/2, 0);
(0, y, 0); (0, 1/2+y, 1/2)

|a1|=| a2|=| a3|=a
α=β=γ=90°

Total
atoms
3
18
12
9
6
12
3

Nb
atoms
0
1
1
1
1
3
1

kpoints
1098
756
420
368
534
342
1098

Total
atoms
4
16
32
8
6
16
16
-

Nb
atoms
4
15
29
7
5
13
12
-

kpoints
2736
192
96
432
456
192
192
-
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(0,0,0)

Total
atoms
1
16
32
8
16
16
20
16
-

SC

kpoints
2925
560
576
576
1085
560
1014
1085
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Nb
atoms
0
1
1
1
1
3
1
2
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Total
atoms
2
16
10
8
6
16
4
6
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ω phase
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Ti-xNb
(at%)
0.000
5.556
6.250
8.333
9.375
10.000
11.110
12.500
16.667
18.750
25.000
26.000
31.250
33.333

α' phase
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Phase
Space
group
Basis
vectors
Basis
atoms

Nb
atoms
0
1
3
1
3
4
7
5
-

kpoints
1540
288
242
286
288
288
428
288
-
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Figure 1. Schematic representation of the different Nb occupation sites within a) Ti-18.75at%Nb for the β
and α″ phases and b) β Ti-25at%Nb having Nb-Nb First or Second neighbours. The DEtotvalues/eV/atom
are given relatively to the energetically favored phase for each Nb composition in parenthesis. Blue and
green spheres correspond to the Ti and Nb atoms.

23

AC
C

EP

TE
D

M
AN
U

SC

RI
PT

ACCEPTED MANUSCRIPT

Fig. 2. (a) X-ray diffractograms and (b-e) LM images of homogenized and water quenched
(HQ) Ti-Nb alloys. The alloy compositions corresponding to (b-e) are (b) Ti-7.5Nb (at%), (c) Ti20.4Nb (at%), (d) Ti-24.2Nb (at%) and (e) Ti-29.3Nb (at%).
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Fig. 3. Lattice parameters of (a) αʹ, (b) ω, (c) αʹʹ and (d) β-phase as a function of Nb content.
Dotted lines represent linear fits through the ab-initio results of the present study.
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Fig. 4. Total energy per atom under hydrostatic pressure as a function of the unit cell volume
(first column) versus EDOS (second column) for the pure Ti and selected Ti-xNb (x=6.25, 12.5,
18.75, 50 at%) alloys. Black, red, green and blue lines/arrows stand for the β, α'', ω and α'-phases,

EP

respectively while the up/down arrows denote the increasing/decreasing trend of the

AC
C

corresponding phase’s total energy difference or the EDOS occupation at EF.
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Fig. 5. (a) Total and partial Ti and Nb EDOS for the α', ω, α'' and β phases. From the top to the
bottom the rows belong to α', ω, α'' and β. The Nb content increases with the line color in the
order of green, magenta and black. (b,c) Contour plots of the electronic wavefunction at the Γ kpoint (b) of α’-Ti-25Nb (at%) or -0.5eV on (0001)α’ and (c) of β-Ti-25Nb (at%) for -3.5eV on
(110)β . Yellow and grey balls represent Nb and Ti atoms, respectively, while red and blue areas
for the negative and positive charge of the wavefunction.
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α', α", β and ω-phases in Ti-Nb are studied by ab-initio and experimental methods.
The Ti-Nb favoured stability is related to its lowest total energy.
The electronic lowest occupation/energy values link to the favoured phase
At high Nb content, antibonding Nb p – Ti d hybridizations destabilize α´ and ω.
Directional strong bonding between Ti d - Nb d stabilize the β-phase.
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