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Abstract

A systematic theoretical and experimental studyceomng the crystallographic structure and
electronic properties of Ti-xNb (x< 50 at%) allaggpresented, aiming to enlighten the electronic

origins of thep-phase stability which is of high interest for thevelopment of novel stabilized
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Ti-based alloys for biomedical applications. Botllagtum-mechanical calculations and X-ray
diffraction found several structural phases depsmnain Nb concentration. The ab-initio total
energy results reveal that at low Nb contents ¢he@nd ® phases are favoured while at Nb
content > 18.75 at% th@phase is favoured against all other crystallog@ptructures in line
with the experimental results. Interestingly, agjthiNb content the” and® hexagonal phases
become unstable due to the electronic band filtiloge to the Fermi leveldg=which is mainly
due to Nb-p and Ti-d antibonding hybridizations. tha contrary, in the cubig:-Ti-25Nb (at%)
the depletion of the occupied electronic statethatb- occurs mainly due to Nb-d and Ti-d
bonding interactions, resulting in a stalfleliNb structure. These data could enlighten the
electronic origin of the Ti-Nb phase stability, fhumay contribute to the design pfstabilized

low moduli Ti-based alloys suitable for load-begrisiomedical applications.

1. Introduction

Ti-based alloys are dominating as metallic biomakgrand in this role are central to the well-
being and quality of life of a large part of thenan population. Since the 1950s Ti-6Al-4V
(wt.%) is the most conventional alloy for medicalne-replacing and supporting use due to its
good workability, heat treatability and large sggncompared to steels or Co-Cr alloys [1, 2].
However, compatibility concerns in terms of bioloaji safety of V and Al [3, 4] and mechanical
properties [5, 6] have motivated extensive effeitee the 90ies to devel@pstabilized Ti-based
alloys without harmful elements and reduced Youmgxiulus. Due to these efforts this class of
alloys and in particular Ti-Nb-based, Ti-Ta-based ali-Zr-based alloys are emerging as
promising materials for load-bearing as well asftorctional biomedical implant components [1,

2, 5].



The strongest attention was and is still givef-fgthase Ti-Nb-based alloy4,[7, 8]. The high
attractiveness of Ti-Nb alloys is based on thepesior combination of low elastic moduB®,|
10], high corrosion resistancel], 134 and minimal cytoxicity 13, 14, together with their
superelastic and shape memory featu@&slp, 16. Several phases (including B, o andw)
may coexist in Ti-Nb alloys, depending on the Nbaantration, which decisively influence their
mechanical and functional properties, as has beggested in previous workS,[9. Nb is ap-
stabilizer and, therefore, the body centered c(ec) B-phase is retained at room temperature
(RT) by quenching for compositions above about ZBRIb(at%). For Nb-leaner compositions,
the phase transition pathway from the hephase to into the bdé-phase gives rise to the'
orthorhombic phaself, 1§. The suitability of Ti-Nb alloys for some taskawly depends on the
composition, microstructural design and processiywpropriate selection of composition and
thermo(mechanical) processing allows tailoring le# tmechanical and functional properties for
biomedical applications4] 5, 19-21].

This behavior is directly related to the instapildf purep-Ti at ambient conditions, which is
correlated with its elastic instability (negativalwes of the tetragonal shear modulus[22, 23].

For cubic d transition metals and alloys,i€associated with the energy difference betwlen t
face centered cubic (fcc) and bcc phases, whilesthigility of the fcc, hexagonal close packed
(hcp) and bcc structures is linked to the electrdrand filling and the number of d-electrons and
the shape of their electronic density of states@SID[22]. In particular, the stability of thp-Ti
phase is attributed to the increase of the numbdratectrons due to charge transfer from the s
and p electrons upon pressug2l | 29 or upon alloying with V, Nb, Ta, Mo, and V2¢, 27
where a critical number of 4.24 valence electroes @om (e/a) was introduce@q] as a

convenient predictive criterion. Tailoring C’ anthellows obtaining a unique combination of



very low elastic modulus and large elastic stragether with high mechanical strength and large

deformability as demonstrated by the “Gum metdtyafamily [26].

In addition, due to the d-electrons, fhhase elements may exhibit strong directional lemta
bonds p8]. Covalent bonding was also suggested in @k@hase of Ti, Zr, Hf 33]. Further
theoretical studies introduced the Bond order (8®) measure of the strength of the covalent
bonding, while another theoretical model combirfes Bo with the highest occupied molecular
orbital centered upon the alloying atom and thelteg absolute- energy value as a measure of
the ionization potential of this atom in the copesding systemZ9]. Both methodologies try to
correlate the electronic properties of the Ti-baalldy with the experimentally observed low
elastic modulus and shape memory characteristiqpamdded guidelines for the design of new

alloys.

Although during the last years there has been aofotttention on the Ti-Nb alloys,
investigations concerning the whole set of expeniiaéy observed phasea’( B, o andw) are
rare. Most of the studies, especially the theoaétanes, have been focused mainly on the
electronic properties and the stability of one wo tof the four phases, or on selected alloy
compositions. A detailed study of the crystallquyia structures and electronic characteristics,

combining theoretical calculations with experimergdacking.

In this work, we present results from a systemstiicly of several Ti-Nb alloys covering a large
Nb concentration range from 0 at% to 50 at%, coinlgiboth experimental and theoretical data.
The o', B, a” andw phases observed in our experimental Ti-Nb samfkeboth bulk and thin
film forms) were studied by ab-initio calculatiosgeking for the electronic origin of their
formation, as well as their stabilities. The latjgarameters and the EDOS were obtained for all
phases and Nb concentrations, in order to unctw#r influence in the resulting poly-crystalline

alloys.



2. Experimental details

Ingots of binary Ti-Nb alloys with Nb content be®ve4.9 at% and 29.3 at% were prepared by
arc melting the unalloyed elements (purity 99.7%hagher) in Ar atmosphere. To ensure
complete melting of the elemental Ti and Nb eadjoirwas re-melted for at least 5 times.
Subsequently, the ingots were cast into rods bg-cnicible casting using a water-cooled Cu
crucible and a Cu mold 10 mm in diameter. The N @ncontents of the cast alloys were
measured by inductively coupled optical emissicectipscopy and carrier hot gadraction; the
corresponding values are reportedii][ In order to prepare a chemically uniform stdte &s-
cast rods were subjected to a homogenization tegdtrfollowed by water quenching (HQ).
Therefore, the rods were encapsulated in quarstubder 150 mbar Ar and homogenized in the
singlep-phase field at 1000°C for 24 h. In order to supprdiffusional processes leading to local
changes in the compositions during cooling the nvdse quenched into water. Slices of these
rods were mechanically thinned to below 100 pum lwnding with SiC paper for X-ray
diffraction (XRD), which was performed in transniss geometry at RT in a STOE STADI P
diffractometer operated with Mo radiation § = 7.093 A). The scattering angle is reported in
terms of the wavevector transfer Q =z(girb)/L. Phase analysis was carried out and the lattice
parameters of the identified phases were deternbyeietveld refinement using FullPra3(.
Details of the refinements are given ih7]. HQ samples for light microscopy (LM) were
mechanically ground, polished and etched withagueous solution containing 2 vol.% HF and 6.5

vol.% HNG;.

Binary Ti-Nb films were deposited on commercial o€aralski-grown, n-type Si(001) cleaned

in ultrasound acetone and methanol bath in sequérit®ved by dip in Hydrofluoric acid (HF),



rinse off by dionized water and then dried undeghhpressure flow of high purity Nitrogen
(purity 99.999%). The deposition was performed bglecathode confocal magnetron sputtering
using high purity Ti (purity 99.995%) and Nb (pyrd9.8%) magnetron targets in a high vacuum
chamber (base pressure of 5X%1fbar). As sputtering gas we used high purity Aarity
99.999%), which was leaked in the deposition chanalohieving working pressure of 4x10
mbar. The applied power to the magnetron guns wasd fat 80W RF and 15W or 30W DC for
the Ti and the Nb targets, respectively. The corntipos of the grown samples were determined
by energy dispersive X-ray spectroscopy (EDS) BE®L 5600 scanning electron microscope
coupled to an Oxford Link ISIS L300 detector, wigl@zing incidence XRD measurements were
performed in a Bruker D8-Advance diffractometerhw@u-Ka radiation for the evaluation of the

crystal structure of the grown Ti-based films.

3. Computational Method

We performed quantum mechanical calculations basethe density functional theory using
the linearized augmented plane wave method withén WIEN2k software 31]. This method
expands the Kohn—-Sham atomic-like orbitals inskde datomic muffin tin (MT) spheres and the
plane waves in the interstitial region. The MT radére taken 2.5 a.u. for both Ti and Nb atoms.
The calculations were performed with the exchangeetation functional treated within the
generalized gradient approximation GGA (PBE®)].[In order to simulate the’, B, o andw
phases we used several unit cell configuration$ waéspect to the Nb concentrations and
sampling of the Brillouin zone. In particular aegented in Table 1, the-Ti has space group
P63/mmc (No. 194) with 2 basis atoms placed aWViiyekoff positions (1/3, 2/3, 1/4) and (2/3,
1/3, 1/4); the ®-Ti has space group P6/mmm (No. 191) and 3 basmsatvere at (0, 0, 0), (1/3,
2/3, 1/2) and (2/3, 1/3, 1/2); the o"-Ti with space group Cmcm (No. 63) was constrdaising 4
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atoms situated at (0, 0, 0), (0, y, 0), (1/2, DRand (0, 1/2+y, 1/2) [50], the y parameter desote
the shuffle and it was set to 0.1 that is the @pialue for the TiNb alloys [51]; and the B-Ti

with space group ImB (No. 229) is defined by one atom located at ttigira For the pure Ti
phases 2925, 1098, 2736 and 1540 k-points weretossaimple the'-Ti, o-Ti, o"-Ti and p-Ti,
respectively. Using these space groups and theesmonding lattice vectors and basis atoms
supercells were created having up to 32 at@mB-ONb(at%), 242 (12x12x6) k-points) in order
to simulate several Ti-Nb compositions as denate@able I. Due to the different number of the
o', o, a" andP basis atoms it is impossible in Ti-Nb to simulei&ctly the same Nb compaosition
for all phases. The k-point sampling was chosegelanough to reach convergence and scaled
upon the number of atoms, for example, for thet®82na unit cell a 12x12x6 (242) k-point mesh

was employed.

Aiming to identify the more stable atomic conforioat of each phase, several different
occupations of Nb ions within each Ti structureeesglly for the high Nb compositions. In [46]
we have found that the critical point for energatic favoured configuration depends in the
appearance of Nb-Nb First neighbours (FN), Secandhbours (SN) or Third neighbours (TN)
and it is related not only with the Nb compositiaut also with the coordination number of each
phase. In particular, for small Nb (<8at%) conte(l#b-Nb are third neighbours and the
hexagonal structures are preferred), the Ti-8,33dt%composition stands for the existence of
one Nb atom among 12 Ti first neighbours havingniyaNb-Nb SN (stand mainly for the
orthorhombic phase) while for higher Nb composisidhe existence of Nb-Nb FN emerges that
stabilizes thep-phase (obvious since Nb prefers tRghase and the Nb-Nb FN bonding
hybridizations enhancing the critical corner-cent®m bonding of thed-phase) [46]. In the
Fig.1 we present an example for the different oatiops of Nb ions within Ti structures for the:

a) Ti-18.75at%Nb were the Nb-Nb SN configurations fmund to be favoured while the b) Ti-



25at%Nb the Nb-Nb FN preference emerges. The Dlatg/ eV/atom are given relatively to
the energetically favored phase for each Nb contpasiin parenthesis while for the Ti-
18,75at%Nb case the’ phase is unflavoured to tifephase by 0,047 eV/atom as depicted in
Fig.4. Finally, for the smallest compositions likKe6.25at%Nb our ab initio WIEN2k unit cell
consist of 16 atoms having 15 Ti atoms and 1 Nimatesulting equivalent positions for the

doping element.
4. Results and discussion
4.1Phases identified by XRD

The XRD patterns and typical microstructures oflibék HQ Ti-Nb alloys are shown in Fig. 2.
The main structural constituent in these alloysiikera’, o or B. In addition, in all martensitic
alloys minor amounts ob and/or retained are present according to XRD. In Nb-lean alloys
containing less than 9 at% Nb mainly hexagonal emsitea’ was found. Alloys with Nb
contents from 9 at% to 20.4 at% consist primarilythee orthorhombic martensii€’. These
observations are in excellent agreement with tieediure 8, 18, 35, 40, 41 Besidesu”, alloys
containing 22.4 at% Nb and more contained incrgasimounts of retaine@ that did not
transform into martensite by quenching. Lower Ignibr the presence of retain@dranging
between 17-20 at% Nb were reported in the liteeatis discussed il T]. The scatter of these
values may result from the presence of minor ansahtathermal and/or isothermalin these

alloys. Bragg-reflections off and o in 1-dimensional diffractograms are subject toesev

overlapping B3] and if reflections unique t®, such as (0001),{1121},, or (0002), are not
excited or absent because of its low volume fractibe remaining reflections may be easily
interpreted in terms df instead ofw. For Nb contents higher than 24.9 at% no seconplaages
were detected if. The composition limits within which” is found corresponding to a valence

electron per atom ratio of e/a = 4.08 (lower linaitid e/a = 4.25 (upper limit) [24].
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Fig. 3 depicts the lattice parameters obtained foam XRD measurement and our ab-initio
total energy minima for various Nb contents for dig o, o’ and p phases. The diagram
compares these values with theoretical values filoenliterature and the experimental lattice
parameters corresponding to the diffractogramsign Fand literature source$?, 34-43. The
experimental lattice parameters @f o” and  obtained from Fig. 1 below 25 at% Nb are

reproduced from1[7].

Depending on the crystal symmetry of the identifigiases, up to three different lattice
parameters exist. For the hexagomaphase, Fig. 3a, the ab-initio data show that #igce
parameter @ decreases, while,cincreases with increasing Nb content almost ligedn
addition, we find that the' volume increases and the theoretical results @rgarable with the

experimental datal/].

In Fig. 3b, the ab-initio results of the latticera@eters ofv are shown. In addition, the XRD
data are also shown in this figure using the ldrgesl smallest lattice parameters wfone
obtains if the low intensity reflections in Fig.(&.g. located at Q=2.7 Aand Q=3.8 &) are
attributed tow. A very good agreement is found between the aimimind the experimentally
determined ranges of the lattice parameters. In the-phase the lattice parameteriacreases
and is larger thany,owhich decreases upon Nb enrichment, resultinghierdargement of the
volume similarly to the case of. It should be noted that although different, ailsimncreasing
behavior of thas phase’s a lattice parameter and theé phase’s g lattice parameters expected

due to the orientation relation between ¢handa’ unit cells ((0111), is parallel to (0001).

In the orthorhombi@ phase, we can distinguish three independent égpiazameters (a b,
and ¢-) that are presented in Fig. 3c along with sevexrglerimental and theoretical data. The
XRD data available in the literature agree verylWer, 18, 34, 35-37, 39-42vhile the small
deviations of our ab-initio values are relatedhe several approximations introduced in our first

9



principles calculations. Some examples of the &tiohs in our theoretical approach are the
absence of temperature and pressure, the smaltelhgizes (up to 32 atoms) or the multitude of
available relative positions that substitutional &bms may occupy within the Ti tetragonal box.
Nevertheless, both theoretical and experimenta ttdlow, in general, the same trend as the Nb
content increases. The-dattice parameter increases with the gradual aoement while p
and ¢~ are reduced, as seen in Fig. 3c. Despite thisrdiffee, the volume of th&’ unit cell

increases upon Nb substitution according to thadio-data, in line with the' andw phases.

Finally, in Fig. 3d, we present the increasing watraof lattice parameter of thH&phase as a
function of Nb. As in the case af, this figure also includes the largest and smidgperimental
lattice parameters @ one obtains if the low intensity reflections ateilbuted to thef phase. We
observe that our Ti-Nb XRD data for both bulk ardntfilms agree with the available
experimental onedl[, 26, 34, 35-37, 42 Meanwhile our ab-initio calculations are closeother
theoretical results4B, 2§ and to thep-Ti-30Nb (at%) single crystal value4] due to the
similarity of the unit cells, in contrast with tipelycrystalline structure of the arc melted alloys.
Also in this case, our calculations underestimdte &xperimental results because of the
approximations of the ab-initio calculations andwshan increasing trend of the lattice parameter

of B upon Nb addition, in agreement with the experiraketdéata sets in7f 17).

4.2 Crystallographic structure versus electronic poperties by theoretical calculations

The experimentally observed, B, o and® Ti-Nb phases were studied systematically by
means of ab-initio calculations aiming to revea thlation between structure, phase stability and
electronic properties. In Fig. 4 we present thaltehergy difference (DEtot) and the EDOS for
several Ti-Nb alloys and for pure Ti. The DEtotgisen as a function of the unit cell volume

under hydrostatic pressure and the EDOS corresfmtite lowest energy configuration for each
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phase. It should be noted that all DEtotvaluesgaren relatively to the energetically favoured

phase for each Nb composition, while in the EDGSRarmi level (F) is set to zero.

Starting with pure Ti, we found that ti8€Ti is clearly least energetically favoured amengs,
o and o, while the hexagonal’-Ti and o-Ti exhibit almost equal DEtot values, in line with
previous theoreticalf3] and experimentald] results. Interestingly, the DEtot between fA&i
and theo'-Ti is correlated with the corresponding EDOS's ésitvelectron occupation close tg E
Fig. 4. The lowest/'-Ti’s total energy against tHeTi was previously theoretically found for Ti,
Zr and Hf and it was attributed to the shape of EEOS, in particular to the lowest d electron
occupation at E[40]. Ti-6.25Nb (at%) exhibits similar charactéigs to pure Ti, yielding th@-
Ti-6.25Nb (at%) energetically unfavoured and shawtihe highest electron occupation at E
against the other phas@$eo”-Ti-12.5Nb (at%) DEtot is almost equal to thosex6Ti-12.5Nb
(at%) ando-Ti-12.5Nb (at%) hexagonal structures, revealimgilsir electronic occupation at-E
denoting the gradual stability improvement of té phase, in line with our experimental
observations and previous experimental wogs2p, 37, 45 As the amount of Nb substitutions
increases, théd phase becomes energetically favoured for Ti-18.5BM80) and Nb richer
compositions by almost 0.05eV/atom. Nevertheless this case the total EDOS at the fermi
level does not saw the lowest occupation forfmhase and therefore for high Nb compositions
the full energy length of EDOS (from -4eV up torféy should be investigated as depicted as in
the following Fig. 5a. For Ti-50Nb (at%jy, is expected to be totally unstable due the highest
DEtot and the filling of the EDOS at-EFcompared to the purg-Ti. Similarly, the®-Ti-50Nb
(at%) anda”-Ti-50Nb (at%) phases exhibit enhanced occupandhefd-bands between -0.5eV
and & compared to Ti-6.25Nb (at%), while tReTiNbs .5 EDOS peak at Edecreases, denoting
improved stability off in Ti-50Nb (at%). Although the current Total eng@nd EDOS results

refer to the perfect Cs@l Ti-50at%Nb and not in the solid solutifrphase that is experimental
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observed for high Nb contents they offer the cqoesling preference against an orthorhombic
or a hexagonal type structure while for h&i-18.75at%Nb andgb Ti-25at%Nbp solid solution

phase was simulated and the configuration with Nifikst neighbours was found energetically
favoured compared to the Nb-Nb second neighboufigumation and to the other phase as

presented in Fig.1 and Fig.4 [46].

The EDOS alterations i, B, o”” and® upon Nb substitution are presented in detail o ba
where besides the total EDOS the partial electrdeitsity of states (PEDOS) of Ti and Nb are
also shown. Each row corresponds to the EDOS arMdOEof one of the four phases. The
EDOS ofa’ exhibits a local minimum at around -0.5eV below(Bdicated by an arrow) which
gradually changes upon Nb substitution. Interegtjirigr a Nb content of 25 at% a peak emerges
inside this EDOS minimum denoting instability ofstiphase at high Nb content, in agreement
with our experimental data (Fig. 2). This peak &imy due to the Nb-p PEDOS (Fig. 5a) while,
interestingly, the presence of Nb p electrons atad -0.5eV introduce mostly antibonding or
non-bonding sites with most of the first neighbgrifii d electrons. These bonding and
antibonding features of the Nb p-electrons withdkeectrons of the Ti neighbours are presented
in Fig. 4b, for the corresponding wavefunction bé t0.5eV energy peak, inside the (0Q01)
plane on which the shear transition frohphase ta" or fand vice versa takes place. From blue
to red colour scale the positive/negative chardgeesaof the wavefunction are denoted that reveal
the bonding (similar colour) or antibonding (di#et colour) hybridizations between the atoms.
In particular, two weak directional bonds (showndashed blue lines) are formed between the
blue lobe of the Nb p electrons and the blue dtedaclobes of the Fiand the Ti atoms.
Meanwhile antibonding or non-bonding features atsél between the Nb p orbital and the other
neighboring Ti (named 7, Tis, Tis and T) d electrons’ lobes. In particular, the Nb p alecis

red lobe (negative charge of the wavefunction)andgferent charge sign than the,TTiz and T

12



d blue electrons’ lobes (positive charge of the @manction), thus indicating that these non-
bonding or even antibonding features in the (0Q@ilane may destabilize thé-Ti-25Nb (at%)
towards then", along a transformation pathway similar to Ni%8], or B phases following the

corresponding Burgers orientation relationshipg.[49

Similar behavior in the EDOS and wavefunction chimastics were also found in thephase,
in which the EDOS (shown in the second row Fig. figjgests that as the Nb amount increases
the electronic states are depleted (green arratverNb PEDOS'’s at -3.0eV), while the gradual
increase of the EDOS around -0.5eV is mainly dueNtw pd-PEDOS and Ti d-PEDOS.
Moreover, in line witha'-Ti-25Nb (at%) the presence of Nb p electrons chos&r introduces
antibonding features with the d electrons of thdirfi neighbouring atoms for all available Nb
sites (inside the honeycomb or hexaganaub-lattice) 46]. The third row in Fig. 4a shows the
EDOS and PEDOS of the’' phase. The''-Ti-6.25Nb(at%) is unstable since there is no local
EDOS minimum at E while as the Nb substitution increases the ED@&ahses and low
values emerge far”’-Ti-25Nb (at%) denoting stability of this phas®[ 23. Similarly, to thea”
phase, thg-Ti-6.25Nb (at%) is unstable, while for higher Nbngpositions the electronic states
are shifted towards lower energies, especiallytierbroad band below -1eV, while the EDOS at
Er exhibits a local minimum. This connection betwabe EDOS features and tiephase
stability has been also recently proofed in terriEfilb alloys containing doping elements such
Sn @7] or In [21]. These features are due to the strong Ti d - Nlelattron bonding
hybridizations as depicted in Fig. 5c for fdi-25Nb (at%) (11Q) plane which appear even at
the -3.5eV well localized energy state very famfr&-. In particular, the red lobes of the {db
electron are bonded to the first \dnd second Ny neighbouring atoms red lobes forming
strong directionab covalent-like bonds (denoted by the dashed wimtsloriginating from the

Nb; atom inside the red negatively charged contoua)amghile the Ti, 3 first neighbours also

13



participate. Interestingly the Niblue d electron lobes are also hybridized withidhe d lobes of
the first neighbouring Ti 3 and NRy atoms, thereby strengthening the bonds and tibditstaf
the structure. These bonding characteristics uncitneelectronic origin of thg phase stability

against the’ phase for aNb content of 25at%.

5. Conclusions

In this work, we present experimental and theoaktiesults regarding the crystallographic
structure and electronic properties of Ti-Nb phas&e found that upon increasing the Nb
content several phases may coexist, starting Wwithhiexagonalo{ and®) at low Nb amounts,
followed by the orthorhombic martensit@’) at intermediate Nb content and the cubiphase
for the highest Nb concentration. Both experimeatal theoretical results agree that the volume
of the unit cells ofo’ and B expands with increasing Nb content. The ab-initital energy
difference results for low Nb contents favor tieandw phases, while thg-Ti-18.5Nb (at%) is
found to be stable against all other phases, anWith the experimental results. In addition, we
found that Nb enrichment results in the enhanceroétite total number of d-electrons and p-
semi core electrons. Interestingly, this effectconjunction with the Nb-Ti hybridizations, is
responsible for the depletion of the occupied eteit states at & which characterize thg-
phase of Ti, thus leading to a staBldi-Nb structure at high Nb content. On the contrdhe
Nb-Ti antibonding features close tg Bre related with the corresponding band fillingl dhe
instability of the hexagonal' andw phases upon Nb substitution. These theoreticaligirens
are in agreement with the experimental results raoeg to which the Ti-Nb system exhibits a
variety of phases (including, B, o) depending on the Nb concentration. These resalikl be

of use for the design of Ti-based alloys suitablebiomedical applications such as load-bearing

and/or functional implants.
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Table I. Space groups, basis vectors and atoms, Ti-xNb ositigns (at%), Ti-xNb total and Nb number
of atoms as well as the corresponding number ktpdim each supercell. In theg phase the parameter y

is set to 0.1 that is the typical value for theNki-alloys [51]

Phase o' phase o phase a"” phase B phase

Sr%?fpe P63/mmc (No. 194) P6/mmm (No. 191) cmcem (No. 63) I3 (No. 229)
Basis |aul=| agl=a; ag=c |aul=| agl=a;ag=c laal=a; | agl=b; ag=c la1l=] &ol=| agl=a
vectors 0=p=90°;y=120° a=p=90°;y=120° a=p=y=90° o=B=y=90°

Basis (1/3, 213, 1/4); (0,0, 0); (1/3, 213, 1/2) (0,0, 0); (1/2, 1/2, 0); (0,0,0)

atoms (2/3,1/3,1/4 (2/3,1/3,1/2 0,y, 0); (0, 1/2+y, 1/2 T

Ti-xNb | Total Nb k- Total Nb k- Total Nb k- Total Nb k-
(at%) atoms | atoms | points | atoms | atoms | points | atoms | atoms | points | atoms | atoms | points
0.00( 2 0 292t 3 0 109¢ 4 4 273¢ 1 0 154(C
5.556 - - - 18 1 756 - - - - - -
6.250 16 1 560 - - - 16 15 192 16 1 288
8.333 - - - 12 1 420 - - - - - -
9.375 - - - - - - 32 29 96 32 3 242
10.00( 1C 1 57¢€ - - - - - - - - -
11.110 - - - 9 1 368 - - - - - -
12.50( 8 1 57¢€ - - - 8 7 432 8 1 28¢€
16.667 6 1 1085 6 1 534 6 5 454 - - -
18.750 16 3 560 - - - 16 13 192 16 3 28
25.00( 4 1 101« 12 3 34z 1€ 12 192 16 4 28¢
26.000 - - - - - - - - - 20 7 428
31.25( - - - - - - - - - 16 5 28¢
33.333 6 2 1085 3 1 1098 - - - - - -

22



Ti-18.75at%Nb

Energetically favoured B energetically unfavoured
E;01=-613659,0966 eV E;,=-613657,8958 eV
(0.0eV/atom) (0.075eV/atom)
Nb-Nb Second neighbours Nb-Nb First neighbours
Nb Nb
D B W
)]
) © ® D @ |
= % Nb %
. © ©
@ @ @
Om _Ow
a” energetically favoured a” energetically unfavoured
E;or= -613658,3391 eV E;o= -613658,3323eV
(0,047eV/atom) (0,048eV/atom)
Nb-Nb Second neighbours Nb-Nb First neighbours
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4 © 00 90700 O
£ 0® 0@y, ©OD®O®D®
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Ti-25at%Nb
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Eqor= -694351,0287eV E;o= -51055.2068 eV
(0,0eV/atom) (0,014eV/atom)

Nb-Nb First neighbours Nb-Nb Second neighbours

(b)

Figure 1. Schematic representation of the different Nb pation sites within a) Ti-18.75at%Nb for the
ando” phases and i) Ti-25at%Nb having Nb-Nb First or Second neighboiifse DEtotvalues/eV/atom
are given relatively to the energetically favordthge for each Nb composition in parenthesis. Bhe a
green spheres correspond to the Ti and Nb atoms.
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Fig. 2. (a) X-ray diffractograms and (b-¢) 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) Ti-

20.4Nb (at%), (d) Ti-24.2Nb (at%) and (¢) Ti-29.3Nb (at%).
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Fig. 3. Lattice parameters of (a) o', (b) o, (c) o" and (d) B-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 8, o, ® and o'-phases,
respectively while the up/down arrows denote the increasing/decreasing trend of the

corresponding phase’s total energy difference or the EDOS occupation at Ep.
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Fig. 5. (a) Total and partial Ti and Nb EDOS for the o', ®, o" and B phases. From the top to the
bottom the rows belong to o', o, a" and . 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 I" k-
point (b) of a’-Ti-25Nb (at%) or -0.5¢V on (0001), and (c) of B-Ti-25Nb (at%) for -3.5¢V on
(110)p . 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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Highlights:

* a',a", B andw-phases in Ti-Nb are studied by ab-initio and eixpental methods.

» The Ti-Nb favoured stability is related to its |lcsti¢otal energy.
» The electronic lowest occupation/energy values tinthe favoured phase
» At high Nb content, antibonding Nb p — Ti d hybzalions destabilize” andw.

» Directional strong bonding between Ti d - Nb d 8iad thep-phase.



