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Abstract: The density functional theory (DFT) implemented in Vienna Ab-initio simulation package (VASP) code was

employed to investigate the f§ phase stability and elastic properties of Ti-xMo-Sn (x=1~5) alloys. The structural properties were

investigated after geometrical optimization. The general elastic properties (such as bulk modulus B, shear modulus G, Young’s

modulus F) were estimated by Voigt-Reuss-Hill approximation. In addition, the valence electron criterion for design of low

Young’s modulus Ti-xMo-Sn alloys was proposed. The calculated cohesive energy indicates that Mo can increase the ff phase

stability of Ti-xMo-Sn alloys. The Pugh ratio B/G and Poisson’s ratio v suggest that all these alloys exhibit ductile properties.

For Ti-xMo-Sn alloys, the smaller tetragonal shear constant C' may induce the lower Young’s modulus. Ti-3Mo-Sn possesses

the lowest Young’s modulus (48.47 GPa) and the best ductility, showing great potential for biomedical applications. The

elastic anisotropy 4 of Ti-xMo-Sn alloys is sensitive to Mo concentration; the lowest Young’s modulus always orients in the

<100> crystallographic direction. In the end, total and partial DOS analysis was used to explain the calculated results.
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Ti-based alloys have attracted increasing attention and in-
terest in the last decade owing to their potential biomedical
applications, especially in load-bearing implants field. This is
attributed to their high specific strength, excellent biocom-
patibility, corrosion resistance, fatigue resistance and low
Young’s modulus™. The commercial alloy Ti-6Al1-4V
has been widely used as orthopedic implants, while it’s
Young’s modulus (~150 GPa) is significantly higher than that
of natural bones (10~30 GPa), and the mismatched Young’s
modulus may cause “stress shielding” problem and lead to
disuse atrophy of natural bone. Moreover, the alloying ele-
ments such as Al and V have been proved to be cytotoxic
which may cause adverse tissue reaction”. Accordingly, re-
cent research associated with this field has been mainly fo-
cused on design of novel Ti-based alloys which are compati-

ble with surrounding living-tissue and human bone'®*,
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It is well known that Young’s modulus is not sensitive to
microstructure and depends more on the type of the crystal
structure. Since the S-Ti alloys have similar Young’s modulus
to natural bone and the S-phase stabilizing elements (such as
Nb, Mo, Ta, Zr, etc.) have been proven to be non-cytotoxic,
the p-Ti alloys are considered to be desirable materials
for biomedical applications. Previous studies indicated that
Mo is the most effective £ stabilizer which can maintain the f
phase of Ti alloys at room temperature with only 10wt% ad-
dition while Sn can improve the low temperature ductility of
Ti-Mo alloys"”). In addition, many literatures have reported
the martensitic transformation behavior (from £ parent phase
to a” martensite phase) in Ti-Mo-Sn alloys, which is related
to the superelastic and shape memory effect™'”. Such func-
tional characteristics show important practical value in stent
interventional therapy applications "'\, It is known that the
cost of artificial joints is too high for many patients to afford,
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especially in poor areas. Replacing the high-cost alloying
elements is the most effective approach to reduce the cost
of biomedical Ti alloys. The price of Mo is only 1/8 of Co,
1/20 of V, and 1/2 of Nb, making it more attractive in the de-
signing of low-cost biomedical Ti alloys. Based on the com-
prehensive advantages mentioned above, Ti-Mo-Sn alloys
show great potential for biomedical applications and need
to be better understood.

The first principles calculation based on density functional
theory (DFT) is one of the most effective theoretical methods
in material design''>"!
stability and elastic properties of Ti alloys, and reveal the
physical mechanism in comparison with conventional em-

. It can exactly predict the f-phase

pirical methods such as e/a criterion!"* and Bo-Md method!"..

Many studies reported the mechanical properties and bio-
compatibility of multicomponent Ti-Mo alloys in experiment,
especially in improving the process performance, while the
theoretical physical mechanism of low elastic modulus is
also important in biomedical Ti alloys design!®'"". In addi-
tion, the classical “trial and error” way to obtain a desirable
material needs a long period of time and is economically un-
feasible in most cases, so it is quite necessary to use theo-
retical  calculation methods for screening before
pre-experiment.

In the present work, the f phase stability, elastic properties
and electronic properties of Ti-xMo-Sn (x=1~5) alloys with
Mo addition (6.25at%~31.25at%) were systematically inves-
tigated. In addition, the elastic modulus oriented in different
crystal directions were investigated to estimate the anisot-
ropy of Ti-xMo-Sn (x=1~5) alloys. We envision that this re-
search will provide a theoretical basis for the composition

design of Ti-Mo-Sn alloys.

1 Calculation Method

The geometry optimization, elastic and electronic properties
of Ti-xMo-Sn (x=1~5) alloys were predicted by employing the
Vienna Ab-initio simulation package (VASP) based on density
functional theory (DFT)'®. The projector augmented wave
(PAW) was used to describe the ion-electron interactions. The
Perdew-Burke-Emzerr (PBE) form of the generalized gradient
approximation (GGA) was adopted to deal with the exchange
and correlation function. The valence electronic configura-
tions are considered as 3d* 4s” for Ti, 4p° 4d’ 5s' for Mo, 5s” 5p
for Sn. For consistency and accuracy, the energy cutoff was set
to be 450 eV with 11x11x11 Monkhorst-Pack k-point sampled
for convergency after careful test. The Methfessel-Paxton
method (ismear=1) was used to obtain the accurate atomic posi-
tions, while the tetrahedron method with Blochl corrections (is-
mear=—35) was employed to get accurate total energy and
stresses. The energy convergence criterion was set to 10
eV/atom, and the maximum force per atom should be less than
10 eV/nm. The elastic constants can be estimated by calculat-
ing the stress tensors when applying a set of strains (¢ =¢y, &, &3,
&4, &5, &) to the equilibrium lattice. The amount of the applied
strain in the calculation of the stress tensors is about £1%*").

For the Ti-xMo-Sn systems, 16-atoms supercell with body-
centered cubic (bcc) structure was used to simulate the
[-phase. The concentration of Sn element was remained at
6.25% (1 atom), while Ti atom was progressively substi-
tuted by Mo atom in concentrations starting from Ti-1Mo-Sn
(corresponding to 6.25%) up to Ti-5Mo-Sn (corresponding to
31.25%); the minimum composition variation of Mo is
6.25%, and the supercell models of Ti-xMo-Sn alloys are
shown in Fig.1. The configuration of supercell with different

Fig.1 Supercell models of Ti-xMo-Sn alloys: (a) Ti-1Mo-Sn, (b) Ti-2Mo-Sn, (¢) Ti-3Mo-Sn, (d) Ti-4Mo-Sn, and (e) Ti-SMo-Sn
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atomic positions has been tested to ensure the reasonableness
and accuracy of Ti-xMo-Sn(x=1~5) alloys. All concentrations
in this paper were defined by atomic percentage. For each
case, the geometrical optimization was always made first.

2 Results and Discussion

2.1 Structural and lattice properties

The lattice structure and atomic occupancy usually directly
or indirectly determine the physical properties of materials in
After
Ti-xMo-Sn alloys still maintain the body-centered cubic
structure because of the equivalent lattice constants. As
shown in Fig.2, the lattice parameters a and unit cell volume

most  cases. complete geometry optimization,

Vo of Ti-xMo-Sn alloys are gradually reduced with increasing
the Mo concentration. This is due to the fact that the atomic
radius of Mo (0.140 nm) is smaller than that of Ti (0.147 nm),
which causes the lattice shrink around the Mo atoms and in-
creases the distortion of crystal lattice.

Young’s modulus is an intrinsic characteristic of materials
which depends on the type of crystal lattice. The cohesive
energy E.,, and formation energy E; were considered to de-
termine the £ phase stability of Ti-xMo-Sn alloys with in-
creasing the Mo concentration. As we know, the thermody-
namic stability of f phase can be determined by the cohesive
energy E.,, while the metallurgical tendency to form a solid
solution depends on the formation energy E; The larger
negative formation energy and cohesive energy suggest that
it is easier to form Ti-xMo-Sn alloys with S phase solid solu-
tion in the experiment. The formation energy and cohesive
energy can be described by following equation:

1

atom atom atom 1
E.= N |:Em|a1_NT|'ET“ ~Nyo Exe” = Ny, - Eg, :' (D
total
1 Ti M Sn 2
E; = |:Etotal =Ny Egia = Nyo 'Esol(i’d =Ny, 'Esolid] (2)

total

where E\ is the total energy of supercell; EXm, ESom and
Ei™ are the energy of isolated atom of Ti, Mo and Sn, re-
spectively; ESTO‘]l . Es’fl‘l’d and ESSO‘L_ , are the energy of Ti, Mo,
Sn atom with equilibrium lattice parameter, respectively; N,
Nti, Ny and Ng, are the number of total atoms, Ti atoms, Mo
atoms and Sn atom in supercell, respectively.

The calculated cohesive energy E.,,, formation energy E
and average valence electron concentration e/a of Ti-xMo-Sn
alloys are listed in Table 1. The negative E,, and Ey suggest
that all these compounds can maintain the thermodynamic
stability of f phase solid solution at 0 K. The decrease of E,
indicates that the f phase of Ti-xMo-Sn alloys becomes more
stable with Mo addition. The average valence electron con-
centration e/a gives an empirical criterion for determining the

phase composition of Ti alloys!¥

. The transition phases in
Ti-Mo alloys (such as o', a” and w) can be predicted when
ela~4.13, while f8 phase becomes dominant when e/a > 4.21°".

It can be seen from Table 1 that the average valence electron

concentration e/a for Ti-xMo-Sn alloys is in the range of
4.13~4.63. It can be inferred that Ti-Mo-Sn alloy may induce
the martensitic transformation with 6.25at% Mo addition,
while  phase becomes dominant when Mo concentration is
larger than 12.5at%, which is in good agreement with ex-
perimental and theoretical data ',
2.2 Elastic properties

In an effort to obtain the influence of Mo concentration on
the mechanical properties of Ti-xMo-Sn alloys, the elastic
moduli (bulk modulus B, shear modulus G and Young’s
modulus E), Poisson’s ratio v and anisotropy factor 4 of
Ti-xMo-Sn alloys are discussed. The Young’s modulus along
three crystallographic directions (<100>, <110> and <111>)
are estimated as well. The calculated elastic constants Cj; are
listed in Table 2. Due to lack of experimental data of elastic
constants, we only discuss the corresponding elastic proper-
ties in this calculation condition. For body-centered cubic
(bece) lattice, there are 3 independent elastic constants C,j,
Ci, and Cyy. It can be seen from Table 2 that all these alloys
satisfy the Born stability criteria for mechanical stability
for bee structure: C;,>0, Cu>0, Cp—C12>0, Cy+ 2C,,>0 P2
meaning that all these alloys can maintain the mechanical
stability of f phase. According to Ref.[23,24], the Cauchy
pressure Cj,—C,y is related to the bonding characteristic in
crystal lattice which can be used to analyze the ductile
or brittle behavior of a material. The positive Cauchy pres-
sure indicates more metallic character, while the negative
C,—C4y stands for more covalent bonding characteristic. As
shown in Table 2, the positive C;,—C, indicates that
Ti-xMo-Sn alloys show more metal characteristics with in-
creasing the Mo concentration, which also has a positive ef-
fect on improving ductility.

The bulk modulus B, shear modulus G and Young’s mod-
ulus E can be estimated from elastic constants by the

Voigt-Reuss-Hill method, described as follows!*>2¢);
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Fig.2 Calculated lattice constants a and cell volume Vy of
Ti-xMo-Sn alloys

Table 1 Calculated formation energy E;, cohesive energy Eon
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and valence electron concentration e/a of Ti-xMo-Sn
(x =1~5) alloys

Alloy EdkJ-mol”"  Eep/kl'mol  e/a
Ti-1Mo-Sn (6.25at% Mo)  —14.0865 -521.8351 4.13
Ti-2Mo-Sn (12.5at% Mo) -9.3750 -524.1927 4.25
Ti-3Mo-Sn (18.75at% Mo) —10.2115 -528.4955 4.38

Ti-4Mo-Sn (25at% Mo) -14.2885 -537.8411 4.50

Ti-5Mo-Sn (31.25at% Mo) —11.2308  —545.5646  4.63

E=9BG/(3B+G) (3)
B=1/2 (B, +By) C))
G=1/2 (G, +G,) (5)
B, =B,=(C, +2C,,)/3 (6)
G,=(C,-C,+3C,)/5 (7
G, =5C,,(C,,—C,)/4C,, +(C,,—C},) (8)

where Bv, G, are the bulk modulus and shear modulus calcu-
lated by Voigt approximation method, respectively; Br, Gy
are the bulk modulus and shear modulus calculated by Reuss
approximation method, respectively.

The predicted bulk modulus B, shear modulus G and
Young’s modulus E are listed in Table 3 and visualized in
Fig.3. It is well known that the bulk modulus B and shear
modulus G can be employed to measure the resistance of al-
loys against the volume deformation and shape deformation,
respectively”” **!. As shown in Fig.3, Mo is more effective in
enhancing the ability of Ti-xMo-Sn alloys to resist volume
deformation, while the trend of shear modulus suggests that
the characteristics of resisting shear deformation increase af-
ter an initial decrease with increasing the Mo concentration.
The shear modulus G is more susceptible to Mo concentra-
tion in comparison with bulk modulus B. The Young’s
modulus £ can reveal the stiffness of Ti-xMo-Sn alloys
which tends to decrease at the initial stage and then increase
with Mo addition. The change tendency of the elastic
modulus indicates that the shear modulus is the major con-
tributor for reducing the Young’s modulus. It is worth noting
that the Young’s modulus E of Ti-3Mo-Sn is only 48.47 GPa,
which is perceived to be a promising material for orthope-
dic implant applications.

Table 2 Calculated elastic constants Ciy, C12, Cys, Cauchy pressure Ci2—Ciy, tetragonal shear constant C’ of # phase in Ti-xMo-Sn

alloys
Alloy Cn Ci2 Cyq Cio— Cus c’
Ti-1Mo-Sn (6.25at% Mo) 143.36 99.96 50.56 49.40 21.70
Ti-2Mo-Sn (12.5at% Mo) 139.37 115.25 45.02 70.23 12.06
Ti-3Mo-Sn (18.75at% Mo) 137.85 127.42 32.55 94.87 5.215
Ti-4Mo-Sn (25at% Mo) 164.49 127.01 42.01 85.00 18.74
Ti-5Mo-Sn (31.25at% Mo) 191.44 132.35 48.97 83.38 29.54

Table 3 Calculated bulk modulus B, shear modulus G, Young’s modulus E, Pugh ratio B/G, Poisson’s ratio v and anisotropy factor
A of  phase in Ti-xMo-Sn alloys from the Voigt-Reuss-Hill method

Alloy B/GPa G/GPa E/GPa BIG v A
Ti-1Mo-Sn (6.25at% Mo) 114.43 41.84 111.88 2.73 0.34 2.33
Ti-2Mo-Sn (12.5at% Mo) 123.29 29.21 81.22 4.22 0.39 3.73
Ti-3Mo-Sn (18.75at% Mo) 130.90 16.84 48.45 7.77 0.44 6.24

Ti-4Mo-Sn (25at% Mo) 139.50 35.50 98.18 3.93 0.38 2.24
Ti-5Mo-Sn (31.25at% Mo) 152.04 48.97 132.66 3.10 0.35 1.66

The tetragonal shear constant C' and valence electron
concentration e/a can be used as an empirical criterion to
predict the low Young’s modulus of g Ti alloys'>'*. We
also evaluated the relationship between Young’s modulus
and tetragonal shear constant C’ or valence electron con-
centration e/a in Ti-xMo-Sn alloys. As shown in Fig.4, the
smaller tetragonal shear constant C' may induce the lower
Young’s modulus characteristics, the valence electron con-
centration criterion for designing the lowest Young’s
modulus of Ti-xMo-Sn alloys should be in the range of 4.25

to 4.38. This may provide another perspective for designing
Ti-Mo based alloys.

Ductility is a key parameter of materials when it comes
to industrial applications, which can be revealed by Pugh
ratio B/G and Poisson’s ratio v. The alloys exhibit ductility
when B/G>1.75 or Poisson’s ratio v>0.26. The larger v or
B/G of alloys suggest the better ductility. The Poisson’s ra-
tio v is given by!*”
v=(3B-E)/6B €))
The calculated Pugh ratio (B/G) and Poisson’s ratio v are
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listed in Table 3. All these alloys satisfy the criteria for
ductile materials with the B/G>1.75 and Poisson’s ratio
v>0.26, indicating that all these alloys possess good ductil-
ity. With increasing the Mo concentration, the ductility of
Ti-Mo-Sn alloys behaves opposite tendency compared to
Young’s modulus. It can be noticed that Ti-3Mo-Sn pos-
sesses the lowest Young’s modulus and shows the best duc-
tility in comparison with other Ti-xMo-Sn alloys. For the
judgment of brittleness or ductility of Ti-xMo-Sn alloys, the
Pugh ratio B/G and Poisson’s ratio criterion show the same
result with the Cauchy pressure criterion.
2.3 Elastic anisotropy in Ti-xMo-Sn alloy systems
The Young’s modulus of S-Ti alloys usually exhibits an
obvious anisotropic characteristics in different crystallo-
graphic directions. Tane et al found that the TNTZ
(Ti-29Nb-13Ta-4.6Zr) alloy shows the lowest Young’s
modulus in <100> direction!®”’, Moreover, it is reported that
the anisotropy of Young’s modulus may induce the texture
and microcracks during processing”'. Zener introduced an
anisotropic factor 4 to quantify the anisotropy of cubic

crystals®?:

A4=2C,/I(C, -C,,) (10)
The calculated anisotropy factor 4 of Ti-xMo-Sn alloys is
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Fig.3 Predicted trends in the elastic properties of S phase in
Ti-xMo-Sn alloys based on the calculated -elastic
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phase in Ti-xMo-Sn alloys

listed in Table 3. The calculated Young’s modulus of
Ti-xMo-Sn alloys along three crystallographic directions
(<100>, <110> and <111>) is shown in Fig.5. It is clear that
the Ti-xMo-Sn alloys exhibit an obvious anisotropic charac-
teristic which is obviously dependent on Mo concentration.
The elastic anisotropy of these alloys increases at first and
then decreases with Mo addition, and Ti-3Mo-Sn alloy ex-
hibits the highest anisotropic characteristic compared to other
alloys. It is worth noting that the Ti-xMo-Sn alloys oriented
in the <100> crystallographic direction always show the low-
est Young’s modulus, while the highest Young’s modulus is
along the <111> crystallographic direction. The tendency of
anisotropy is proportional to ductility with increasing the Mo
concentration, indicating that the increased ductility may lead
to higher anisotropy in Ti-xMo-Sn alloys.
2.4 Electronic properties

In order to reveal the mechanism of f-phase stability
from bonding character perspective, we calculated the total
density of states (DOS) and partial density of states (PDOS)
of Ti-xMo-Sn alloys with Mo addition, as visualized in
Fig.6. The vertical dotted black line indicates the Fermi
level. The Fermi level is the boundary between valence
electrons and free electrons, and the valence electrons of
metallic materials are generally distributed below the Fermi
level. For all cases, the total and partial DOS cross the
Fermi level, suggesting that no energy gap exists at the
Fermi level. It can be inferred from Fig.6 that the bonding
state is mainly in the energy range between —9 eV and 0 eV,
mainly occupied by 4s, 3p and 3d states of Ti, 5s, 4p, 4d
states of Mo and Ss, 5p states of Sn. For easier visualization
and analysis, we only mark the main valence electron con-
tribution orbitals of Ti, Mo, Sn atoms in Fig.6. The struc-
tural stability of alloys is associated with its bonding elec-
trons around the Fermi level®. For Ti-xMo-Sn alloys, the
total DOS at the Fermi level decreases gradually with in-
creasing the Mo concentration, and the electrons move to-
ward the lower energy levels, meaning that Ti-xMo-Sn al-
loys become more stable with Mo addition. Ti-3d and
Mo-4d states have a strong hybridization in the energy
range between —4.5 eV and 3 eV. With increasing the Mo
concentration, the peak height of Ti atom declines while the
peak height of Mo atom rises, increasing the bonding and
hybridization between Ti-3d and Mo-4d states. In addition,
the wide band at -9 eV and —7 eV is related to Sn atom, and
the peak height of Sn atom is almost unchanged, indicating
that the f-phase stability of Ti-xMo-Sn alloys is mainly
determined by Mo element. The valence electrons of Sn-5s
orbit have weak hybridization with Ti-3d and Mo-4d orbits
due to the Sn-Sn pairs electrons, and this has been nicely
illustrated in Ref.[34]. All of the above behavior indicates
that the stability of Ti-xMo-Sn alloys can be promoted by
increasing the Mo content, in consistent with the previous
cohesive energy results.
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3 Conclusions

1) The B-phase stability of Ti-xMo-Sn alloys can be en-
hanced by Mo addition.

2) The elastic properties of Ti-xMo-Sn alloys are pre-
dicted by the Voigt-Reuss-Hill approximation. The bulk mod-
ulus B increases with Mo addition, while the shear modulus
G and Young’s modulus F decrease at first and then increase.
The lowest Young’s modulus is always oriented in the <100>
crystallographic direction and the valence electron concentra-
tion e/a criterion for low Young’s modulus Ti-Mo based
alloys should be in the range of 4.25 to 4.38. The Pugh ratio
B/G and Poisson’s ratio v indicate that all these alloys
perform ductility. Ti-3Mo-Sn alloy possesses the lowest
Young’s modulus (48.47 GPa) and the best ductility, showing
great potential in biomedical applications.

3) The enhancement of f-phase stability is attributed to
the bonding and hybridization between Ti-3d and Mo-4d
states, while Sn-5s orbit has a weak hybridization with
Ti-3d and Mo-4d orbits.
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ERKIEE Ti-Mo-Sn £ E—HRIBITE

BRI, A AR, B4R, IR A, R E Y, RRIURE
(1. Wb A EEmUk, BVE 764 710016)
(2. BeVGB B G R RE SIS, BRIE PH2E 710016)
(3. PR, BV P22 710069)

WO RAEETHBZ KBS IS — P B SV, WFT Mo & X Ti-xMo-Sn(x=1~5) & G AHRRE P Bk 1 o7 J v 7 4
K 5%ma, K Voigt-Reuss-Hill AT A5 5 T 4R R I 2 Mo PEBER, St T{RBEE Ti-Mo-Sn & &4l eI, Db Bk & <
MBS T B Rl . &5 R Mo JCHE A SMREY B M TiaMo-Sn &4 pHAREE, BTl & a0l L)) F e sk,
B Mo e &GN, SE&AERLE B BHAL N, MBIYIRE G Y IR E b EiE R, Hrb Ti-3Mo-Sn HAA IR IK
it (48.47 GPa) A AL M etl, 72440 AU B B 7 Ti-xMo-Sn & R AUSIE % 8 3k 4 5 Mo TR E R AR, &
SRR I ) 26 £ <100>F AT T . BRJS, SE T AR AEEE (DOS) M K (PDOS) /M Hritit T Mo Jo#E Xt g A
SRR E MR SE AL .

KR Bk AE: BRI, Al Reraia,; srkdkee

PEF R B B, 22, 1992 4R 4, WL, PaAbA EE mI sl B P22 710016, HLi%: 029-86222297, E-mail: zhao_xii@163.com



