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Abstract Using the first-principles calculations, a cluster-
plus-glue-atom model was employed to investigate the
elastic and electronic properties of Ti-Mo-Nb alloys with
cluster formula of [MoTi 4] (glue atom), (glue atom = Ti,
Mo, Nb, x = 1 or 3) for a theoretical guidance in compo-
sition design of B titanium alloys. The bulk modulus, shear
modulus, Young’s modulus, and Poisson ratio were eval-
uated from the calculated elastic constants using Voigt—
Reuss—Hill average scheme on the periodic supercell
model of cluster packing. The electronic properties of the
Ti—Mo-Nb alloys were discussed by analyzing the electron
density of state and Mulliken population. Meanwhile, we
designed two series of Ti-Mo—Nb alloys, i.e., [MoTi4]X;
(X = Ti, Mo, Nb) and [YTi4]Nb; (Y = Ti, Mo), and
experimentally measured their mechanical properties. Our
theoretical results (including mass density, Young’s mod-
ulus, ductility) based on our cluster packing model agreed
well with the experimental data, especially for [TiMo4]X;
(X = Ti, Mo, Nb) alloy series. On the contrary, the random
solid solution structures were mechanically unstable and
the calculated values significantly deviated from the
experiments. Based on the cluster-plus-glue-atom model,
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an Ashby map of E/p versus B/G was constructed and
indicated the inverse correlation between stiffness and
ductility, for which the random solid solution model was
unable to reflect. The Mo/Ti = 1/14 rule derived from the
cluster model may serve as an important guideline for
composition design of Ti—-Mo based systems to achieve low
elastic modulus alloys with stable B phase.

Introduction

B-Ti alloys have been one of the most attractive biomate-
rials due to their superior biocompatibility and mechanical
properties, including relatively low elastic modulus with
regard to the conventional materials like stainless steels
and cobalt-based alloys [1-5]. Over the past few years,
significant effort has been devoted to develop these bcc
structural Ti-based alloys, and a few of them have already
been implemented into biomedical applications [6]. They
usually contain multiple non-toxic alloying elements, such
as Mo, Nb, Ta, and Zr, which are preferred to as 3 stabi-
lizers or/and play the key role in decreasing the Young’s
modulus [7-9]. To design these multi-component alloys,
several methods were proposed like d-electrons concept
[10] and Mo-equivalence method [11]. However, it is dif-
ficult to determine the optimum alloy composition with
sufficiently stable § phase and enough low modulus which
is generally achieved by multiple alloying of simple binary
alloys. To design novel Ti-based alloys with desirable
properties, it is necessary to develop a theoretical guidance
in selecting suitable alloying elements.

The first-principles predictions based on density func-
tional theory (DFT) have been used to simulate Ti-based
materials and to provide theoretical guidance in composi-
tion design with respect to their crystalline structures and
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elastic stiffness [12—14]. Previously, such DFT calculations
have been performed to predict elastic constants and
Young’s modulus of titanium alloys for a set of binary
systems, and negative Young’s moduli for the bee titanium
alloys with high Ti concentrations were obtained [12].
Those calculations revealed a strong correlation between
Young’s modulus and atomic configuration. Ikehata et al.
[13] systematically studied the Ti;_, — X, (X =V, Nb,
Ta, Mo, and W) binary alloys for x = 0.0, 0.25, 0.5, 0.75,
1.0 with a rigid band model to explore the possibility of
realizing low Young’s modulus in materials. Therefore, it
is necessary to establish a correlation between composi-
tion/structure and mechanical properties of these alloys
[10, 15]. Recently, our group proposed a composition rule
for complex metallic alloys, named cluster-plus-glue-atom
model considered the optimized nearest neighbor configu-
ration. This model shows its potential capability in guiding
composition design of a variety of industrial alloys [16,
17].

The relationship between phase stability and elastic
properties will be treated in this paper in a consistent way,
because it is an important criterion for developing Ti-based
alloys for biomedical applications. Based on MoTiy
cluster, our group recently designed a series of composi-
tions for Ti-based alloys with stable B phase and the
measured Young’s moduli were about 50-100 GPa [18]. In
this paper, we employed the cluster-plus-glue-atom model
for stable solid solutions to describe the local atomic
configurations and to design the optimized alloy compo-
sitions for Ti-Mo-Nb system with low Young’s moduli
and high bcc structural stabilities. The mechanical prop-
erties of these Ti-Mo-Nb alloys were investigated using
the first-principles calculations as well as experimental
measurements. The effects of short-range order of atomic
arrangement on elastic properties were discussed by com-
paring with the random solid solution model. Our theo-
retical results based on the cluster-plus-glue-atom model
are in line with the experimental data, which provide
insightful guidance for composition design of B-Ti alloys.

Models and methods
Cluster formulae for stable Ti-Mo—Nb solid solutions

Within traditional crystallography, describing the structure
of a complex metallic alloys is rather complicated since
their essential structural characteristics are always sub-
merged in a long list of atomic coordinates. Our group
proposed a cluster-plus-glue-atom model to describe the
structures of complex metallic alloys in terms of appro-
priate polyhedral units, which are referred to be the basic
first coordination polyhedrons (namely, clusters) derived

from the crystalline phases of relevant intermetallic com-
pounds. In this model, the chemical composition of an
phase can be expressed as the cluster formula: [clus-
ter](glue atoms), [19]. For example, based on the cluster
line of Fe/Ni = 1/12, we proposed a cluster formula of
[FeNi;;]Cu, to explain the solubility of Fe in Cu—Ni alloys
[20]. Ab initio molecular dynamics simulations for binary
CugqZrsg bulk metallic glass showed that the atomic
structure of glass state was gradually dominated by icosa-
hedral CugZrs cluster with decreasing temperature [21],
which was predicted by the cluster formula of [CugZrs]Cu
[22]. This model provides an alternative view of under-
standing the atomic arrangement in complex metallic
alloys and establishes a bridge between local atomic
structure and chemical composition of an alloy.

In a substitutional solid solution, it is suggested that the
constituent elements with negative enthalpy of mixing
(AH < 0) prefer to form short-range order spherical atomic
clusters. For bcc systems, Singh et al. [23] employed a
Kanzaki lattice static method for evaluating the strain field
induced by the substitutional transition metal impurities in
vanadium matrix. Their results showed that the strain field
was oscillatory in nature and concentrated in the region
consisting of the first and second nearest neighbors, which
formed a CN14 rhombic dodecahedron cluster. In Ti—-Mo—
Nb ternary system, Ti and Mo have a negative enthalpy of
mixing (AHti_mo = —4 kJ mol™'); on the contrary, there
is a small positive enthalpy of mixing (AHti_np, = 2 kJ -
mol ') between Ti and Nb, suggesting that Ti atoms tend
to stay close to Mo rather than Nb [24]. Thus, in our model,
we propose a Mo-centered MoTi 4 rhombic dodecahedron
cluster as the building block, which reflects the short-range
interaction between solute and solvent elements in Ti-based
Ti—-Mo-Nb alloys, as shown in Fig. 1. An essential feature
of our model for stable solid solution is the isolation of the
clusters. According to the calculations by Singh et al. [23],
sharing atoms between two CN14 rhombic dodecahedron
clusters would induce overlap of strain field. Hence, it is
reasonable to assume that these MoTi 4 clusters are dis-
tributed in the bec crystal lattice in a separated manner and
the glue atoms are placed on the lattice sites between the
isolated clusters. These alloys can thus be represented by the
cluster formula of [MoTi4](glue atom),.

The cluster formulae can successfully explain the known
composition points. For Ti-Mo binary system, the cluster
formula of [MoTi4]Mo = Tig;sMoj,5 (at.%) is closely
located at the critical monotectoid composition of
TiggMoy, on the binary phase diagram [25]. If replacing the
glue atom Mo by Ti, the cluster formula becomes
[MoTi4]Ti = Tig3.7sMog o5 (at.%), closes to the experi-
mentally achieved critical composition of Tigs75Mo0s5 25
(Ti—10Mo in wt%) with stable B phase and the lowest Mo
content [26]. Similarly, for Ti—Nb binary system, the
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Fig. 1 Composition chart of Ti-Mo—Nb ternary phase diagram and
cluster line of Mo/Ti = 1/14

cluster formula of [T1T114]Nb3 = Ti83,33Nb16.67 (at%)
coincides with earlier experimental finding that Nb was
able to stabilize the B phase at 16.98 at.% (Ti-28.4Nb in
wt%) [25]. Though in principle, the clusters should be
arranged in a random manner in the bcce lattice (otherwise a
new crystalline phase would arise), periodic packing of
isolated clusters has to be assumed in order to carry out the
feasible first-principles calculations. Based on the above
discussions, two series of Ti-Mo-Nb alloys, i.e.,
[MoTi14]X; (X = Ti, Mo, Nb) and [YTi4]Nb; (Y = Ti,
Mo) are taken into account and the relevant cluster packing
supercells are given in Fig. 2. As shown, the CNI14
rhombic dodecahedron clusters efficiently fill the bcc lat-
tice in a close-packed manner with glue atoms located in
the interstitial sites between the clusters. The correspond-
ing lattice constants are given in Table 1.

Experimental methods

Based on the cluster formula of [MoTi4](glue atom),
(x =1, 3), we designed and fabricated two series of
Ti—-Mo—Nb alloys by changing the element species and the
number of the glue atoms. Hence, the corresponding cluster

Fig. 2 Unit cells of the cluster
packing structures. Atoms
located on the vertex of each
unit cells are the center atoms of
CN14 clusters with gray color,
while the black ones are glue
atoms. The rest fourteen Ti
atoms locate on the shells. The
matched four MoTi4 clusters
are also given. a [MoTi4]X;
(X = Ti, Mo, Nb);

b [YTi4]Nbs (Y = Ti, Mo)
alloy series
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formulae are [MoTi4]X; (X =Ti, Mo, Nb) and
[MoTi 4]Nbs alloys. These alloy samples were prepared
from 99.99 wt% pure Ti, 99.99 wt% pure Mo, and
99.95 wt% Nb by arc melting in argon atmosphere. Button-
shaped ingots were finally chill-cast into rod-shaped
specimens with diameter of 3 mm and 6 mm in water-
cooled copper molds. Some of the cast specimens were
subjected to solution heat treatment (HT) at 1173 K for 2 h
in Ar gas atmosphere and quenched with water to room
temperature. In the following discussions of this paper, the
copper mold suction casting alloys and the alloys by
solution heat treatments are abbreviated to SC and HT
alloys, respectively.

The mass densities of the alloy samples were determined
by the Archimedean method. Mechanical properties, such
as Young’s modulus, were measured from tensile tests by
MTS 810 material testing system, with a crosshead speed
of 833 x 107°m s™' at room temperature. The micro-
structures of the prepared Ti—-Mo-Nb rods were charac-
terized using OLYMPUS optical microscope and Bruker
D8 Focus X-ray diffraction analyzer (Cu K,; radiation,
A = 0.15406 nm).

Computational methods

Parallel to the experimental synthesis and measurements,
we performed the first-principles calculations within the
framework of density functional theory (DFT) imple-
mented in CASTEP software [27] to further validate our
cluster-plus-glue-atom model and to gain deeper insight
into these alloys. The interactions between ions and
valence electrons were described by the ultrasoft pseudo-
potentials [28]. Exchange correlation interaction was
described by the generalized gradient approximation with
the revised Perdew, Burke, and Ernzerhof functional [29].
The energy cutoff was chosen as 350 eV. For each crystal
structure, the equilibrium lattice constants and atomic
coordinates were fully relaxed. Starting from the optimized
crystal structures, full sets of elastic constants needed to
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Table 1 Lattice constants of

[MoTi4]X, (X = Ti, Mo, Nb) Alloy Experiment Cluster packing structure
and [YTi 4]Nb; (Y = Ti, Mo) apee (A) a (A) b (A) ¢ (A) o B y
alloy series, as experimentally
measured bcc lattice constants, [MoTi4]Ti 3.26 7.30 7.11 7.11 61.73 72.07 59.14
a}‘)‘d tlhe felevaf;(t_ values use‘fl for  MoTi,s Mo 3.27 731 7.13 7.13 61.73 72.07 59.14
t t

© ClUSIEr paAcRIng supercetls [MoTi, 4]Nb 327 731 7.13 7.13 61.73 72.07 59.14

[TiTi4]Nbs 3.28 7.14 7.14 7.14 61.73 86.98 80.92

The ap listed were obtained by noi ,1Nb, 3.8 7.14 7.14 7.14 61.73 86.98 80.92

XRD

calculate the isotropic properties were obtained by stress—
strain method. The elastic constants are defined by means
of solving linear equation sets of the stress—strain rela-
tionship with a certain path.

With the elastic constants from DFT calculations, the
bulk modulus (B) and isotropic shear modulus (G) for
polycrystalline crystals were evaluated by means of Voigt—
Reuss—Hill average scheme [30]. Once B and G values are
known, the polycrystalline (isotropic) Young’s modulus
(E) and Poisson ratio (v) of the alloy can be simply cal-
culated according to the following relationship: £ = 9BG/
(3B + G) and v = (3B — E)/6B. In addition, two essential
engineering parameters to quantify ductility and stiffness
of a material, i.e., the ratio of bulk modulus to shear
modulus (B/G) [31] and the specific modulus of Young’s
modulus to mass density (E/p) were also calculated.

Within the cluster-plus-glue-atom model, we investi-
gated [MoTi4]X; (X =Ti, Mo, Nb) and [YTi4]Nb;
(Y = Ti, Mo) alloy series using the first-principles scheme
described above. To elucidate the effects of short-range
order on the mechanical properties, we also constructed a
series of supercell models for random solid solutions of
MoTi4X; (X = Ti, Mo, Nb) and MoTi;5_,Nb, (x =1, 2,
3) alloys. Each simulation supercell consists of 2 x 2x2
bce unit cells with totally 16 atoms. According to the
previous study, both thermodynamic stability and elastic
properties of binary B-Ti alloys could be well predicted
using cubic supercells with totally 16 atoms based on the
first-principles calculations [12]. The structures of random
solid solution can be modeled by different methods, such as
special quasi-random structure [32]. As discussed above
within the frame of cluster-plus-glue-atom model, the low
levels of Mo and Nb combined with the effect of enthalpy
of mixing show that Ti tend to stay close to Mo rather than
Nb, which is taken into account to construct the random
solid solution model in this work. In our modeled random
structures, Mo and Nb tend to be separated by Ti atoms in
our random solid solution model. For each composition, a
few random configurations are generated and their physical
properties are also presented in the discussions. The final
alloy compositions for both cluster model and random
model for these solid solutions are listed in Table 2.

Results and discussion
Elastic properties of [MoTi4]X; and [YTi;4]Nbs alloys

The elastic constants of [MoTi4]X; (X = Ti, Mo, Nb)
alloy series are first investigated by both experiments and
the first-principles calculations. According to our XRD
experiments, all [MoTi4]X; alloys consist of stable B
phase at room temperature, as shown in Fig. 3. This is in
line with the earlier experimental finding that Mo was an
effective B stabilizer and 5 at.% of Mo was enough to
stabilize P phase. Therefore, our designed MoTi4-based
cluster formula (6.25 at.% Mo) is an effective way to
define the critical stable solid solutions for these binary,
ternary, and multi-component alloys. As summarized in
Table 3, the measured Young’s modulus from suction
casting specimens (SC) of these [MoTi4]X; (X = Ti, Mo,
Nb) alloys are 116, 99, and 92 GPa, respectively. The
results after heat treatment are also given. The experi-
mental Young’s modulus efficiently decreases with the
addition of Nb, similar to previous experimental results on
the binary or ternary Ti-Mo—Nb systems. Indeed, for tita-
nium alloys, it is known that Mo is the most effective
stabilizer and Nb is beneficial to reduce the elastic modu-
lus. Based on the above results, it is then confirmed that our
modeled composition of [MoTi4]Nb reaches a compro-
mise between low elasticity and high structural stability.
Parallel to experimental measurements, the first-princi-
ples calculations based on the cluster-plus-glue-atom and
random solid solution models yield a series of Young’s
moduli that can be compared to experimental data (see
Table 3; Fig. 4). For the MoTi;4X; (X = Ti, Mo, Nb)
alloys, the random solid solution model yield the Young’s
moduli of 120-141 GPa for MoTi4Ti, 82-122 GPa for
MoTi4Mo, and even negative values for MoTi;4Nb. Pre-
viously, the first-principles calculations by Raabe et al. [12]
also predicted negative values in the region of low Nb
(<8 at.%) and Mo (<4 at.%) for the binary Ti alloys with
bee structures. All these results clearly show the general
trend that addition of Nb is mechanically unstable and
reduces the [ stability of Ti—-Mo system with the random
solid solution structures. Moreover, with different random
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Table 2 Alloy compositions of Ti-Mo—-Nb alloy series

Alloy series Cluster Composition (at.%) Composition
formula (wt%)
MOTi14X [MOTI 14]Ti Ti93'75M05_25 Ti—11.79Mo
f\f[( :N’EI’ [MOTi14]MO Tig7»50M012_5 Ti-22.26Mo
o- Nb) [MoTij4]JNb  Tig7.50Mog25Nbg s — Ti-
11.17Mo-
10.82Nb
YTi 4Nbs [TiTi;4]Nbs  Tigz33Nbjg¢7 Ti—27.96Nb
(Y =Ti, [MoTi 4JNb; Tiy;,sMo0s 5sNbjger Ti-9.18Mo—
Mo) 26.68Nb
MOT] lS*,\"Nbx MOTI 14Nb Ti87>50MO6_25Nb6_25 Ti—
x=1,2,3) 11.17Mo-
10.82Nb
MOTi]3Nb2 Ti8|>25M06'25Nb12>5 Ti—
10.62Mo-—
20.55Nb
MoTi,Nbs  Tizs00M0g2sNbyg 75 Ti-
10.11Mo-
29.37Nb
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Fig. 3 XRD patterns of Ti-Mo-Nb alloys (Cu K, radiation, 40 mA,
40 kV)

structures the calculated Young’s modulus could vary
seriously by more than 40 GPa.

On the other hand, our structural model on the basis of
[MoTi 4]X; cluster formula perfectly maintains the sta-
bility of B structure, and the calculated Young’s moduli

160

N Exp.SC
B2 Cluster
[ZZ4 Random

140 |- -

120 |

80

Young's Modulus (GPa)

NS 3 NJ
oot &~§ Q?
Fig. 4 Young’s modulus of MoTij4X; (X = Ti, Mo, Nb) alloy

series. For the MoTi4Nb alloy, the calculated Young’s moduli based
on the random model are all negative

agree satisfactorily with the experimental values, with an
average deviation of only 8 GPa. Further analysis shows
that the calculated Young’s modulus is mainly determined
by the shear modulus. Indeed, the bulk moduli of the two
models are quite close to each other; thus the observed
differences in Young’s modulus from these two models
mainly come from the shear modulus, which is more sen-
sitive to the local atomic arrangement.

To further understand the alloying behavior and identify
metallurgical trends in Ti-Mo—Nb alloy system with regard
to more desired mechanical properties, such as lower
Young’s modulus, the [YTij4]Nbs (Y = Ti, Mo) alloys,
which also satisfy the cluster-plus-glue-atom model, are
examined in the following.

As for Ti-Mo-Nb systems, the measured Young’s
modulus generally reduces with each increment in Nb
content. As shown in Table 3, our measured Young’s
moduli of these designed MoTi4-based alloys are close to
the previous experimental results and decrease to 73 GPa
for [MoTi4]Nb; alloy upon further adding Nb content up
to 16.67 at.%. Our first-principles calculations also reveal
that the Young’s modulus of [MoTi;4]Nb; decreases to
83.9 GPa. Thus, appropriately adjusting Nb content in the
Ti—Mo-Nb ternary alloys is able to achieve more desirable
mechanical properties.

Table 3 Young’s modulus and

mass density of [MoTi,4]X, [MoTi4]Ti [MoTi4]Mo [MoTi;4]Nb [TiTi 4]Nbs [MoTi4]Nbs
(X = Ti, Mo, Nb) and Eexpcscy (GPa) 116 99 92 73
[YTi4]Nb; (Y = Ti, Mo) alloy
series Eexp(HT) (GPa) 95 82

Ejeo (GPa) 99.8 103.8 89.1 83.9 52

Pexp (8 cm ™) 4.80 5.29 4.93 5.34

Ptheo (€ cm™?) 475 5.12 5.01 5.23 542

@ Springer
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The alloy formulated by [TiTi;4]Nb; has not been pre-
pared in our experiments and thus was only investigated by
the first-principles calculations. It is interesting to note that
[TiTi;4]Nb; (16.67 at.% Nb) alloy exhibits a small nega-
tive Young’s modulus (—5.2 GPa), implying that the
cluster packing structure for [TiTi;4]Nbj3 alloy is mechan-
ically unstable. Evidently, 16.67 at.% Nb is not enough for
complete stabilization of the [ phase, which agrees well
with the previous experiments that the entire alloy was
dominated by o + P phase when 20 at.% Nb was con-
tained and as the Nb content increased to 25 at.%, 3 phase
became the only dominant phase in Ti—Nb binary systems
[12]. As for Mo, 6.25 at.% Mo is sufficient to stabilize the
same bec lattice of Ti, suggesting that Mo is even a better 3
stabilizer than Nb.

To compare with the cluster model, random model
within 16-atom supercell was also considered for another
series of MoTis_,Nb, (x = 1, 2, 3) alloys. The calculated
Young’s modulus is still difficult to draw a definitive
conclusion due to the value is significantly affected by the
atomic configuration. The calculated Young’s moduli of
these bcce titanium alloys are negative for a low Nb content
of MoTij4Nb. For the MoTi;3Nb, composition, the
Young’s moduli become positive but the calculated elastic
constants like C44 for some random structures are still
negative. Moreover, the calculated Young’s moduli with
different structures differ by as much as 50 GPa. The
relation between the atomic arrangement and Young’s
modulus is not quite clear. All these results are strikingly
opposite to those of the cluster packing structures as well as
the experimental data. Again, the present comparison fur-
ther confirms that the cluster-plus-glue-atom model pre-
vails the random solid solution model used in this study in
describing the atomic arrangement and mechanical prop-
erties of B-Ti alloys.

From the above discussions, the elastic properties of Mo—
Ti—Nb alloy series are well reproduced by the first-principles
calculations based on the cluster-plus-glue-atom model for
stable solid solution, especially for MoTi4X; (X = Ti, Mo,
Nb) alloy series. This model considers the short-range
interaction between solute and solvent elements and can be
used as an effective approach to develop new structural
biomaterials as shown in our previous work [18]. Essen-
tially, the MoTi4 cluster establishes a link between the
composition, microstructure, and mechanical properties.
Therefore, the cluster formula based on MoTi;4 cluster
provides a useful alloying criterion between low elasticity
and high structural stability to develop titanium alloys.

Ductility of [MoTi4]X; alloys

We further discuss the ductility of [MoTi4]X; (X = Ti,
Mo, Nb) alloy series. As two important quantities to

Table 4 Ductility of MoTi4X; (X = Ti, Mo, Nb) alloy series based
on the cluster-plus-glue-atom and random solid solution models

Alloy Cluster model Random model

BIG v BIG v
MoTi,4Ti 2.67 0.33 2.09 0.29
MoTi;4Mo 2.77 0.34 3.26 0.36
MoTi4Nb 3.18 0.36 —2.64 0.75

B bulk modulus, G shear modulus, v Poisson ratio

characterize ductility of a material, the ratios of bulk
modulus to shear modulus (B/G) and Poisson ratios (v) are
listed in Table 4. It is suggested that the transition from
brittleness to ductility occurs around a B/G ratio of 1.75
[31]. This critical value does not work for all systems, but
serves as a standard to roughly evaluate the tendency of
ductility. The B/G ratios obtained for alloys within the
cluster-plus-glue-atom structural model are all greater than
1.75, reflecting their ductile characteristics. For the binary
compositions of [MoTi]Ti and [MoTij4]Mo, the
B/G ratio slightly increases from 2.67 to 2.77. With the
addition of Nb, the B/G value suddenly increases to 3.18
(by 19.3 %), as the shear modulus reduces much faster than
the bulk modulus. It is thus demonstrated that addition of
Nb content effectively improves the ductility of Ti—-Mo
alloys. Meanwhile, the Poisson ratios show consistent trend
but are less sensitive to the alloy compositions with regard
to the B/G ratios.

From our tensile experiments, local necking and cone
fracture surfaces are observed in the alloy samples, which are
typical for the ductile metals. As reported in ref. in [18], the
ductility evaluated by elongation and area reduction for
[MoTi;4]Nb are significantly higher than that of [MoTi4]Ti.
Therefore, the experimental results at least partially support
our theoretical arguments that all these alloys are ductile and
the addition of Nb is beneficial for ductility.

On the other hand, the calculated B/G ratios for the ran-
dom solid solution model are around 2.09, 3.26, and —2.64,
and the Poisson ratios are 0.29, 0.36, and 0.75 for the
MoTi4Ti, MoTi4Mo, and MoTi4Nb, respectively, without
showing any clear correspondence between ductility and
alloy compositions. In particular, those theoretical values for
the MoTi;4Nb composition are totally unreasonable.

According to the above discussions, the calculated ratio
of B/G and Poisson ratio illustrate that these parameters are
sensitive to shear modulus that is closely related to the
local atomic arrangement and is difficult to be precisely
reproduced by theoretical simulation as compared with
bulk modulus. In this sense, a proper structural model is
essential for reliable first-principles calculations and
our cluster-plus-glue-atom model indeed reproduces the
experimental values satisfactorily.
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Electronic structures

In this section, we discuss the electronic structures of B-Ti
alloys in terms of their electron density of states and
Mulliken populations. Interestingly, even with significant
differences in elastic properties, the features of electron
DOS from the cluster packing and random structures are
nearly identical; thus only those from the cluster model are
shown in Fig. 5. Naturally, the electron DOS mainly
depends on the local atomic environment. Since the Mo
and Nb contents in the alloys are quite low, these solutes
atoms are always surrounded by Ti host atoms. Therefore,
no matter which model is involved, the local environment
seen by the Mo/Nb solute elements is more or less the
same, leading to nearly identical electron DOS.

For [MoTi4]X; (X = Ti, Mo, Nb) alloys, the total DOS
always exhibits a pseudogap at Fermi level (see Fig. 5),
regardless of the species of the glue atoms or the cluster
packing configurations. The overall features of total DOS
are dominated by the d states of Ti atoms, while the con-
tribution from Mo and Nb is relatively insignificant. In
other words, the electronic properties of Ti-Mo—Nb alloys
are still mainly determined by the host lattice of bcc

4
Mo-s
3 —— Mo-p
Mo-d
2 -
1
D '[ '[ T
——Nb-s
—— Nb-p
——Nb-d
g
e
L]
-
W
i
= 10 — Ti-s
o Ti-p
w —— Tid
o 20+
[=]
10 |
0 T
i Total
30 -
20 |-
10 |-
0 -4 P NP U IR NP PR NI B N PO Y
6 -5 4 -3 -2 -1 0 1 2 3 4 5 6

Energy (eV)

Fig. 5 Total and partial density of states of [MoTi;4JNb alloy
described by cluster-plus-glue-atom model
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Ti. Insensitive to the ratio of glue atoms, the DOS of
[MoTi 4]Nbjs alloy exhibits basically the same shape.

To quantitatively evaluate the charge transfer between
different species of atoms, we perform the Mulliken pop-
ulation analysis, which provides rough estimation of partial
atomic charges from DFT calculations according to the
formalism described by Segall et al. [33]. First of all, the
valence electrons transfer from Ti to Mo or Nb, which
enhance their half-filled d bands. Regardless of the species
of glue atoms for [MoTi4]X; alloys, Mo and Nb atoms of
the cluster packing structures gain about 0.62 and 0.38
electrons, respectively, while the amplitudes of charge
transfer in the random solid solution structures are slightly
lower, i.e., 0.57 and 0.35 electrons for Mo and Nb atoms,
respectively. The population analysis on [MoTi4]Nbs
alloy shows that the charge transfer is 0.61 electrons for
Mo atoms and 0.33 electrons for Nb atoms, respectively.
Such a minor difference implies that the cluster model
describes a more stable structure than the random model
due to the enhanced charge transfer between the transition
metal atoms.

Ashby map

The Ashby map of E/p versus B/G [34] is constructed to
evaluate the mechanical properties of these Ti-Mo-Nb
alloys. The ratio of Young’s modulus to density E/p, or
specific modulus, is an essential engineering parameter
to quantify the stiffness of a material per unit weight.
Meanwhile, as illustrated above, the ratio of bulk modulus
to shear modulus B/G could be used as a standard to
measure the ductility.

As shown in Table 3, both experimental and theoretical
(within cluster-plus-glue-atom model) mass density of
these Ti-Mo—Nb alloys increases linearly with increasing
Nb content. The densities derived from the first-principles
simulations coincide well with the experimental values
with maximum deviation of 5 %, showing the validity of
theoretical calculations again.

Previously, Counts et al. [34] showed that stiffness (E/p)
and ductility (B/G) were inversely correlated for the bcc
Mg-Li alloys using ab initio calculations. As shown in
Fig. 6, the E/p versus B/G curve calculated within the
cluster-plus-glue-atom model exhibits the expected feature
of contradiction between elasticity and ductility. Specifi-
cally, for bcc Ti-Mo—-Nb alloys, increasing Nb content up to
16.67 at.% ([MoTi 4]Nbs, 26.68 wt%) results in constant
reduction in stiffness and enhancement in ductility. On this
plot, the least stiff and the most ductile alloy is [MoTi;4]Nb3
with a minimum E/p value of 15.49 MPa m® kg™ and a
maximum B/G ratio of 3.55. We expect that further
increasing Nb content would still enhance the ductility (as
characterized by the B/G ratio), accompanied by a reduction
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Fig. 6 Ashby map of E/p versus B/G for bcc Ti-Mo-Nb alloys
(E Young’s modulus, p mass density, B bulk modulus, G shear
modulus). All values are calculated based on the cluster-plus-glue-
atom model

in stiffness (described by E/p). Therefore, this curve may
serve as a useful guide to optimize the composition design of
Ti—-Mo—Nb alloys.

It is also noteworthy that the first-principles calculations
with random solid solution model cannot produce the
expected universal master curve. This demonstrates that
the random solid solution model is incapable to reflect the
substantial connection of alloy properties for B-type Ti-—
Mo-Nb alloys, whereas the cluster-plus-glue-atom model
is confirmed to be a reliable approach to describe and
design stable solid solution alloys.

Conclusions

Based on the cluster-plus-glue-atom model for stable solid
solution, a series of B-Ti alloys were designed that corre-
spond to the cluster formula of [MoTij4](glue atom),,
where the cluster was the CN14 rhombic dodecahedron
polyhedron within bcc lattice and the glue atoms were Mo,
Nb, and/or Ti. Using the first-principles calculations, their
mechanical properties, especially low Young’s modulus,
were obtained and compared well with experimental val-
ues, while random solid solution models led to erroneous
results. These theoretical results validated the cluster-plus-
glue-atom model for describing stable B-Ti solid solutions.

The features of electron density of states and Mulliken
population were shown to be generally insensible to the atomic
configurations. The electronic properties of Ti-Mo—Nb alloys
were dominated by the d states from the bce Ti host lattice,
whereas moderate amount of valence electrons transfer from Ti
to Mo or Nb, which enhanced their half-filled d bands.

The Ashby map of E/p versus B/G constructed accord-
ing to the cluster models conformed the substantial inverse

correlation between stiffness and ductility, which random
solid solution models could not reflect. The relevant first-
principles calculations demonstrated that the cluster-plus-
glue-atom model could be applied to investigate the
mechanical properties of B-Ti alloys, especially elastic
properties. The present results are useful in guiding
industrial alloy composition design. Specifically, for the
Ti—-Mo based alloys, the composition should be controlled
within the Mo/Ti = 1/14 limit to obtain the low elastic
modulus alloys with stable B phase.
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