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Highlights

e The 3-phase stability and deformation behaviors of Ti-Mo alloys are investigated.
e Increasing Mo enhances the 3-phase stability of Ti-Mo alloys.

e  The negative G of Ti-4.7Mo alloy indicates mechanical instability of 3 phase.

e  Gserves as a valid descriptor linking 3-phase stability to deformation behavior.

Abstract

To elucidate the intrinsic link between the body-centered cubic (BCC) structural stability
and the deformation mechanisms of Ti-Mo alloys, first-principles (FP) calculations based
on a cluster model are performed for Ti-xMo (x =2.3, 4.7, 7.8, and 12.5 at. %) binary alloys.
Structural models are constructed by embedding a cluster unit within a 4 x 4 x 4 BCC
supercell. The formation energies (E;) and binding energies (E;) of the « and B phases
indicate that BCC structural stability increases with higher Mo content, and that the Ti-
12.5Mo alloy is energetically favored to form a single 3 phase. For the metastable Ti-
4.7Mo alloy, the negative value of G y;)((7] indicates lattice softening, while the value
of Gaonyoio] = 3.9 GPa is lower than those of G(323)[1§1] and G(llo)[ﬁl]' Both features
facilitate the stress-induced & transformation. Conversely, in the stable Ti-12.5Mo alloy,
G(o11)[100] reaches 36 GPa, substantially exceeding G123)[117)7 thereby suppressing «’’-phase
transformation and promoting dislocation slip. The present cluster model-embedded first-
principles calculations demonstrate that the shear modulus serves as a valid descriptor
linking BCC structural stability to deformation behavior in Ti-Mo alloys.

Keywords: Ti-Mo alloys; cluster-formula approach; first-principles calculations; deformation
behavior; BCC structural stability

1. Introduction

Ti-Mo alloys are widely employed in biomedical and chemical engineering due to their
high specific strength, excellent corrosion resistance, and favorable biocompatibility [1-3].
Pure Ti adopts a hexagonal close-packed (HCP) « phase at low temperatures and a body-
centered cubic (BCC) 3 phase at high temperatures. Mo, as a [3-stabilizing element, lowers
the martensite start temperature (Ms) [4-6], allowing the 3 phase to be retained at room
temperature in a metastable or stable state. Atlow Mo contents, insufficient 3 stability leads
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to the formation of metastable phases such as o, «’’, and w upon cooling. The 3 phase
becomes progressively more stable with increasing Mo content. Notably, the properties
of these alloys are intimately linked to the stability of the BCC structure. When the BCC
structure is metastable, the alloy may undergo stress-induced «” martensitic transformation,
{332}<113>p twinning, and {112}<111>p twinning during deformation [6-8]. Typically,
the «”/-phase transformation that occurs in the elastic stage leads to a double-yielding
phenomenon and reduces the yield strength (cys). For example, the oys of 3-metastable
Ti-6.4Mo (at. %) alloy is below 500 MPa [9], which is lower than that of 3-stable Ti-17.6Mo
(at. %) alloy (oys = 798 MPa [10]). In the plastic stage, transformation-induced plasticity
(TRIP), twinning-induced plasticity (TWIP) and dynamic Hall-Petch effects endow the
alloy with excellent ductility and strain hardening capacity [11-14]. For instance, the (3-
metastable Ti-8.1Mo (at. %) alloy achieves a total elongation of about 40% due to the TWIP
effect from stress-induced {332}<113> twinning [15], exceeding conventional TC4 alloy
(e =11% [16]) and B-stable Ti-17.6Mo (at. %) alloy (e = 17% [10]). Thus, stress-induced
phase transformation and twinning significantly influence the mechanical properties of
Ti-Mo alloys.

Although experimental studies have established that Mo addition stabilizes the 3
phase and shifts the deformation mechanisms from stress-induced o’ martensitic trans-
formation and twinning to dislocation slip [16-18], the intrinsic mechanisms governing
these processes warrant further exploration. First-principles (FP) calculations based on
density functional theory (DFT) have been employed to investigate phase stability and
transformation behavior in the Ti-Mo binary system [19-22]. For example, using a 3-phase
supercell model constructed from “-Mo-Ti-Mo-" linear units or their combinations, pre-
vious studies demonstrated that p-phase stability increases with Mo content and that C’
softening results in a low Young’s modulus of the 3 phase [20]. With the same supercell
model, the formation of o’ martensite and the w phase was also examined. The results
indicated that the formation of the «”” martensite at low Mo content is governed by the
softening effect of C" and E1gp, while the formation of the w phase relates to the softening of
G111 [22]. Nevertheless, modeling metastable alloys often relies on a special quasi-random
structure (SQS) or the above supercell model, requiring selection of an optimal configu-
ration that reflects the interatomic interactions. In solid solutions, these interactions are
characterized by chemical short-range orders (CSROs) [23,24]. In fact, solid-solution prop-
erties depend on short-range ordered structures. An FP study of AI-TM (TM = Ti, Zr, Hf)
alloys demonstrated that configurations incorporating CSROs produce formation energies
in much better agreement with calorimetry data than random structures [25]. Therefore,
properly incorporating CSROs into solid-solution alloy models is essential for achieving
accurate computational predictions.

Based on the concept of CSROs, the cluster-plus-glue-atom model was proposed in the
previous work [26-28], which comprises a solute-centered nearest-neighbor polyhedron
(cluster) and glue atoms in the interstices between clusters. This model captures both the
strong interaction (AH < 0) between solute atoms at the cluster center and the base solvent
atoms, as well as the weak interaction (AH > 0) between glue atoms and the base, defining
a structural unit [cluster](glue atom),, (m is the number of glue atoms). In a previous
study on the Al,M14 (M = Ni; Co;Fe,Cry) alloy, the cluster model was validated by neutron
diffraction. The simulated pair-distribution function (PDF) from the cluster model agrees
well with the measured PDF within the first two peaks, demonstrating that the cluster
model accurately describes the chemical short-range order in the solid solution [28]. This
model provides an effective and accurate structural input for FP calculations and has been
successfully applied to various alloys. For instance, the cluster formula was used to design
a series of Ti-Zr-Nb-Hf high-entropy alloys and construct cluster models as inputs for FP
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calculations. Among them, the [Ti-ZrgHf4Tip INbj alloy with BCC structure exhibited the
lowest formation energy (7.82 k] /mol) and was experimentally verified to form a single-
phase BCC solid solution, matching computational results [29]. In this study, the structural
models of Ti-xMo alloys (x = 2.3, 4.7, 7.8, and 12.5 at. %) are constructed using the cluster
model for FP calculations. The formation energies (Ef) and binding energies (E;) of the «
and [3 phases are calculated to link Mo content with BCC structural stability. Subsequently,
the Ti-4.7Mo and Ti-12.5Mo alloys are selected to evaluate mechanical stability. Finally,
considering the p — «” transformation, {332}<113>g twinning, and dislocation slip, the
orientation-dependent shear moduli of the Ti-4.7Mo and Ti-12.5Mo alloys are calculated to
clarify the intrinsic relationship between structural stability and deformation behavior in
Ti-Mo alloys.

2. First-Principles Calculations
2.1. Construction of Cluster Structural Models

In the cluster-plus-glue-atom model for BCC solid solution alloys, the nearest-neighbor
cluster is typically a rhombic dodecahedron with a coordination number of 14, consisting of
8 atoms in the first-neighbor shell and 6 atoms in the second-neighbor shell. According to
Friedel oscillation theory [27,30], the number of glue atoms is ideally determined as m =1,
resulting in a total of 16 atoms per ideal cluster unit. In the present Ti-Mo binary system,
the cluster formula can be expressed as [(Ti,Mo)-Ti14](Ti,Mo) with Z = 16. This assignment
is supported by the strong interaction between Ti and Mo (AHTi-Mo = —4 kJ-mol~1). The
occupation of Mo atoms depends on their concentration. In Mo-deficient alloys, Mo
preferentially occupies the cluster center, while the remaining cluster centers are occupied
by Ti; once the center site is filled, the excess Mo then occupies the glue sites.

Employing the formula [(Ti,Mo)-Ti14](Ti,Mo), a series of Ti-Mo binary alloys are
designed: [(Tio'625M00.375)-Til4](Ti) (234 at. % MO), [(Ti0.25M00.75)—Til4](Ti) (469 at. %
Mo), [Mo-Ti4](Tip75Moq25) (7.81 at. % Mo), and [Mo-Tii4](Mo) (12.50 at. % Mo). Their
corresponding cluster units, each containing 16 atoms, were constructed. The basis vectors
a, b, and ¢ of these cluster units correspond to [313], [133], and [331] of the basis BCC
lattice, respectively. The lattice parameters area =b=c = \/Eag /2,0 =118.27°, B =99.09°,
and vy = 61.73°, where a9 is the lattice constant of the basis BCC unit. The cluster unit
[Mo-Ti4](Mo) is shown in Figure 1a, with atoms colored as follows: 1st-shell Ti (green),
2nd-shell Ti (blue), center Mo (orange), and glue Mo (yellow). Atomic coordinates are
provided in Table Al.

(a)

@ stshel Ti
Q) 2-shell Ti
b Center Mo
 Glue Mo gZi

C*— 313l [Mo-Tiy,](Mo) Ti-12.5 Mo (at.%)

Figure 1. (a) Cluster unit of [Mo-Tij4](Mo), with atoms colored as follows: 1st-shell Ti (green),
2nd-shell Ti (blue), center Mo (orange), and glue Mo (yellow). (b) Structural model of Ti-12.5Mo alloy
for FP calculations.
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Because the cluster unit has a triclinic lattice whereas deformation analysis uses BCC
orientations, each cluster unit was embedded in a 4 x 4 x 4 BCC supercell containing
128 atoms to facilitate shear moduli calculations and deformation analysis, with 3, 6, 10
and 16 Mo atoms placed within the supercell. Accordingly, the structural models of Ti-xMo
(x=2.3,4.7,7.8,and 12.5 at. %) were constructed, exhibiting monoclinic symmetry due to
Mo occupation. Figure 1b illustrates the structural model of Ti-12.5Mo alloy ([Mo-Ti14]Mo).
Other models are detailed in Figure A1, and the coordinates of Mo atoms are detailed
in Table A2. In addition, the constructed « phase models are shown in Figure A2. The
structure models are provided as Model S1 (Supplementary models.Zip).

2.2. Calculation Methods

FP calculations were performed using the Vienna Ab initio Simulation Package
(VASP) [31-34]. The electronic exchange—correlation potential was treated within the
generalized gradient approximation (GGA) using the Perdew—Burke-Ernzerhof (PBE) for-
mulation [35]. The projector-augmented-wave (PAW) method was employed to describe
the core electrons [36,37], with valence electron configurations set as 3p®3d®4s! for Ti and
4p®4d35s! for Mo. The plane-wave cutoff energy was set to 400 eV, corresponding to
the VASP default PREC = Normal setting. With this setup, the automatically generated
real-space FFT grids were NGX x NGY x NGZ =70 x 70 x 70 for the coarse grid and
NGXF x NGYF x NGZF =140 x 140 x 140 for the fine grid. The energy convergence crite-
ria were set to 1 x 1078 eV for electronic relaxation and 1 x 10~7 eV /atom for ionic relax-
ation. The Brillouin zone integration was performed using the Monkhorst-Pack scheme [38].
A 3 x 3 x 3 k-point mesh was used for the 3-phase supercell and a 3 X 3 x 2 mesh for the
a-phase supercell, ensuring an accuracy of 2 meV/atom (Figure A3). The density of states
(DOS) calculation was performed using a 4 x 4 x 4 k-point mesh. All structural models
were fully relaxed to reach their lowest-energy equilibrium configurations. The elastic
constants were calculated using the optimized high-efficiency strain-matrix sets (OHESS)
approach implemented in the ElasTool package [39]. Deformations of the crystal lattice
were introduced via ElasTool’s automated routine with four strain values: —0.01, —0.005,
0.005, and 0.01. For the monoclinic crystal system, 13 independent elastic constants (Cy;,
C22, C33, Cy4, Cs5, Cep, C12, C13, Ca3, C15, Cas, C35, Ca6) were determined. The polycrystalline
Young’s modulus E was derived using the Voigt-Reuss-Hill (VRH) method [40], according
to Equations (1)-(3):

_ 9GvruBvRrH 1)
GvrH + BvrH
Gy + G
GvrH = % )
By + B
Byry = % 3)

where Gy, Gg, and Gyry represent the shear moduli from Voigt, Reuss, and VRH methods,
respectively. By, Bg, and Byry denote the bulk moduli from Voigt, Reuss, and VRH
methods. The shear moduli (Gy, Gg) and bulk moduli (By, Bg) were calculated from elastic
constants, as detailed in Appendix A (Note Al).

The deformation behavior is related to the BCC structural stability, which can be
evaluated by comparing the formation energy (Ey) and binding energy (Ep) of the o and 8
phases. The Erand E,, are given by Equations (4) and (5) [26,41,42]:

£ Etot =Y Em

f= 4)
Etor — Y Egi
E, = tot I% single )
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where Ef represents the energy required to form the alloy, defined as the difference between
the total energy of the optimized structure (E;o;) and the sum of the energies of individual
atoms in their stable elemental structures (Ep;, HCP for Ti and BCC for Mo), while E,
reflects the energy associated with atomic bonding relative to isolated states (Eg;ygr). N is
the total number of atoms in the model.

3. Results and Discussion
3.1. Formation and Binding Energies of Ti-Mo Binary Alloy

To evaluate the BCC structural stability of Ti-Mo binary alloys, the formation energies
Efand binding energies Ej, of the o (HCP) and 8 (BCC) phases were calculated, as shown in
Figure 2. The 3 phase in the Ti-2.3Mo alloy exhibits the highest value of E¢ = 0.050 eV/atom,
while the « phase shows the lowest value of Ef = 0.009 eV/atom, indicating the least
stable BCC structure. As the Mo content increases, the Ef of the 3 phase decreases from
0.037 eV /atom in Ti-4.7Mo to 0.023 eV /atom in Ti-7.8Mo, and further to 0.007 eV /atom in
Ti-12.5Mo alloy (Figure 2a). In contrast, the Ef of the « phase increases with Mo content,
being E¢4 7m0 = 0.020 eV /atom, Er7.8m0 = 0.029 eV /atom, Ef12.5M0 = 0.046 eV/atom. These
trends clearly reflect a reduction in « stability and a concurrent enhancement in 3 phase
stability with increasing Mo content. Notably, a key transition occurs in the Ti-7.8Mo alloy,
where the Ef of the 3 phase is lower than that of the « phase, marking the transition in
the Ti-Mo system from «-stabilized to (3-stabilized structure. However, the critical Mo
content for B-phase stabilization predicted from DFT calculations (~7.0 at. %) at 0 K is
slightly higher than the experimentally reported critical lower limit for (3 stabilization
(>5.3 at. % Mo [43—45]). This discrepancy arises because the HCP Ti is thermodynamically
favored at low temperatures, but becomes unstable with respect to BCC as temperature
increases. Thus, the calculation results at 0 K are biased toward the HCP («x) phase, shifting
the apparent transition point to higher Mo contents. Despite this quantitative offset, the
monotonic trend that increasing Mo content enhances 3-phase stability is fully consistent
with experimental observations. Furthermore, as the Mo content increases, the binding
energy Ej of o and 3 phases decreases (Figure 2b), implying stronger overall bonding.
Moreover, the bonding strength of the 3 phase surpasses that of the « phase in the Ti-
7.8Mo alloy, further confirming the superior stability of the BCC structure at higher Mo
concentrations. Consequently, the 3 phase of the Ti-12.5Mo alloy exhibits the lowest E; and
Ey, which are also lower than those of its & phase, making it the most favorable composition
to form a single 3 phase under experimental conditions.

(a) 0.100 (b)-5.30
— —Q0— B phase —0— f phase
E o075} —9— a phase | E -5.35 —9— o phase
® £
> 0.050 S 540
) . r Q. > =J. [*)
> \o /o i~ \
2 o > % 9
g 00251 °><° 2 545} \o\
: s \0 g 3\
S o000} > -5.50 \Q
= £
£ = )
5 -0.025} o -5.55
w

-0.050 L L L L -5.60 L L L L

0 3 6 9 12 15 0 3 6 9 12 15
Mo content [at. %] Mo content [at. %]

Figure 2. Variation of (a) formation energy (Ey) and (b) binding energy (E;) with Mo content for «
and B phases in Ti-xMo (x = 2.3,4.7, 7.8, 12.5 at. %) alloys.
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3.2. Mechanical Stability of Ti-Mo Binary Alloys

Based on the Efand Ej, analyses presented above, the Ti-4.7Mo and Ti-12.5Mo alloys
were selected as representative metastable and stable systems, respectively, to evaluate the
mechanical stability of the BCC structure. Typically, the mechanical stability is assessed
through its elastic constants [46]. According to Born—-Huang lattice dynamics theory [47,48],
a mechanically stable crystal structure must possess a positive definite elastic constant
matrix, meaning all its eigenvalues are positive. Consequently, the elastic constants must
satisfy the specific mechanical stability criteria for a monoclinic crystal system, as given by
Equations (6)—(11) [49,50]:

C11>0,Cp >0, C33>0,Caa >0,Cs55 >0,Co6 >0 (6)

Ci1+Copp+Cs3+ 2(C12 4+ Ci3 + C23) >0 (7)

<C33C55 - C§5) >0, <C44C66 - Ci6) >0, (Cp +C33—2Cx3) >0 (8)

{sz (C33C55 - C§5) +2Cp3Cp5C35 — C33Cs5 — C%5C33} >0 )

C15C25(C33C12 — C13Co3) C2,(CnCs3 — CZ;)

2| +C15C35(CCi3 — C12C3) | — +C35(C11Ca3 — C33) >0  (10)
+C25C35(C11Co3 — C12Ca3) +C35(CCi1 — C3) + Css81

g1 = C11C0nCs3 — C11C%5 — C2uCly — C33Ch, +2C12Ca3C13 (11)

where CZ-]- (i,j=1,...,6) are the elastic constants. In this work, the elastic constants for both
alloys are determined using the stress—strain method within the framework of generalized
Hooke’s law (o = C,-jsj, i,j=1,...,6)[51]. For the monoclinic crystal system, there are
13 independent elastic constants, and the calculated results are listed in Table 1. The
calculated elastic constants of the Ti-4.7Mo alloy violate several fundamental stability
criteria, with C33 < 0, Cy4 <0, Cs55 < 0, and Cgg < 0, indicating that the 3 phase at this
composition is mechanically unstable under multiple strain modes. Such instabilities
originate from insufficient 3-stabilizer content and suggest that the system is prone to
phase transformation. Furthermore, the Young’s modulus of the Ti-4.7Mo alloy obtained
from the VRH method is —44 GPa, which also confirms the mechanical instability of the
BCC structure in the Ti-4.7Mo alloy. In contrast, the Ti-12.5Mo alloy satisfies all stability
criteria, and its calculated Young’s modulus is 52 GPa, indicating the mechanical stability
of the BCC structure at this composition. These findings are fully consistent with the
formation energy trends discussed in Section 3.1.

To further understand the difference in modulus between the Ti-4.7Mo and Ti-12.5Mo
alloys, the electronic density of states (DOS) of both alloys was calculated, as shown in
Figure 3. The DOS profiles of the Ti-4.7Mo and Ti-12.5Mo alloys are similar in shape. In
the low-energy region (~—3 eV to —1 eV), d-d orbital hybridization occurs between Ti and
Mo atoms, with the characteristic peaks corresponding to bonding states between atoms,
while the high-energy region (>0 eV) corresponds to anti-bonding states. Generally, the
DOS at the Fermi level determines the structural stability and bonding strength. In the
Ti-4.7Mo alloy, a relatively high DOS appears near the Fermi level, indicating that some
electrons occupy anti-bonding (or unstable) states, which weakens the bonding strength
and reduces the stability. With increasing Mo content, the Fermi level shifts closer to a
pseudogap, enhancing the interatomic bonding stiffness and f-phase stability, which is
manifested in higher elastic moduli [52]. Consequently, the Ti-12.5Mo alloy exhibits higher
-phase stability and modulus.
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Figure 3. The calculated density of states (DOS) of (a) Ti-4.7Mo and (b) Ti-12.5Mo alloy.

To further validate this mechanical instability from a structural perspective, we com-
pared the atomic configurations before and after full relaxation, as shown in Figure 4.
Following relaxation, the atomic site occupations of the Ti-4.7Mo and Ti-12.5Mo alloys
deviate from the ideal BCC lattice. The extent of this deviation can be quantified by the
lattice distortion (AL) from Equation (12) [53]:

(2o =)+ (ot =) + (o =)

n

AL =

(12)

where the terms (x;, y;, z;) and (x;/, y;/, z/') denote atomic coordinates before and after
relaxation, respectively, and 7 is the total number of atoms in the cluster model. 4 is a
scaling factor that normalizes the relaxed coordinates to the ideal BCC lattice, eliminating
the effect of volume change. The AL values are 0.333 A/atom for the Ti-4.7Mo alloy
and 0.280 A /atom for the Ti-12.5Mo alloy, as shown in Figure 4. Generally, a lower AL
corresponds to greater BCC structural stability. The higher AL of the Ti-4.7”Mo alloy further
confirms that its BCC structure is unstable.

Before relaxation After relaxation

Ti-4.7Mo alloy

Ti-12.5Mo alloy

AL=0.280 A/atom

Figure 4. The atomic sites occupation of (a,b) Ti-4.7Mo and (c,d) Ti-12.5Mo alloys: (a,c) before
and (b,d) after relaxation, with atoms colored as follows: Ti (blue), center Mo (orange), and glue
Mo (yellow).
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Table 1. FP calculated elastic constants (GPa) of Ti-Mo binary alloys.

Mo Content
(at. %) Cn C12 Ci3 Cis Cx Cx Cos Cs3 Css Cy Cy6 Css Ce6
Ti-47Mo 1183 1013 1416 —20 738 1632 534 —90 709 —67 260 —651 —64.8
Ti-125Mo 1495 1138 1165 —190 1222 1094 41 1148 100 342 —03 396 396

3.3. Deformation Behavior of Ti-Mo Binary Alloys

To clarify the connection between BCC structural stability and deformation behavior,
it is critical to analyze deformation mechanisms at the atomic scale. During deformation of
Ti-Mo alloys, phase transformation and twinning involve atomic-scale collapse, shear, and
shuffling along specific directions, while dislocation slip proceeds via slip on close-packed
planes. These processes are represented by atomic displacements. For example, the p — «”
phase transformation involves lattice elongation along {110}<110>g, lattice compression
along {110}<100>p, and atomic shuffling on {110}<110>p [54]; the B — w transition
involves atomic shuffling on {112}<111>p [55]. Specifically, the ease of atomic displacement
is related to the shear modulus G. The smaller the G, the weaker the shear resistance, which
facilitates atomic displacement under stress. Thus, the propensity of each deformation
mechanism can be assessed by G along the corresponding orientations. Since metastable
Ti-Mo alloys typically deform via stress-induced o transition, {332}<113>p twinning, and
<111>p dislocation slip, the orientation-dependent G for the metastable Ti-4.7Mo and the
stable Ti-12.5Mo alloys was further calculated to investigate the underlying mechanisms of
deformation behavior.

The orientation-dependent G can be obtained through a coordinate transformation [56],
and the detailed formulas and transformation relationships are provided in Appendix A
(Note A2) and Figure A4. Based on this, the spatial dependency of G for Ti-4.7Mo and
Ti-12.5Mo alloys is presented in Figure 5. The three-dimensional surfaces of the orientation-
dependent G are illustrated in Figure 5b,d. The transparent blue outer surface and the pink
inner surface represent the positive Gmax and Gmin values, respectively, while negative
values are marked by pink dotted lines. The corresponding two-dimensional projections
onto the XY plane appear in Figure 5a,c. Figure 5 reveals that G varies with crystal
orientations. For the Ti-4.7Mo alloy, owing to the instability of its BCC structure, the G
distribution is radial and eVen includes negative values. In contrast, for Ti-12.5Mo with a
stable BCC structure, G values are positive in all directions, displaying a continuous and
smooth variation, with minimum and maximum values of 4 GPa and 41 GPa, respectively.

The extrema of G along deformation-related orientations are listed in Table 2. The Ti-
4.7Mo alloy exhibits negative values of G(112)pn11) = —40.9 GPa and Gio1)pior) = —30.4 GPa,
indicating a softening effect along these crystallographic paths. As noted earlier, the f — w
transition proceeds via atomic shuffling along {112}<111>p, while § — « transformation
involves lattice elongation and atomic shuffling along {110}<110>p, lattice compression
along {110}<100>p. The negative values further indicate the low (3 phase stability in the
Ti-4.7Mo alloy, making it difficult to maintain a single-phase BCC structure. Furthermore,
the p — o/ transition also requires lattice compression along (101)[010]g perpendicular
to the lattice elongation, and the value of Go1)p10] = 3.9 GPa is lower than those of
G323)p31] and G10)111)- Consequently, the softening along (101)[101] 8 and the lowest
positive G along (101)[010] g promote stress-induced «” phase transition in the Ti-4.7Mo
alloy. This result is consistent with previous experimental reports that metastable BCC
Ti-Mo alloys readily undergo stress-induced «”” martensitic transformations under tensile
loading [13-15,57]. For instance, in the Ti-5.3Mo (at. %) alloy with a composition similar
to that of the calculated alloy, stress-induced o' martensitic transformation acts as the
primary deformation mechanism [57].
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Figure 5. Spatial dependence of shear moduli of Ti-4.7Mo and Ti-12.5Mo alloys. (a,c): The 2D
projections of shear moduli on the XY plane; (b,d): the 3D visualization of shear moduli. Color
scheme for (b,d): Gmax (blue outer surface), Gpin (pink curved surface), and negative Gpi, (pink
dotted line).

Table 2. Extreme values of shear moduli along the {332}<113>p, {112}<111>g, and {110}<110>p
directions in Ti-4.7Mo and Ti-12.5Mo alloys.

Mo Content Gi332)<113> (GPa) Gii12)<111> (GPa) Gi110<110> (GPa) G<11> (GPa)
(at. %) Max Min Max Min Max Min Max Min
Ti-4.7Mo 255.6 5.9 120 —409 29.6 —30.4 94.6 6.9
Ti-12.5Mo 18.2 6.2 12.7 4.8 10.1 3.8 13.6 4.6

In contrast, the Ti-12.5Mo alloy exhibits positive shear moduli across all examined ori-
entations, with the values of G(233)[§11] =6.2 GPa, G(211)[T11] =4.8 GPa, G(Oll)[oﬂ = 3.8 GPa,
and G123)[117) = 46 GPa. Notably, although G 011)[011] for the lattice elongation and atomic
shuffling remains relatively low, G(p11)[100] for the lattice compression exhibits a high value
of 36.0 GPa. Since the B — o transformation requires the cooperative completion of
both elongation and compression steps, a low G along one direction alone is insufficient.
The high G{110}<100> thus suppresses o’ transformation. In the Ti-4.7Mo alloy, by contrast,
Gaonyoio) is only 3.9 GPa, permitting the full  — o’ path. With the «” transformation
pathway suppressed, deformation in the Ti-12.5Mo alloy instead proceeds via twinning
or dislocation slip. A comparison reveals that G ,33)3;y) is higher than G(123) 111" Con-
sequently, {332}<113>p twinning is not initiated preferentially. Instead, the lowest value
of G(123)[117] = 4.6 GPa suggests that dislocation slip is favorable in the Ti-12.5Mo alloy.
These findings match experimental observations that dislocation slip dominates the plastic
deformation in stable 3-type Ti-Mo alloys [44,58]. The shear modulus therefore serves as a
valid mechanical descriptor to distinguish metastable from stable deformation behavior.

In addition, the phonon dispersion curves of the 3 phase at 0 K were calculated for
the Ti-4.7Mo and Ti-12.5Mo alloys. As shown in Figure 6, the Ti-4.7Mo alloy exhibits
pronounced phonon softening in the dispersion curves. The corresponding density of
states displays sharp peaks in the negative frequency region, indicating that the 3-phase
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lattice at this composition is highly unstable and prone to phase transformation. In contrast,
for the Ti-12.5Mo alloy, the imaginary frequencies (phonon softening) are significantly
suppressed, leaving only shallow softening, and the density of states shows only a small
peak. This indicates that with increasing Mo content, the lattice stiffness of the 3 phase
increases considerably. A rigid lattice is less susceptible to large-scale shear transformation,
thereby favoring dislocation slip under applied stress.

G F Q Zz GO 50

Figure 6. The phonon dispersions of (a) Ti-4.7”Mo and (b) Ti-12.5Mo alloys.

4. Conclusions

The present study employed FP calculations to investigate the BCC structural stability
and deformation behavior of Ti-Mo binary alloys. Structural models of Ti-xMo (x = 2.3,
4.7,7.8, and 12.5 at. %) alloys were constructed using the cluster-plus-glue atom model
to represent the CSROs in solid solutions. The B-phase stability was evaluated via E;
and E,. Based on these calculations, the Ti-4.7Mo and Ti-12.5Mo alloys were selected as
representative metastable and stable systems, respectively, to elucidate the deformation
behavior through shear modulus calculations along key crystallographic directions. The
main conclusions are as follows:

1. With increasing Mo content, the Ef of the 3 phase decreases and that of the « phase
increases, confirming that the stability of the BCC structure increases with higher
Mo content. The (3-phase stability transition occurs at ~7 at. % Mo, slightly above
the experimentally reported threshold (>5.3 at. % Mo), likely due to the absence of
temperature effects in DFT calculations.

2. In the Ti-4.7Mo alloy, G112)0111] and G101)[107] exhibit negative values, corresponding
to f — w and p — «” transformation paths. These negative G values indicate lattice
instability along these directions. In contrast, the higher-Mo Ti-12.5Mo alloy shows
positive shear moduli across all examined orientations, confirming the mechanical
stability of its BCC structure.

3. The shear modulus can serve as an effective descriptor distinguishing between stress-
induced «” phase transformation and dislocation slip. For metastable alloys, the
lowest positive value of Goy)010] = 3.9 GPa indicates the weak resistance to lat-
tice compression operations required for 3 — o transformation, facilitating stress-
induced «” transformation. For stable alloys, although G (011)[017) Temains relatively
low, G(o11)[100] = 36 GPa is significantly higher than G123)[117) = 46 GPa, thereby sup-
pressing the «”’-phase transformation and promoting dislocation slip as the dominant
deformation mechanism.

https://doi.org/10.3390/ma19153159


https://doi.org/10.3390/ma19153159

Materials 2026, 19, 3159

11 of 16

Gr = 15{4[a(Cy1 + Co2 + C12) + b(Cq1 — C12 — Co3) + ¢(Cy5 + Ca5) +e(C5 — Cos)+
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Appendix A
Note Al: Calculation of shear moduli Gy, Gg and bulk moduli By, Bg

The shear moduli Gy, Gg, and bulk moduli By, Bg were calculated as follows:

1
Gy = (15) [C11 4+ Coo 4 C33 +3(Caq + Cs5 + Ce) — (C12 + Ci3 + Co3)] (A1)

- (A2)
d(Co2 — C12 — Co3 — Ci3) + f1/Q +3[g/Q + (Cag + Ces) / (CaaCo6 — Cio) ] } 7
1
By = <9) [C11 + Cx2 + C33 +2(C1p + Ci3 + Co3)] (A3)
Br =Q [a(Cy1 + Cyp — 2Cq2) + b(2C1 — 2C1q — Cp3) + ¢(Cy5 — 2Co5) + 2e(Cos — Cys5) + (Ad)
d(2C11 +2Cy3 — C13 — 2C0) +f 171
a = C33Cs5 — C35 (A5)
b= Cp3Cs5 — C25C35 (A6)
c=C13C35 — Ci5C33 (A7)
d=C13Cs5 — C15C35 (A8)
e =C13Cz5 — Cy5Ca3 (A9)
f = C11(CxnCss5 — C35) — C12(C12Cs5 — C15Ca5) + C15(C12Ca5 — Cr5Ca2) (A10)
+ Cp5(Co3C35 — C25Cs3)
g = C11CnCss — C11C33—CCi3—C33C3, + 2C12C3Co3 (A11)
Q = 2[Ci5C5(C33C1p — C13C23) + C15C35(CCrz3 — C12C3) 4 C25C35(C11Coz — C12C13)] (A12)

— [CF5(Ca2Ca3 — C33)+C35(C11Ca3 — Cf3) — C35 (C11Caz — C3, )] + 8Coss

Note A2: Calculation of orientation-dependent G
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The orientation-dependent G can be obtained as follows:

& = 4[511(117”1)2 + Soa(lamy) + 533(13”13)2}
+ Sua(lamz + I3ma)? + Sss(lyms + I3my)® + Seg(lymy + lamy)?
+ 8[S12(l1lamyma) + S13(lilzmym3) + Saz(lalzmyms)]
+ 4lymy [S14(lomz + l3ma) + S5(liymz + lamy) + Sy(lyma + lpmy )]
+ 4lomy[Sos(loms + I3my) + Sps(lymgz + I3my) + Sae(limy + lymy)] (A13)
+ 4l3ﬂ13[534(lzﬂ’l3 + l3ﬂ12) + 535(111113 + 131711) + 536(117112 + lzml)]
+ 2845(lams + l3my) (Iymsz + I3my)
+ 2546 (lamz + lymy) (lymy + Ipmy)
+ 2556(1171’[3 + lgml)(l1m2 + lzi’fl1)

where S;; (i, j = 1,...,6) are the components of the elastic compliance matrix (the inverse
matrix of the elastic stiffness matrices C;;), 6 and ¢ are the polar and azimuthal angles
defining the orientation of the shear-plane normal z’, and y is the angle between x” and the
shear direction m. The direction cosines I = (I, I, I3) and m = (my, my, m3) are given by:

sinfcosp cosfcos@cos) — singsiny
I = |sinBsing | ; m = | cosBsingcosy + cos@siny (A14)
cos —sinfcos)

Table Al. Geometric parameters of the structural units constructed using the cluster-plus-glue-atom
model for first-principles calculations.

a b c % B 0%
Basic vector V6ag V6ay 2+/3a 118.27 99.09 61.73
Atomic positions ~ Cluster center 0 0 0
13;12?&“ 0.0625 0.1250 0.4375
0.2500 0.5000 0.7500
0.9375 0.8750 0.5625
0.5625 0.1250 0.9375
0.8750 0.7500 0.1250
0.1250 0.2500 0.8750
0.7500 0.5000 0.2500
0.4375 0.8750 0.0625
Znii‘teeli of 0.3125 0.6250 0.1875
0.6250 0.2500 0.3750
0.8125 0.6250 0.6875
0.1875 0.3750 0.3125
0.3750 0.7500 0.6250
0.6875 0.3750 0.8125
Glue atom site 0.5 0 0.5

To investigate the influence of Mo content on the stability of the BCC structure, the
a-phase models were also constructed to compare the formation energies of the o« and 3
phases. To maintain the same number of atoms as in the 3-phase supercell (BCC), the «
phase also adopts a4 x 4 x 4 supercell containing a total of 128 atoms, with the number
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of Mo atoms set to 3, 6, 10, and 16, respectively. The corresponding x-phase models are
shown in Figure A3.

Table A2. The coordinate of Mo atoms.

Mo Content )
(at. %) Coordinate

Ti-2.3Mo 3Mo  (0.625, 0.375, 0.125); (0.625, 0.875, 0.625); (0.125, 0.125, 0.875)

Ti-4.7Mo 6Mo (0.625, 0.375, 0.125); (0.625, 0.875, 0.625); (0.125, 0.125, 0.875);

(0.500, 0.500, 0.000); (0.000, 0.750, 0.250); (0.500, 0.000, 0.500)

(0.625, 0.375, 0.125); (0.625, 0.875, 0.625); (0.125, 0.125, 0.875);

(0.500, 0.500, 0.000); (0.000, 0.750, 0.250); (0.500, 0.000, 0.500);

(0.625, 0.625, 0.375); (0.250, 0.500, 0.500); (0.875, 0.375, 0.625);
(0.500, 0.250, 0.750)

(0.625, 0.375, 0.125); (0.625, 0.875, 0.625); (0.125, 0.125, 0.875)

(0.500, 0.500, 0.000); (0.000, 0.750, 0.250); (0.500, 0.000, 0.500);

(0.625, 0.625, 0.375); (0.875, 0.125, 0.375); (0.875, 0.375, 0.625);

(0.500, 0.250, 0.750); (0.625, 0.125, 0.875); (0.250, 0.500, 0.500);

(0.500, 0.750, 0.250); (0.000, 0.500, 0.000); (0.250, 0.250, 0.250);
(0.125, 0.875, 0.625)

Ti-7.8Mo 10Mo

Ti-12.5Mo 16Mo

Figure Al. Structural model of (a) Ti-2.3Mo, (b) Ti-4.7Mo, and (c) Ti-7.8Mo (at. %) alloys for FP
calculations, with atoms colored as follows: Ti (blue), center Mo (orange), and glue Mo (yellow).

(a) (b) (c) (d)
f o & o
PGP Pl PP P &‘&"&
el P PP P
PGP TGP F PGP FeF g
R, e PP PP
Prant— Pead— Pel— Paali—

Figure A2. x-phase model of (a) Ti-2.3Mo, (b) Ti-4.7Mo, (c) Ti-7.8Mo, and (d) Ti-12.5Mo (at. %) alloys
for FP calculations, with atoms colored as follows: Ti (blue), Mo (orange).

The effects of the plane-wave cutoff energy (250, 300, 350, and 400 eV) and the k-point
mesh (1 x1x1,2x2x2,3x3x3,and4 x 4 x 4) on the total energy were tested. The
results indicate that with Encut = 400 eV and a 3 x 3 x 3 k-point mesh, the total energy
variation is only 0.0014 eV /atom, as shown in Figure A3.
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Figure A3. Convergence of the total energy E with respect to (a) the cutoff energy Encut and (b) the
k-point mesh for Ti—4.7Mo.

VA ]

X

Figure A4. Definition of coordinate and angles. (x, y, z) and (¥, i/, z’) denote the coordinate systems
of crystal structure and computational direction, respectively. a is the shear plane, and z’ represents
its normal direction. x’ is the intersection of shear plane 4 and (z, z) plane. g and j are polar and
azimuthal angles of z/, respectively. m is the shear direction, and y is the angle between x" and shear
direction m.
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