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Ab initio study of chemical disorder as an effective stabilizing mechanism of bcc-based TiAl(+Mo)
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To shed a new light on the complex microstructural evolution in the Ti–Al–Mo system, we employ
ab initio calculations to study bcc-fcc structural transformations of ordered βo-TiAl(+Mo) and disordered
β-TiAl(+Mo) to ordered γ -TiAl(+Mo) and hypothetically assumed disordered γdis-TiAl(+Mo) alloys, respec-
tively. In particular, tetragonal (Bain’s path) and trigonal transformations are combined with the concept of
special quasirandom structures (SQS) and examined. Our calculations of the ordered phases show that the βo →
γ tetragonal transformation of TiAl is barrierless, i.e., proceeds spontaneously, reflecting the genuine structural
instability of the βo phase. Upon alloying of ≈7.4 at.% Mo, a small barrier between βo and γ -related local energy
minima is formed. Yet a higher Mo content of ≈9 at.% leads to an opposite-direction barrierless transformation
γ → βo, i.e., fully stabilizing the βo phase. Considering the disordered phases, the β-Ti0.5Al0.5−xMox and
γdis-Ti0.5Al0.5−xMox are energetically very close. Importantly, for all here-considered compositions up to 11 at.%
of Mo, a small energy barrier separates β-TiAl(+Mo) and γdis-TiAl(+Mo) energy minima. Finally, a trigonal
path was studied as an alternative transformation connecting disordered β and γdis-TiAl phases, but it turns out
that it exhibits an energy barrier over 60 meV/at. which, in comparison to the Bain’s path with 9 meV/at. barrier,
effectively disqualifies the trigonal transformation for the TiAl system.
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I. INTRODUCTION

Owing to their favorable mechanical properties, intermetal-
lic γ -TiAl-based alloys are attractive structural materials for
high-temperature applications in the aircraft and automotive
industry. As these alloys combine a low density of roughly
4 g/cm3 with a high specific yield strength and Young’s mod-
ulus even at high temperatures, they are often considered
as light-weight alternatives to nickel-base superalloys [1–6].
However, an obstacle for wider applications of the face-
centered cubic (fcc) γ -TiAl-based alloys is their limited hot
workability [7]. This shortcoming can be partially eliminated
by taking advantage of the phase diversity in the Ti–Al sys-
tem, which can be further extended by alloying.

For example, a stabilization of the disordered body-
centered cubic (bcc) β-TiAl [A2, space group No. 229
(Im3m)] phase at elevated temperatures by adding Mo, Nb,
Ta, or V, allows to significantly improve the processing char-
acteristics of the γ -TiAl-based alloys [8–11]. Depending on
the exact chemical composition, the β phase may even be
stabilized at room temperature as ordered βo-TiAl [B2, space
group No. 229 (Pm3m)] next to the equilibrium phases γ -TiAl
[L10, space group No. 123 (P4/mmm)] and α2-Ti3Al [D019,
space group No. 194 (P63/mmc)] [11,12]. The alloys contain-
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ing the disordered β and a minimum volume fraction of the
ordered βo phase have recently proven to satisfy requirements
for industrial applications and thus have raised a lot of atten-
tion. They can be realized by alloying TiAl with Mo, a strong
β-stabilizing element [13,14], leading to the β and βo phases
appearing in the equilibrium phase diagram. Consequently, a
ternary Ti-Al-Mo system turns out to be a good model system
for basic research of application-relevant materials.

The facts that (i) the existence of the disordered β and
the ordered βo sensitively depends on the (local) chemical
composition and (ii) the TiAl-based alloys have a rather com-
plicated multiphase nature raise a number of fundamental
questions related to the stability of individual phases and
transformations between them. For example, the nonexis-
tence of the stoichiometric βo-TiAl phase in the binary Ti-Al
system has been linked to its mechanical and vibrational in-
stability [15]. The calculated elastic constants, C11 = 77 GPa,
C12 = 129 GPa and C44 = 68 GPa, do not fulfill Born-Huang
stability criteria for cubic systems, by failing the necessary
condition C11 − C12 > 0. Moreover, the structural connection
between the βo and γ phases involving a tetragonal deforma-
tion known as the Bain’s path was shown to be barrierless and
hence has been suggested to lead to a spontaneous βo → γ

transformation [15].
This intriguing interplay between the structural disor-

der, Mo alloying, and phase stability motivated us to study
the bcc–fcc transformations in both ordered and disordered
phases of TiAl with and without Mo atoms. We explored two
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FIG. 1. Visualization of the considered structural transformations: (a) tetragonal (Bain’s) path connecting the βo (B2) and γ (L10) structures
and (b) trigonal path connecting the βo (B2) and L11 structures via an intermediate B1 structure. In the case of disordered systems, all sites are
occupied by both Ti and Al (and Mo) atoms with an equal probability reflecting the desired composition, and both paths connect the bcc and
the fcc structures, whereby the trigonal path contains an intermediate simple cubic structure. The red arrows schematically show the applied
deformation (tetragonal or trigonal).

possible bcc–fcc structural connections, namely the tetragonal
Bain’s path [16–18] and a trigonal path [17–24] which were
innovatively combined with the concept of special quasiran-
dom structures to model the structural disorder (see Sec. II
below). Afterwards we focus on clarifying the impact of Mo
alloying on the energetics of transformations connecting the
ordered phases (βo ↔ γ ) as well as disordered ones (β ↔
γdis). At the end we discuss our theoretical predictions in the
light of available experimental data.

II. METHODOLOGY

A. Bcc-to-fcc structural connections

To investigate the transformation barriers, it is necessary to
define structural connection(s) of the initial and final phases
of interest. When a body-centered cubic phase is represented
by a conventional cubic cell, a simple tetragonal deformation
leads to a face-centered cubic structure represented by a body
centered tetragonal cell (bct) [Fig. 1(a)]. This is known as
the Bain’s transformation path [16–19,25–29]. Let a and c be
the lattice constants of the bcc or bct structure; a = c = abcc

in the former state, i.e., c/a = 1. Now consider an fcc con-
ventional cell with a cubic lattice parameter afcc; the lattice
parameters of the corresponding bct cell are a = afcc

√
2/2 and

c = afcc, i.e., c/a = √
2. Using a transformation coordinate

�, where � = 0 corresponds to the bcc structure whereas

� = 1 represents the bct (fcc) structure, the lattice parameters
of the bct cell change as

a(�) = (1 − �)abcc + �

√
2

2
afcc, (1)

c(�) = (1 − �)abcc + � · afcc. (2)

During this transformation, the (100)bcc plane converts to
the (110)fcc while the (001)bcc remains the (001)fcc plane.
We note that some authors (see, e.g., Refs. [19,22,24,29])
directly used c/a as the transformation coordinate changing
from c/a = 1 (� = 0) to c/a = √

2 (� = 1). Another im-
portant point is that the lattice parameters change linearly
along the transformation path. Consequently, volume is nei-
ther linearly changing with � nor it is constant as, e.g., in
Ref. [17]. Nonetheless, in the particular case of the Bain’s path
in the TiAl + Mo system, these different definitions result in
negligible changes of the energy landscape since the specific
volumes of the βo-TiAl (V = 16.19 Å3/at.) and the γ -TiAl
(V = 16.25 Å3/at.) phases are almost identical.

When applying the Bain’s transformation path to the or-
dered γ -TiAl phase which is a slightly tetragonally deformed
fcc structure, the lattice parameters afcc in Eqs. (1) and (2) are
replaced by aγ and cγ , respectively. The Bain’s transforma-
tion path is schematically shown in Fig. 1(a) for the ordered
structures βo ↔ γ and the two chemical species Ti and Al
are shown as spheres with different colors (blue and orange,

103604-2



AB INITIO STUDY OF CHEMICAL DISORDER … PHYSICAL REVIEW MATERIALS 4, 103604 (2020)

respectively). In the case of transformations between binary
disordered structures, β ↔ γdis, all lattice sites are equivalent,
occupied randomly by Ti and Al atoms with the same proba-
bility (all atoms in the figure would have the same color).

The trigonal path is another type of a bcc-to-fcc transfor-
mation (see, e.g., Refs. [16–28,30,31]). As shown in Fig. 1(b),
it is defined by an extension along the [111] direction of the
bcc structure. The ordered cubic-symmetry structures forming
an equimolar binary compound are B2 (CsCl prototype), B1

(NaCl prototype), and L11 (CuPt prototype). They can be con-
veniently described by a suitable transformation coordinate
� with values � = 0 for the bcc (B2 in the case of ordered
binary compound) phase, � = 1

3 for the simple cubic (sc)
(B1) phase and � = 1 for the fcc (L11) phase. The lattice
vectors’ matrix defining the unit cell is given as a function
of the transformation coordinate �, following the graphical
representation in Fig. 1(b) by also considering the possible
specific volume change along the transformation path, as

M(�) =

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

a(�)

(1 ε 0
0 1 ε

ε 0 1

)
, ε = 3� , if 0 � � � 1

3 ,

a(�)

( 1 1 − ε ε

ε 1 1 − ε

1 − ε ε 1

)
, ε = 3

4

(
� − 1

3

)
, if 1

3 � � � 1 .

(3)

The unit cell volume V = det M is linearly interpolated
between the high-symmetry structures along the trigonal
transformation path as

V (�) =
{

(1 − 3�)Vbcc + 3� · Vsc , if 0 � � � 1
3 ,

3� · Vsc + 3�−1
2 Vfcc , if 1

3 � � � 1 ,
(4)

where Vbcc, Vsc, and Vfcc are equilibrium volumes of bcc (B2),
sc (B1), and fcc (L11) structures per two atoms, respectively.

We note that our definitions of the trigonal transformation
path allow for volume changes between the βo and L11, and
β and γdis phases, respectively. In contrast to our description,
previous literature focusing on trigonal path with constant vol-
ume used c/a as a transformation coordinate [17,18]. There,
c is the length of the [111] vector in a nonorthogonal coor-
dination system defined by rows of the matrix M in Eq. (3),
whereas a = |[112̄]|/√2. Knowing additionally the relation
between V = det M and � [in the present case given by
Eq. (4)], one can directly relate c/a to �. This is shown in
Fig. 2.

B. Computational details

We performed calculations based on density functional
theory (DFT) as implemented in the Vienna Ab initio Simu-
lation Package (VASP) [32] using Projector Augmented-Wave
method (PAW) potentials [33,34]. The exchange and correla-
tion potential was described at the generalized gradient ap-
proximation (GGA) level using the Perdew-Burke-Ernzerhof
(GGA-PBE) parametrization [35]. The valence configurations
of used (pseudo)potentials of Ti, Al, and Mo were [Ar]3d24s2,
[Ne]3p1, and [Kr]4d55s1, respectively. A convergence thresh-
old of 10−6 eV was used for the total energy of the electronic
self-consistency, whereas structural relaxations were stopped
for the total energy changes smaller than 10−4 eV. The wave
functions were expanded in plane waves up to a kinetic energy
cutoff of 500 eV. The spacing of k-points used for sampling
the irreducible part of the first Brillouin zone was ≈0.1 Å−1.
This translates to 19 × 19 × 19 k-point mesh for the recip-
rocal lattice corresponding to the conventional cubic cell of
the ordered βo-TiAl. The calculations were converged with

respect to the number of k-points and plane wave cutoff en-
ergy to reach the total energy accuracy of 1 meV/at. or better.

When computing properties of disordered states (with and
without Mo atoms), two types of supercells were used. One
type contained 54 atoms as a 3 × 3 × 3 multiple of the 2-atom
bcc/bct conventional cell of the ordered βo-TiAl. The second
type contained 32 atoms as a 2 × 2 × 2 multiple of a 4-atom
conventional fcc/γ -TiAl cell. The atomic distributions inside
the supercells were generated following the special quasi-
random structures (SQSs) concept [36] with optimized pair
correlation functions up to the seventh coordination shell [37]
using an in-house software tool [38].

The energy changes are discussed in terms of formation
energy Ef defined as

Ef = E0(TimAlnMol ) − 1

m + n + l
[mE0(hcp-Ti)

+ nE0(fcc-Al) + lE0(bcc-Mo)] , (5)

B2
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FIG. 2. Dependence of c/a = √
2|[111]|/|[112̄]| on the trans-

formation coordinate � for the trigonal transformation defined by
Eqs. (3) and (4). |[·]| means length of a vector [·] in a nonorthogonal
coordination system which is defined by the rows of matrix M in
Eq. (3).
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where E0(TimAlnMol ) is the total energy (per atom) of a su-
percell with m, n, and l atoms of Ti, Al, and Mo, respectively,
representing the studied phases. E0(hcp-Ti), E0(fcc-Al), and
E0(bcc-Mo) are the total energies (per atom) of Ti, Al, and
Mo elements in their standard (reference) states, respectively.

The effect of temperature on the formation energies is
included in the framework of the Debye model as formulated
in the recent publications [39,40]. This provides a formula
for approximating the vibrational free energy as a function
of temperature and material equilibrium volume and elastic
properties at 0 K. The elastic constants, namely bulk modulus
B and Poisson’s ratio ν, were obtained from the full tensor
of elastic constants calculated with the stress-strain method
[41], which were subsequently projected on an isotropic elas-
ticity [42]. The thus-obtained values of the bulk modulus
were cross-checked against those obtained from the Birch-
Murnaghan equation of state [43] for structural optimizations
with fixed cell shape.

The site or sublattice preference is crucial for constructing
reasonable models of the ordered phases containing Mo. Jiang
[44] reported weak (compositionally dependent) preference
for Mo in γ -TiAl. This means that Mo prefers to sit on Al (Ti)
sublattice in the case of Ti-rich (Al-rich) compositions (with
respect to stoichiometric γ -TiAl). On the contrary, Holec et al.
[45] concluded that Mo exhibits a strong Al sublattice prefer-
ence in the case of the βo phase, i.e., that Mo sits on the Al
sublattice for both, Ti-rich and Al-rich off-stoichiometries (in
the later case antisite defects would be generated together with
alloying Mo into βo-TiAl). More details on the terminology
and methodology of site preference in ordered systems can be
found in Refs. [44,45] and references therein. In this work,
we focus on Ti-rich ternary Ti0.5Al0.5−xMox compositions,
in agreement with experimentally investigated alloys [46,47],
and hence Mo occupies Al sublattice sites in the case of
ordered phases.

III. RESULTS

A. Ground-state properties

The structural instability of some of the studied phases
emerges already when searching for the minimum-energy
configurations. In particular, there is a significant dependency
of a computational model of the disordered β-TiAl phase on
constraints applied during its structural relaxation. When the
simulation box shape is fixed to a cubic one, the structural
relaxation results in large, seemingly disordered, local atomic
displacements, see Fig. 3(a), while a full structural relaxation
leads to significant change of the cell shape [see Fig. 3(b)].

For example, one local structural motif (lemon trapezium)
in the first case changes to a clear rectangle with a = 2.886 Å
and c = 4.061 Å upon a full relaxation. These values are no-
tably similar to the γ -TiAl lattice parameters expressed in a
tetragonal body-centered cell: a = 2.826 Å and c = 4.062 Å
[11]. On the other hand, the blue area in Fig. 3(a) resembling
a sheared square (a = 3.167 Å, c = 3.417 Å), changes to a
general nonrectangular shape in Fig. 3(b). Consequently, also
the disordered structures spontaneously transform similar to
βo → γ , however, the transformation β → γdis is to be ex-
pected to take place only locally.
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FIG. 3. Schematic visualization of the minimum-energy configu-
ration of the disordered β-TiAl phase when (a) preserving the overall
cubic cell shape and (b) when fully relaxing the supercell. The blue
and green motifs result in significantly different shapes depending
on the relaxation mode. (c) Histogram of bond angles of the fully
relaxed structure.
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FIG. 4. The computed changes of the formation energy along the Bain’s tetragonal transformation path in the case of ordered phases
βo → γ as well as disordered ones β → γdis. The inset magnifies the energy changes associated with the transformation of disordered phases
with the red and blue curves corresponding to bcc-optimized and fcc-optimized SQSs, respectively (see them visualized along the vertical
axes). The green curve in the middle between the red and blue curves represents the average of the energies along the β ↔ γdis transformation.
The black curve indicates the formation energy changes related to the βo ↔ γ transformation of the ordered phases.

The structural relaxations in the disordered β-TiAl struc-
ture, can also be visualized as a histogram of bond angles
[Fig. 3(c)] corresponding to the fully relaxed structure from
Fig. 3(b). When compared to the structural fingerprints of
ideal ordered βo-TiAl phase (black) and ordered γ -TiAl
structure (red), a significant overlap with the γ structure is
apparent. However, some bond angles around 110o still resem-
ble the initial (unrelaxed) disordered β (ordered βo) structure,
while others around 145o do not agree with either of the two
fingerprints. This only further highlights the complexity and
richness of the structural relaxations demonstrating the struc-
tural instability of the bcc-based TiAl (see also our previous
results in Ref. [15]). In what follows, we used models with
desired (fixed) cell shape and fully relaxed internal degrees of
freedom (atomic positions).

B. Tetragonal Bain’s path for the stoichiometric TiAl phases

After determining and analyzing the ground-state struc-
tures, we proceed with the investigation of configurations
along the Bain’s tetragonal deformation path βo ↔ γ (Fig. 4).
The lattice parameters were set according to Eqs. (1) and (2).
The atomic positions remain fixed by the crystal symmetry
of the ordered βo and γ TiAl phases. The energy extrema
correspond to � = 0 (βo-TiAl, maximum) and � = 1 (γ -
TiAl, minimum). The second of these is consistent with the
fact that the γ phase is the ground state for stoichiometric
Ti0.5Al0.5. Both of the above-mentioned extrema can be under-
stood in terms of so-called symmetry-dictated extrema. Note
that while our transformations are not volume-conserving, the
energies change by less than 0.1 meV/at. when the volume
is kept constant, well below the accuracy of our calculations,
and the arguments of Craievich et al. [25] can be applied in
our case as well. Namely, those authors showed that some
energy extrema on energy profiles along the constant-volume
transformation paths are dictated by the symmetry. Most of
the structures along a transformation path between two higher-
symmetry structures, here between B2 and L10 at the Bain’s

path, have a symmetry that is lower than cubic. At those
points of the transformation path where the symmetry of the
structure is higher, the derivative of the total energy with
respect to the parameter describing the path must be zero.
These are the so-called symmetry-dictated extrema. However,
other extrema may occur that are not dictated by the symme-
try and reflect properties of the specific material. For more
details on different types of extrema we refer the reader to
Refs. [16–19,22,24,25,29].

The βo → γ Bain’s path between ordered phases exhibits
no transformation barrier (i.e., it is a barrierless or sponta-
neous transformation) and a net gain in energy is equal to

�E (βo → γ ) = E (βo) − E (γ ) = 140 meV/at.

This value is in good agreement with previous studies, for
instance, Paidar et al. [17] reported the energy difference
along the Bain’s path for the βo → γ case of ordered phases
equal to about 140 meV/at. while Šob et al. [18] obtained
about 150 meV/at.

Next we investigated the same transformation also for
the disordered variants of the ordered βo and γ phases, i.e.,
β ↔ γdis. In particular, the blue curve (bottom of the shaded
area) in Fig. 4 corresponds to a bcc-optimized SQS structure
(β-SQS), which is transformed to γdis-TiAl (fcc). This means
that the short-range order parameters were optimized for the
bcc lattice (e.g., the first coordination shell contains eight
nearest neighbors) and obviously the Warren-Cowley SRO
parameters may no longer be optimal after the transformation
to the fcc γdis-TiAl phase with 12 nearest neighbors. Taking
the fcc structure instead and optimizing its SRO parame-
ters we obtained another supercell (this time with 32 atoms,
i.e., 2 × 2 × 2 conventional 4-atomic fcc cell). This supercell
(γdis-SQS) for γdis-TiAl is tetragonally transformed into the
β-TiAl yielding the data on the red curve. Therefore, while
both blue and red curves are describing the same process, the
difference between them may be interpreted as the SQS accu-
racy limit of our calculations (given also the chosen supercell
size). Consequently, a simple average (green curve) of these
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curves is used as a representative for the β ↔ γdis transfor-
mation path of disordered phases with the color-shaded area
being an estimate of the accuracy (Fig. 4). The inset clearly
shows that small barriers between the two phases occurs for
both SQS types, although the actual energy barrier(s) and
energy landscapes slightly differ. In summary, our calcula-
tions confirm the spontaneous character of the diffusionless
transformation βo → γ of the ordered phases driven by a
mechanical instability (long-wavelength phonons) in the βo-
TiAl phase. This driving force is significantly reduced (the
red curve Fig. 4), or even completely reversed (the blue curve
in Fig. 4) in the case of the disordered β-TiAl phase and
its hypothetical, chemically disordered counterpart γdis-TiAl.
Moreover, a (small) energy barrier exists in the disordered
case preventing the transformation to proceed spontaneously.
Therefore, these results confirm our previous findings that
the chemical disorder relatively stabilizes the bcc-based
β-TiAl [15].

C. Trigonal transformation in the stoichiometric TiAl

In this section we explore another structural transformation
connecting the bcc-like βo and β on the one hand and the
fcc-like states γ and γdis on the other hand via the trigonal
transformation path described in detail in Sec. II A. The trans-
formation barriers are shown in Fig. 5.

The B2 lattice parameter (aB2 = 3.187 Å) changes to
aB1 = 2asc = 5.292 Å and further to aL11 = 2afcc = 8.132 Å.
These changes correspond to specific volumes of VB2 =
16.19 Å3/at., VB1 = 18.52 Å3/at. and VL11 = 16.81 Å3/at.,
respectively. For a trigonal path with the specific volume in-
terpolated between the high-symmetry structures, a barrier of
503 meV/at. (see purple curve with star symbols) is obtained.
This value is smaller than the previously reported values of
520 meV/at. [17] and 540 meV/at. [18]. This stems from
the fact that the past reports assumed constant volume along
the transformation path. To test this hypothesis, we calculated
the energies along the trigonal path with keeping the volume
constant (and fixed to VB2 [see the orange curve in Fig. 5(a)],
yielding a barrier of 596 meV/at.). Importantly, the maxi-
mum along the trigonal path is obtained in either case for the
B1 structure, while the B2 (βo) and L11 structures represent
local minima.

The final L11 structure represents a metastable phase. Its
energy is higher than that of the βo structure by 76 meV/at.
and by 217 meV/at. higher than the γ -TiAl (L10 structure),
the ground state of TiAl. Similar values of 61 meV/at. and
71 meV/at. were reported for E (L11 − B2) by the authors or
Refs. [17,18], respectively, while the same authors obtained
of 215 meV/at. and 212 meV/at. for E (L11 − L10). The B1
structure represents a local maximum/saddle point and the
energy can be further decreased towards the L11 structure for
increasing the trigonal distortion. Although this state is (at
least thermodynamically) stable, it is not the here investigated
γ -TiAl phase and hence will not be further discussed.
Moreover, the barriers are significant and the trigonal
transformation is energetically less convenient than the
spontaneously proceeding tetragonal path. Consequently, the
trigonal transformation path cannot connect the ordered βo-
TiAl and γ -TiAl phases (which has the L10 lattice), although
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FIG. 5. The formation energy along the tetragonal (Bain’s) and
the trigonal transformation paths for (a) ordered βo → γ /L11 and
(b) disordered β → γdis TiAl.

it offers a possible structural transformation path connecting
the bcc and fcc disordered states investigated below.

The situation is rather different in the case of disordered
states due to the lack of a higher symmetry [Fig. 5(b)]. The
intermediate state corresponding to a simple cubic structure
turned out very difficult to structurally optimize, and therefore
we focused on linearly interpolating specific volumes between
the values corresponding to the bcc β-TiAl (abcc = 3.207 Å,
Vbcc = 16.49 Å3/at.) and fcc γdis-TiAl (afcc = 4.05 Å, Vfcc =
16.61 Å3/at.) phases. The structural complexity manifest it-
self by the rather scattered data for different � along the
trigonal path. Therefore, the energies are represented by a
shaded region with upper and lower envelopes for the reader’s
convenience [Fig. 5(b)] . Although the trigonal barrier is an
order of magnitude lower than that for the ordered phases, it
is still significantly higher than for the tetragonal Bain’s path:
≈60–90 meV/at. for the trigonal deformation as compared
to ≈10 meV/at. for the tetragonal Bain’s path. Therefore,
the trigonal transformation is also in the case of disordered
phases rather unlikely to be the actual transformation mech-
anism as the tetragonal path exhibits significantly smaller (to
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FIG. 6. The calculated formation energy of the ordered βo and
γ as well as the disordered β and γdis-TiAl as a function of the Mo
content. The dashed black arrows show spontaneous transformation
as obtained during the structural relaxation at 0 K.

negligible) barriers. We can thus conclude that the (sponta-
neous) structural transformation between both ordered βo →
γ and disordered states β → γdis is more likely to pro-
ceed via the tetragonal Bain’s path instead of the trigonal
transformation.

D. Impact of Mo on the βo ↔ γ and β ↔ γdis

transformations in TiAl

As has been mentioned in the Introduction, the pure βo-
TiAl phase does not exist — it exhibits mechanical and
dynamical instability leading to a spontaneous barrierless
transformation of the βo phase into the stable γ -TiAl [15].
Since Mo can be added to TiAl in order to stabilize the
βo/β phases [11], we next study the impact of Mo on the
transformation energy landscape of both ordered βo ↔ γ and
disordered β ↔ γdis states.

The computed energies of formation are shown in Fig. 6.
Focusing now on the ordered phases, for a low Mo content,
the γ phase is more stable than the βo variant (correspond-
ing to the driving force for the spontaneous transformation
at xMo = 0), but with increasing Mo content the energy dif-
ference between these two phases decreases and finally at
≈8 at.% Mo the βo-TiAl + Mo phase becomes more sta-
ble than the γ -TiAl + Mo variant. The intersection point
of the energy of βo and γ phases denotes the ranges of
stability of the single phases, which can co-exist with iden-
tical composition exactly at Mo content corresponding to
this cross-over.

In contrast to the ordered phases discussed above, the
disordered phases exhibit a preference for the bcc structure
over the fcc one for all considered Mo compositions (Fig. 6).
Although the β phase is slightly preferred over the γ phase,
the reader should recall the energy differences presented in
Fig. 4 for different cells (different sizes, different relaxations).
The energy difference between β and γdis remains similar to
that between different SQSs and supercell sizes (Fig. 4). In
fact, local structural motifs resembling a hexagonal structure
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FIG. 7. Formation energies of βo/β and γ /γdis phases as func-
tion of Mo content (Ti0.5Al0.5−xMox) at 1000 K calculated with the
Debye model.

can be detected after the full relaxation which could indicate
a relaxation-induced transformation towards a hexagonal α-
based phase. A martensitic transformation of the β-TiAl to
a hexagonal phase has been recently experimentally reported
[47,48] and hence such relaxation may possibly be related to
this diffusionless transformation.

Employing the Debye model, we calculated vibrational
contribution to the free energy of all four intermetallic phases,
as well as of elemental Al, Ti, and Mo metals, and used
these values to calculate formation energy at finite temper-
ature. The total energy of the binary/ternary systems [the
first term on the right-hand side of Eq. (5)] was further cor-
rected for the configurational entropy on the Al sublattice
(ordered systems) or in the whole simulation cell (disordered
systems). Figure 7 shows the resulting E f as functions of Mo
content corresponding to 1000 K. The most important effect
of the temperature is the stabilization of the βo/β phases
with respect to the γ phase. We note that the pure βo-TiAl
phase is mechanically unstable, and hence the Debye model
(requiring knowledge of elastic constants) is not applicable.
It is also worth mentioning that γ /γdis and βo/β phases be-
come energetically very close. This indicates that the systems
are approaching the order/disorder transition at temperatures
somewhat higher than 1000 K. The Debye model as used
here is quite a crude approximation (it considers elastically
isotropic material, further no explicit treatment of phonons,
no anharmonicity, etc. is included), and thus the present
results should be regarded only as demonstrating temperature-
related trends rather than accurately predicting ordering
temperatures.

Figure 8(a) shows the transformation energy landscape
along the tetragonal path as a function of the Mo content for
the ordered phases. While the γ structure is clearly preferred
for the considered Mo content of 0 and 3.7 at.% with no
energy barrier between the βo and the γ phase, the situation
is completely opposite for the 9.3 at.% Mo when the βo-phase
is energetically preferred over the γ phase without any trans-
formation barrier. An interesting case occurs for 7.4 at.% Mo
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FIG. 8. The computed energy profile along the tetragonal
(Bain’s) path for ordered Ti0.5Al0.5−xMox phase connecting (a) the
ordered B2-βo-TiAl + Mo (� = 0) and L10-γ -TiAl + Mo (� = 1)
structures and (b) disordered bcc-β-TiAl + Mo (� = 0) and fcc-γdis-
TiAl + Mo (� = 1) structures. The energies are shown relative to the
energy of the βo/β phase with a respective Mo content.

when the γ phase exhibits more negative E f than the βo phase
(by ≈18 meV/at.) but, importantly, the Bain’s path shows a
small energy barrier (of about ≈1 meV/at.). Despite its very
small height, the barrier opens the possibility of stabilizing
both phases, i.e., the βo phase would become metastable in
this particular case.

Figure 8(b) shows energy changes along the β → γdis

Bain’s transformation path of several studied Ti0.5Al0.5−xMox

compositions. Unlike in the case of the ordered phases
[Fig. 8(a)], the disordered phases do not exhibits any clear
trend as a function of Mo content. In agreement with for-
mation energies (Fig. 6), the γdis phases have higher energy
than the β phases. Also, in contrast to the ordered phases,
β → γdis always exhibit barriers (although in many cases very
small) separating the β and γdis phases. Consequently, the
chemical disorder effectively prevents any spontaneous phase
transformations as predicted for the case of ordered βo and γ

phases.

IV. DISCUSSION

A. Structural peculiarities of the TiAl(+Mo) system

Our results summarized in the previous section clearly
show that the TiAl(+Mo) system exhibits a number of rather
unusual properties. For example, when inspecting the energet-
ics of both ordered and disordered TiAl phases transformed
along the Bain’s path (see Fig. 4), it is striking how small
energy changes are induced by this structural transformation
in the disordered β → γdis case.

An inset at the right-hand side of Fig. 4 visualizes energy
barriers of a few meV/atom that could be easily overcome.
Consequently, the disordered β-TiAl is expected to be quite
deformable even in an elastic manner. Despite the disordered
β-TiAl is experimentally not observed, the above-mentioned
deformability can be expected for other phases and/or compo-
sitions. For example, the composition of the ordered βo-TiAl
stabilized by 9.3 at.% Mo is close to those found in exper-
imental samples and the energy barriers along a major part
of the Bain’s tetragonal path are also only a few meV/atom
[see Fig. 8(a)]. Therefore, it is worthwhile to analyze the
structural behavior of different phases at an atomic scale along
the studied tetragonal path in detail.

Starting with the above-mentioned disordered β-TiAl
phase and the very small energy changes induced in it by the
tetragonal transformation, there are a few facts that should be
mentioned.

First, the volume-conserving Bain’s transformation is
characterized by only very small changes in the first nearest-
neighbor distances. Therefore, the 1NN bonds are re-oriented
in space rather then significantly shortened. The reorientation
process is energetically less costly presumably due to the
dominant metallic nature of the bonds.

Second, both Ti and Al were reported to exhibit rather
small energy differences between the bcc and fcc structures
along the Bain’s path (about 100 meV/at. and 40 meV/at.
for Ti and Al, respectively, see, e.g., Craievich et al. [49]).
These energy differences are smaller than E (βo − γ ) =
140 meV/at. for TiAl. Moreover, none of these two ele-
ments is stable in the bcc structure in their ground state and
they both spontaneously transform from the bcc structure
(symmetry-dictated energy maximum) to the fcc structure
(symmetry-dictated energy minimum) in a barrierless manner.

As much as these two reasons may intuitively justify the
βo → γ behavior, they cannot completely explain the com-
puted results along the whole tetragonal path as the same
arguments hold equally well for the disordered β-TiAl, which
has the same composition and its energy changes along the
tetragonal Bain’s transformation path are an order of magni-
tude smaller (about 10 meV/at.).

The major difference between the disordered β-TiAl and
its ordered counterpart is related to its internal atomic con-
figuration and it is not only the fact that β-TiAl has the
atoms distributed in a disordered manner. As already dis-
cussed above [and shown in Fig. 3(a)], the β-TiAl is internally
significantly distorted and the atoms exhibit a tendency to lo-
cally resemble the structure of γ -TiAl. We found that the same
significant internal distortions exist in structures encountered
along a major part of the Bain’s path (Fig. 9), in particular for
structures from � = 0 up to � = 0.6. We note that similar
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FIG. 9. Visualization of relaxed internal atomic positions in 54-
atom SQS supercell as obtained from minimization of the total
energy with respect to the atomic coordinates for selected states
along the Bain’s path.

behavior is obtained also for the low-Mo containing
TiAl + Mo systems.

To analyze distortions of the internal atomic structures
quantitatively, we studied radial distribution functions in the
structures encountered along the tetragonal transformation

path (Fig. 10). Using a comparison to the ordered βo-TiAl,
the differences in the atomic distributions are clearly visible.
In particular, the second coordination (2NN) sphere with six
atoms in the ordered βo-TiAl (at � = 0) splits upon trans-
formation, and four of its atoms continuously move along
the path towards the first coordination (1NN) shell in the
γ phase (� = 1), thereby increasing the number in the first
coordination cell to 12 (not considering the small tetragonality
of the γ -TiAl), see Fig. 10(a). The other two atoms move
further away to join some of the atoms from the third nearest
neighbor (3NN) shell (at � = 0) to form the 2NN shell in the
γ phase (� = 1). In contrast to these well-defined coordina-
tion shells in the case of the ordered βo-TiAl, there is hardly
any 2NN shell visible in the radial distribution functions of
the disordered β-TiAl [Fig. 10(b) and the magnification in
Fig. 10(c)]. The peak corresponding to the 1NN shell is signif-
icantly broadened covering the distances from 2.8 Å to 3.2 Å.
It effectively means that the environment indeed resembles
that in the γ phase already for � = 0.

Therefore, it should be emphasized that the small energy
changes in the disordered TiAl along the Bain’s path are
not those associated with a process when a crystal structure
changes from one with strictly eight atoms in the first nearest
neighbor (1NN) shell to another with 12 atoms in the 1NN
shell. It is rather so that the Ti and Al atoms locally rearrange
(whenever possible) so as to have an fcc-like environment
even in configurations that have the shape of the simulation
box corresponding to small � values.

To further analyze the importance of the above-mentioned
internal distortions we also computed a situation when the β-
TiAl phase is chemically disordered but the atoms are located
in perfect and undistorted lattice positions, e.g., bcc-like for
� = 0. Computationally, it means that the atomic positions
were not relaxed, i.e., the total energy was not minimized
with respect to the atomic positions. It turns out that the
mechanical and thermodynamic stability of such internally
undistorted structures is very (even qualitatively) different
from the internally distorted (relaxed) ones (Fig. 11). The
energy of unrelaxed structures is significantly higher than
that of their relaxed (internally distorted) counterparts (these
energies are same as in Fig. 4). In particular, the energies of
the unrelaxed structures with � = 0 are clearly higher than
those with � = 1. The energy dependence of configurations
close to the � = 0 is very flat and there is no energy barrier
along the transformation path. Consequently, the undistorted
structures with � = 0 have quite a different mechanical sta-
bility: it is much reduced (when compared with the internally
distorted configuration with � = 0), it is, in fact, on the verge
of instability as there is hardly any barrier for a transformation
to the (internally undistorted) γ structure with � = 1.

When discussing the unusual properties of the TiAl + Mo
system, it is worth mentioning the impact of Mo atoms on
the structures that are tetragonally transformed. Regarding
the internal atomic configuration of TiAl + Mo phases, the
presence of Mo atoms in both ordered and disordered TiAl
leads to distortions that are very similar to those in disordered
binary TiAl. Employing the analysis of the RDFs along the
tetragonal Bain’s path again, our results are summarized for
7.4 at.% of Mo in Fig. 12. Starting with the ordered TiAl +
Mo, the 1NN and 2NN shells merge for � = 0 into a single
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FIG. 10. Radial distribution functions for (a) the ordered βo-TiAl
and (b) the disordered β-TiAl phases, tetragonally transformed to the
γ /γdis phases. Part (c) is a magnified part of (b). The straight lines
schematically indicate shifts in selected nearest-neighbor shells of
atoms.
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FIG. 11. Comparison of energies along the β → γdis Bain’s
transformation path of disordered TiAl for β-optimized (blue) and γ -
optimized (red) SQSs with relaxed (full lines) and unrelaxed (dashed
lines) internal positions.

broad peak [cf. Fig. 10(a)]. We interpret this as a tendency to
merge the atoms from the 2NN with those in the 1NN to form
locally an environment that mimics the γ phase. This can be a
crucial fact as the Mo atoms stabilize the ordered TiAl phase
making it eventually stable even in the β structure.

As far as the disordered TiAl structures with Mo addi-
tions are concerned, we exemplify the trends in the case with
7.4 at.% Mo [see Figs. 12(b) and 12(c)]. The 2NN shell is
so broadened and partly merged with both the 1NN shell and
other shells that it is very difficult to resolve them [see the
magnification in Fig. 10(c)]. This behavior resembles that in
the disordered binary TiAl visualized in Figs. 10(b) and 10(c).
Here it is worth mentioning that the chemical disorder and
Mo additions are two mechanisms stabilizing the βo/β phases
of TiAl + Mo. It is interesting that their combination, i.e.,
Mo additions into the disordered β-TiAl does not enhance the
stabilization effect. On the contrary, the impact of Mo atoms
on the thermodynamic stability of disordered β-TiAl + Mo
is negative, i.e., Mo atoms energetically destabilize the dis-
ordered TiAl + Mo phase, as visible in the trends of the
formation energy in Fig. 6. This trend is reverted with tem-
perature (including configurational and vibrational entropy),
see Fig. 7. We therefore conclude that the stabilizing effect of
Mo is related to (i) replacing Ti-Al bonds with Ti-Mo (ordered
βo-TiAl + Mo) and (ii) significant contribution to vibrational
entropy at high temperatures.

B. Supercell size versus SQS

We now focus a bit closer on the SQS supercells and the
fact that the energy values shown in Fig. 4 for two different
SQS supercells exhibit a difference of about 20 meV/at. We
assign this apparent discrepancy to differences in the supercell
shapes and/or sizes leading to differently optimized short-
range order parameters during their generation. In particular,
the β-SQS is a 3 × 3 × 3 supercell based on a 2-atom bcc con-
ventional cubic cell, thus containing 54 atoms. Consequently,
the eighth coordination shell is the first one containing
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FIG. 12. Radial distribution functions for (a) the ordered βo and
(b) disordered β-TiAl + Mo phases with 7.4 at.% Mo additions. (c) is
a magnified part of the RDFs from the (b). The straight green lines
schematically indicate shifts in selected nearest-neighbor shells of
atoms.

periodic images of atoms (located in the neighboring pe-
riodically repeated supercells), making only the first seven
coordination shells available for an independent optimization
of the atomic disorder. On the contrary, the γdis-SQS is a
2 × 2 × 2 supercell based on the conventional 4-atom fcc
cell containing 32 atoms. Here, already the sixth coordination
shell contains periodic images of atoms. Therefore, in this
case, only atoms in the first five coordination shells can be
independently optimized. The short-range order of atoms in a
binary alloy can be conveniently described by Warren-Cowley
short-range order (SRO) parameters defined as

αi = 1 − NAB

NMixAxB
, (6)

where NAB is the number of A-B pairs at the ith coordination
shell in a supercell with N sites, Mi is the coordination of each
site on the ith shell, and xA and xB = 1 − xA are compositions
of atoms A and B, respectively.

It turns out that our two structural models with 54 and 32
atoms have the Warren-Cowley short-range order parameters
responding to the simulated tetragonal transformation very
differently (see Table I). In particular, while the 54-atom cell
has zero α1 and α3 parameters corresponding to the first and
third shells in the bcc structure, respectively, the absolute
values of the first three SRO parameters α1, α2, and α3 are
significantly nonzero for the Bain-transformed β-SQS to the
fcc structure (the overall α = 0.0228 for � = 1). Here we
note that the objective function combines individual SRO
parameters αi (specifically, their absolute values) with arbi-
trary weights, here with factors 1/i. These decreasing weights
1/i represent an intuitive expectation that the nearest inter-
actions are the most important. However, they do not reflect
any specific chemistry of the studied system. The identified
complexity related to the SQS description of strong long-
range interactions present in the Ti-Al intermetallic system,
in particular for the small cells, is in agreement with a previ-
ous study on the supercell-size effect on accuracy of elastic
constants in the Ti-Al systems [50]. It was shown that the
32-atomic supercell is to be expected to have an error of
around 1%, while increasing the size to 108 atoms, the error
drops to approximately half of that [50].

C. Spontaneous transformation as a function of the Mo content

Let us discuss in detail our results obtained for the for-
mation energies given in Fig. 6. In particular, it should be
noted that the points in Fig. 6 represent the calculated energies
based on different supercells with different sizes with the Mo
atoms distributed according to the SQS concept. The βo-based
SQS supercells contain 54 atoms while the γ -based SQS
supercells contain 32 atoms. As a consequence of different
sizes, the Mo consentrations in the 32-atom and 54-atom
supercells are slightly different (one Mo atom corresponds
to 1.85 at.% in the βo-based supercells and 3.12 at.% in the
γ -based supercell). Thus, for example, while the datapoint at
xMo = 3.12 at.% on the γ dataset in Fig. 6 corresponds to one
Mo atom in the γ -based supercell, the data point at xMo =
3.70 at.% is a fully structurally relaxed βo phase with two Mo
atoms in the supercell (i.e., spontaneously transformed β-SQS
once also cell shape optimization was allowed).
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TABLE I. The short-range order parameters of the 54-atom (β-SQS) and 32-atom (γdis-SQS) supercells used in our calculations. The
parameter � is the transformation coordinate with � = 0 corresponding to the bcc structure and � = 1 to the fcc structure. αi is the Warren-
Cowley short-range order parameter for the ith coordination shell and α is their weighted sum used as an objective function during the SQS
generation [38].

� α α1 α2 α3 α4 α5 α6 α7

β-SQS 0 0.0088 −0.0000 −0.0062 0.0000 −0.0185 0.0000 −0.0021 0.0053
1 0.0228 −0.0123 0.0062 −0.0123 0.0000 −0.0074 −0.0062 0.0053

γdis-SQS 0 0.0200 0.0000 0.0000 0.0000 0.0000 −0.1000
1 0.0208 0.0000 0.0000 0.0000 −0.0833 0.0000

These differences also mean that special attention must
be paid when comparing spontaneous transformations in
Fig. 6 (see the vertical black dashed arrows) with the tetrag-
onal Bain’s transformations in Fig. 8(a). The comparison
is straightforward for, e.g., a spontaneous transformation of
βo → γ shown in Fig. 6 for 3.7 at.% Mo, which is fully
in agreement with the transformation energetics depicted
in Fig. 8(a). A similar situation is in the case of 7.4 at.%
(4 Mo atoms in the βo phase supercell), although the en-
ergy difference, i.e., the transformation driving force, is much
smaller. Importantly, no βo → γ transformation occurs for
11.1 at.% (6 Mo atoms in the βo supercell). On the contrary,
the βo-TiAl + Mo datapoint with xMo = 9.4 at.% is actually a
spontaneously transformed γ phase (with three Mo atoms in
the γ supercell). In summary, since the structural relaxations
(at 0 K) are sufficient to induce phase transformations, the
Born-Oppenheimer energy landscape for the tetragonal βo ↔
γ structural connection is likely to contain negligible-to-no
energy barriers, in agreement with results from the previous
section [Fig. 8(a)]. Therefore, the γ and βo phase can co-exist
only when the local Mo content in each of them is different
(up to ≈7 at.% in the γ -TiAl the less Mo, the more stable),
otherwise in the case of βo-TiAl for yet higher Mo content.

D. Experimental evidence

To support the results of our calculations, let us now
compare them to available experimental data. During the
previous decades, phase equilibria and phase transforma-
tions in the ternary Ti–Al–Mo system have been investigated
by a number of different research groups and discussed,
e.g., in Refs. [12–14,51–57], to name a few. Yet only some
experimental studies have explicitly addressed the phase
transformations between β (or βo) and γ phases in Mo-
containing alloys [3,4,46,52,52]. Singh and Banerjee [52]
analyzed solidification structures of various Ti-(44-50)Al-(2-
6)Mo (at.%) alloys. A comparison of the measured chemical
compositions, which prevail in these microstructures close
to thermodynamic equilibrium, reveals large differences in
the local Mo content in the β/βo and γ phases. For exam-
ple, in the Ti-50Al-6Mo (at.%) alloy, the primary β phase
(present at room temperature as ordered βo) exhibits a Mo
content of 13.0 at.%, whereas only 3.2 at.% Mo are present
in the interdendritic γ phase. In Ti-50Al-2Mo (at.%), there
are 11.1 at.% Mo in βo and only 1.2 at.% Mo in γ , while
peritectic α (present at room temperature as ordered α2) fea-
tures in both microstructures as a third phase. These chemical
compositions, which were determined by means of electron

probe microanalysis, support our conclusion drawn in the
previous results section, namely that the co-existence of γ and
βo must be connected with differences in the local Mo content.
Furthermore, they confirm our prediction that the βo phase
is more stable than γ for Mo contents of 8 at.% and higher,
while for lower Mo contents a spontaneous transformation to
γ takes place.

At this point it is important to note that qualitative ar-
guments of this kind can only be deployed if experimental
conditions close to thermodynamic equilibrium apply, and the
experiments were conducted at sufficiently low temperatures.
In specimens that were quenched from high temperatures, also
Mo contents lower than ≈8 at.% can be observed in the βo

phase. For example, Singh and Banerjee [52] observed Mo
contents as low as 2.2 at.% and 2.9 at.% after quenching a Ti-
44Al-2Mo (at.%) alloy from 1673 K and 1573 K, respectively.
These microstructures are usually not stable and transform
upon heating as they approach thermodynamic equilibrium. In
a recent paper, Musi et al. [47] compared quenched specimens
of a Ti-44Al-3Mo (at.%) alloy to hot-isostatically pressed
conditions of the same material and found (by means of
electron dispersive spectroscopy in a transmission electron
microscope) that the chemical composition of the βo phase
increased from a Mo content of 4.1 at.% to 7.7 at.% during
annealing at 1473 K and slow cooling. In contrast to this,
the newly formed γ phase finally exhibited a Mo content of
1.5 at.%, which is again in good qualitative agreement with
our predictions.

Recently, the partitioning of Mo between the phases βo

and γ has also been studied experimentally in the course
of an in situ heating experiment at a synchrotron radiation
source [46]. For this experiment, a Ti-44Al-7Mo (at.%) alloy
was selected. According to the equilibrium phase diagram
[55,58], βo and γ are the only stable phases in this alloy
below roughly 1473 K. Consequently, no other phases have
to be considered during the observation of the β → βo + γ

phase transformation, which occurs when the quenched and,
thus, supersaturated single-phase βo microstructure decom-
poses upon heating. Starting from the solid solution, in which
β exhibits the nominal chemical composition of the alloy, γ

particles of a reduced Mo content nucleate and grow. After
heating to 953 K at a rate of 10 K/min, the γ precipitates
were found to have a Mo content of 3.9 at.%. As only 8 to
10% of the matrix had transformed to γ at this point, atom
probe tomography indicated that the Mo content of the βo

matrix had increased only marginally. Long-term annealing
of this material at 1273 K, though, has been shown to finally
yield Mo contents of 16.3 at.% in the βo and 2.0 at.% in the
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γ phase [4]. This behavior is again very much in agreement
with our calculations. As can be deduced from Fig. 6, the
overall energy of the system is minimized by the observed
phase separation, during which almost pure γ phase and βo at
a significantly higher Mo content are obtained. Furthermore,
in accordance with our results, this transformation was found
to take place without the formation of any metastable phase of
different crystallographic structure.

Based on our calculations, we can even go one step further.
The convex shape of the curve related to the βo phase in
Fig. 6 may be taken as an argument supporting the suggestions
proposed in Ref. [46], namely that in the investigated Mo
range, the βo phase does not display any tendency towards
spinodal decomposition, but that the phase separation is gov-
erned rather by a nucleation and growth process. This research
question was raised, as the conditions pertaining to classic
nucleation, e.g., that the γ nuclei already show their final
chemical composition, were found to be not ideally fulfilled
due to the complexity of the proposed heat treatments. In this
regard, our ab initio calculations successfully address a critical
issue, which is, in this material system, not easily accessible
by means of experimental techniques.

V. CONCLUSION

In this paper we used ab initio calculations to study the
energetic landscape of structural connections between the bcc-
based ordered βo and disordered β phases, on one hand, and
fcc-based ordered γ and disordered γdisTiAl + Mo phases on
the other hand. In the case of the stoichiometric TiAl system,
the ordered phase is predicted to transform spontaneously
from the bcc βo to the tetragonally distorted fcc γ phase.
Unlike that, the disorder stabilises the bcc-β phase and raises
a small barrier between the bcc and the fcc phases. In addition
to the tetragonal deformation path (Bain’s path), the trigonal
deformation path is also investigated. This path, however,
transforms the ordered TiAl into a different structural type and

exhibits a large energy barrier of ≈500 meV/at. in the ordered
case, effectively ruling such structural connection out. A small
barrier is predicted also for the transformation between disor-
dered states. The impact of Mo, a known stabilizer of the βo/β

phase, was finally considered as well. It turns out that the bcc
phase becomes energetically preferred over the γ phase for
Mo content of ≈7.4 at.% and higher. Around this critical Mo
content, a small energy barrier of ≈1 meV/at. is predicted.
For all other compositions, the spontaneous (barrierless) na-
ture of the Bain’s path connecting the βo and γ phases is
predicted to prevail. Unlike that, the Bain’s path connecting
the disordered bcc β and fcc γdis phases exhibits a barrier for
all Mo concentrations considered here, effectively making it
possible for both phases to co-exist. Finally, the instability of
the β-TiAl(+Mo) phase was linked to individual atomic envi-
ronments, exhibiting a strong tendency to locally resemble the
tetragonally distorted structure of the γdis-TiAl(+Mo) phase.
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