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Alloys based on the orthorhombic Ti,AINb intermetallic phase (O-phase) are promising materials

for high-temperature applications in jet engines, given that they can potentially replace Ni-based
superalloys in some operating regions of the engines. However, the O-phase is prone to lattice
disordering at high temperatures, primarily via anti-site defect formation across the Ti and Nb sites,
which can reduce the material’s creep resistance and high-temperature tensile properties, necessitating
the need to identify strategies to mitigate the disorder. Here, we focus on identifying suitable alloying
additions to suppress the disordering of the O-phase using density functional theory and nudged
elastic band calculations. Specifically, we consider six different alloying additions, namely, V, Cr, Fe,

Mo, Ta, and W, and examine their role in the thermodynamics of anti-site formation and the kinetics

of atomic diffusion. Upon verifying the ground state structure and formation energy of Ti2AINb, we
observe the proclivity of all alloying elements (except V) to occupy the Nb site in the O-phase structure.
Subsequently, we find that none of the alloying additions can effectively suppress anti-site formation in
Ti,AINb, highlighting the unfavorable thermodynamics. However, we find that Mo and W additions to
Ti,AINb can kinetically suppress the disorder by reducing the diffusivities of Ti and Nb, by ~ 4x and 8x
compared to the pristine O-phase, respectively, at an operating temperature of 823 K. Thus, Mo and W
additions represent a promising strategy to improve the creep resistance of Ti,AINb-based alloys.
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Introduction

Ti alloys are favored in aerospace applications as structural com-
ponents due to their exceptional specific strength and resist-
ance to oxidation and corrosion. In the compressor region of
commercial jet engines, temperatures can reach up to 700 °C.
Conventional Ti alloys can only withstand temperatures up to
550 °C, beyond which they undergo environmental embrittle-
ment caused by exposure to oxygen at elevated temperatures
[1], thus limiting their usability. Consequently, conventional Ti
alloys are utilized in the ‘front’ stages of jet engines where the
temperatures are lower, while Ni-based superalloys are employed
in stages where temperatures exceed 500 °C [2]. However, the
utilization of Ni-based superalloys adds considerable weight to
the components. Alternatively, alloys based on titanium alumi-
nides, specifically y-TiAl and Ti;Al intermetallic compounds,
exhibit enhanced resistance to creep and excellent oxidation
resistance, potentially making these phases useful in the back
stages of jet engines as well. However, such Ti-Al alloys have
been limited by their reduced ductility and formability at room
temperature. Thus, mitigating high-temperature creep while not
sacrificing the room temperature formability remains an ongo-
ing challenge in the development of Ti-Al alloys.

In attempts to improve the room-temperature ductility and
fracture toughness of the Ti;Al intermetallic, Nb has been iden-
tified as a useful addition, yielding the Ti,AIND intermetallic
phase. The ternary Ti,AINb phase is known as the O-phase,
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owing to its orthorhombic structure with Cmcm symmetry [3].
To describe the O-phase, a three sub-lattice model is used with
a, B, and y sub-lattices representing 8g (Ti, blue circles), 4c,
(Nb, green), and 4c, (Al, orange) sites, respectively, as shown
in Fig. 1(a). The O-phase is stable up to 1000 °C, and alloys
based on the O-phase show better room-temperature ductility
and fracture toughness than conventional titanium aluminides
with negligible loss in high-temperature properties [4].

The O-phase exhibits two distinct variants: O, (ordered) and
O, (disordered), which are characterized by identical space group
and lattice periodicity but differing site occupations across the
three sub-lattices [5]. In the ordered state [Fig. 1(a)], the 8g and
the 4c, sites are occupied by Ti and Nb atoms, respectively, while
in the disordered state [Fig. 1b], random occupancy of Ti and Nb
atoms is observed at both the 8g and 4c, sites (purple circles in
Fig. 1(b)). In both variants, the 4c, sites are fully occupied by Al
atoms [6, 25], with negligible tendency of early transition-metal
solute additions (such as Nb) to occupy the Al sub-lattice in oy
-Ti;Al, the parent structure of Ti,AIND [25]. Thus, the O, phase
is susceptible to disordering within the o (8g) and B (4c,) sub-
lattices, involving the exchange of Ti and Nb atoms, leading to
the formation of anti-site defects that can eventually result in the
O, phase [5-9]. Although some disordering is possible in the Al
sub-lattice, especially at high temperatures, we expect the level
of disordering to be significantly higher on the Ti and Nb sub-
lattices compared to the Al sub-lattice.
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Figure 1: Structures of the ordered (a) and disordered (b) orthorhombic Ti,AINb intermetallic (O-phase). In the ordered state, the green and blue
circles represent Ti and Nb atoms occupying the a (8g) and B (4c,) sub-lattices, respectively. In the disordered state, purple circles represent Ti and Nb
randomly occupying the a and f sub-lattices. In both phases, orange circles represent Al atoms occupying the y (4c,) sub-lattice.
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The formation of Tiy, and Nb; anti-sites plays a critical role
in facilitating disorder within the O-phase. The extent of disor-
der significantly influences atomic mobility and, consequently,
the creep resistance of the material. Note that creep is often ena-
bled by diffusion, which requires atomic migration (or mobil-
ity) at the atomic scale - higher the atomic migration, lower
the resistance to creep. Hence, a thorough understanding of the
ordering behavior of the O-phase, and the consequent impact
on the atomic mobility, is essential for assessing its properties as
utilized in high-temperature jet engine applications. Therefore,
developing thermodynamic and/or kinetic strategies that pro-
mote the ordered O-phase and enhance the creep resistance of
the O-phase-based alloys is important in ensuring the practical
use of Ti-based alloys.

In the present work, we explore the effect of various alloy-
ing elements on the ordering behavior of the O-phase and the
consequent effects on atomic migration using density func-
tional theory (DFT) and nudged elastic band (NEB) calcula-
tions. We correlate the energy associated with the Tiy, + Nb;
anti-site defect formation (thermodynamics) and migration
barrier of Ti/Nb (kinetics) in the presence of alloying elements
to the eventual tendency of the O-phase to form the ordered
structure. Note that the higher the values of anti-site forma-
tion energies and migration barriers, the higher the chances of
suppressing the disordering on the Ti and Nb sub-lattices. We
select the elements V, Cr, Fe, Mo, Ta, and W as alloying additions
based on available experimental reports on their influence on
the creep and tensile properties of O-phase alloys, their high
melting points, and their intrinsic body-centered cubic (BCC)
crystal structure [10-13]. Specifically, we calculate the defect
formation energy of Tiy, + Nby; anti-site pairs and the activation
barrier for Ti/Nb migration in the presence of the alloying ele-
ment. Notably, we observe that any alloying addition, when only
considering the thermodynamics of anti-site formation, do not
suppress the disorder on the Ti and Nb sub-lattices. However,
when considering the kinetics of atomic diffusion, we find that
Mo and W additions can suppress the disorder by reducing the
mobility of Ti (by ~ 4x than the pristine O-phase at an operat-
ing temperature of 823 K) and Nb (by ~ 8x), thereby potentially
improving the creep properties of O-phase-based alloys.

We calculated the formation energy of the anti-sites considered
using density functional theory (DFT [14, 15]), as implemented
in the Vienna ab initio simulation package (VASP [16, 17]), and
employing the projector-augmented-wave potentials [18]. We
used an energy cut-off of 520 eV on the plane-wave basis set
for all calculations and the I'-centered Monkhorst-Pack scheme
to sample the irreducible Brillouin zones with k-point meshes

having a density of at least 48 points per A (i.e., a minimum

©The Author(s) 2025

of 48 sub-divisions along a unit reciprocal lattice vector). We
relaxed the cell volume, cell shape, and atomic positions for all
bulk input structures until the atomic forces and total energies
converged below |0.01] eV/A and 107 eV, respectively. The elec-
tronic exchange—correlation interactions were treated with the
Perdew-Burke-Ernzerhof generalized gradient approximation
(GGA) [19] functional for all calculations. We did not preserve
symmetry during any of the calculations and initialized all metal
atoms to be in their high-spin ferromagnetic state.

The formation energy of any defect Ey (in eV) is given by
Eq. 1, where Egefer and Epyx are the total energies of a supercell
with and without defect, respectively. n; represents the number
of atoms of the i-species added (>0) or removed (<0) to form
the defect, with u; the corresponding chemical potential of the i
-species. The ji; considered in this work are referenced to GGA-
calculated energies of the pure elements in their correspond-
ing ground state structures at 0 K. For all defective structures,
we relaxed only the atomic positions while keeping the lattice

parameters of the relaxed bulk structure.

Ef = Edefect — Epuik — Z Mitt;. 1)

We performed the migration barrier calculations with the
DFT-based NEB [20, 21] method. Note that the activation bar-
rier for diffusion, Ey, is related to the diffusivity (D) via the
Arrhenius relation, i.e., D = Dyexp (— %), where D,, kg, and

T are the diffusivity pre-factor, Boltzmann constant, and tem-
perature, respectively. In a vacancy-mediated mechanism, Ej is
the sum of two terms, E, and E,,, which are the vacancy forma-
tion energy and the migration barrier, respectively, with NEB
calculations yielding E,,. We considered seven images between
the endpoints with a spring force constant of 5 eV/A” between
images. We used 2 x 1 x 2 supercells (64 atoms) of Ti,AINb in
our NEB and defect calculations to ensure a minimum of ~8 A
distance between periodic images, thus reducing fictitious
image-image interactions. We used a k-point density of 48
points per A for relaxing the endpoints and 32 points per A for
the actual NEB calculation. We modeled the migration of both

Ti and Nb atoms using a vacancy-mediated mechanism.

Ti,AINb structure

The initial Ti,AIND structure, as available in the inorganic
crystal structure database (ICSD [22]), is disordered (Fig. 1b).
Hence, we utilized the OrderDisorderedStructureTransfor-
mation class from the pymatgen [23] package to enumer-
ate the symmetrically distinct arrangements of Ti and Nb in
the Ti,AIND structure. Upon enumeration, we obtained five
symmetrically distinct orderings for the Ti,AINb structure,

where four configurations can be considered to be partially
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TABLE 1: Formation energies of symmetrically distinct Ti-Nb configura-
tions within the Ti,AINb structure obtained upon enumeration.

Formation Formation energy
energy (eV/ (literature) (eV/
Structure Ordering atom) atom)
Ti,AINb Partially disordered —-0.2669 -
—0.2669 -
—-0.2677 -
—-0.2696 -
Fully ordered —-0.2823 -0.2724

disordered (i.e., at least one Nb atom occupies the 8¢ site)
while the fifth configuration is fully ordered (i.e., all Nb atoms
occupying 4c, sites, Fig. 1a). Table 1 presents the formation
energies for all the different configurations, calculated with
respect to the elemental references of Ti, Nb, and Al. Impor-
tantly, we find that the fully ordered configuration exhibits the
lowest formation energy, indicating that it is the ground state
(or the most stable) configuration. Additionally, our calcu-
lated formation energy is comparable to the value reported in

the literature, further validating our calculations [6].

Anti-site defects

Defect: Nby; +Tiy,

The anti-site pair defect, Tiy, + Nby;, corresponds to the
exchange of Nb and Ti atoms in the a and P sub-lattices and
is emblematic of the disorder in the Ti,AIND structure. Given
that the formation energy of a defect within a given structure
reflects the energy penalty associated with the formation of
that defect, a negative (or low positive) formation energy indi-
cates a spontaneous formation of the corresponding defect in
the structure. We did not consider isolated anti-site defects
(such as Tiyy, or Nby;) in the Ti, AIND structure to realistically
represent configurational disorder occurring in the system
without additional stoichiometric variations. Moreover, we
expect anti-site pair defects (Tiy;, + Nb;) to be more stable
than isolated anti-sites (Tiy;, or Nby,) since the number of
valence electrons contributed by individual defective sites dd
up to the bulk Ti,AINb structure only in the case of the pair
defects. Figure 2 plots the Tiy, + Nby; defect formation energy
considering the presence of the alloy addition, Y (Y =YV, Cr,
Fe, Mo, Ta, and W), either in the Nb site (purple circle in
panel a) or in the Ti site (panel ¢). The black arrows represent
the exchange of the Ti and Nb atoms to form the Tiy;, + Nbp;
defect. Note that the formation energy for the Tiy, + Nby;
defect in pristine O-phase (i.e., without alloy addition)
is ~249 meV, as indicated by the dashed black lines in panels
b and d of Fig. 2.

©The Author(s) 2025

To obtain the influence of the alloy element addition on the
Tiyp + Nby; formation, we consider the exchange of Ti and Nb
atoms that are nearest neighbors to the site occupied by the alloy
element. Importantly, we do not find any of the alloying addi-
tions to increase the Nby; + Tiy, formation energy compared
to the pristine, with Fe (on Nb, Fig. 2b) and W (on Ti, Fig. 2d)
showing marginally higher formation energies. Moreover, sev-
eral alloying additions facilitate the formation of Nb; + Tiyy
defect compared to the pristine Ti,AIND structure, such as V,
Cr, Mo, Ta, and W, on the Nb site, and Cr and Fe on the Ti site.
Thus, we do not expect any of the alloying additions considered,
either in the Nb or Ti site, to thermodynamically suppress the
Nby; + Tiy, defect effectively in the Ti,AINb structure, signifying
their lack of thermodynamic role in the eventual order-disorder
transition of the O-phase and its creep resistance.

Defect: Tiy, + Yr; and Nby; + Yy,

Apart from reducing the formation of Tiy, + Nby; anti-site
defects, alloying additions should also preferably avoid promot-
ing disorder through site exchanges with nearest Ti or Nb atoms.
Configurations—such as Tig, + Y; or Nbp;+ Yy, in which a
substitutional alloying element Y occupying either a Nb or Ti
site exchanges with a neighboring Ti or Nb atom—can contrib-
ute to disorder in the O-phase, even if they do not formally
constitute a pair of intrinsic anti-site defects. In order to assess
the tendency of alloy atoms to form substitutional site exchange
with neighboring Ti/Nb sites, we evaluate the formation of a
Tiyp + Yy defect, corresponding to the exchange of Y on the
Nb site with a neighboring Ti (panels a and b in Fig. 3), and the
formation of a Nb; + Yy, defect, signifying the exchange of Y on
a Ti site with a neighboring Nb (panels ¢ and d). Dashed black
lines in Fig. 3 indicate the formation energy of the Nb; + Tiyy
defect in the pristine O-phase.

Our data (Fig. 3b) reveal that alloying elements such as
Mo and W exhibit higher defect formation energies, ~ 428
and ~ 393 meV, respectively, when forming Nb; + Yy, defect by
exchanging with a neighboring Ti, indicating that Mo and W are
less prone to site exchange compared Ti-Nb exchange in pris-
tine O-phase. Conversely, other alloying elements considered
including V, Cr, Fe, and Ta form substitutional site exchange
with a nearby Ti more readily than an Nb atom would in the
pristine O-phase, signifying their higher propensity toward driv-
ing defect formation and disordering. In the case of alloy addi-
tion on the Ti site (Fig. 3d), we observe all alloying elements to
more spontaneously exchange a neighboring Nb atom compared
to a Ti atom exchanging Nb in the pristine O-phase, indicating
a lack of thermodynamic suppression of anti-site defects by the
alloying additions. Note that negative defect formation energies
in Fig. 3d do not indicate thermodynamic instability of the bulk
structure, the negative values rather reflect the preference of the
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Figure2: Schematic of Nby;+Tiy, defect formation and the corresponding formation energy when the alloy element (purple circle) is in Nb (4c,) site
(panels a and b) and Ti (8g) site (panels b and d). Black arrows display the exchange of Ti and Nb atoms causing disorder in the O-phase. The dashed
black line in panels b and d indicates the Tiy, + Nby; defect formation energy in the pristine O-phase. Blue, green, and orange circles represent the Ti,

Nb, and Al atoms, respectively.

alloying atom to occupy a Nb site instead of a Ti site (see follow-

ing sub-section) in the O-phase.

Site preference of alloying elements

In order to determine the preference of alloy additions for occu-
pying either the Nb or the Ti site in the O-phase structure, we
calculate the substitutional defect formation energy (Ey) for the
elements considered (see Eq. 1). Ey represents the stability of the
alloy atom when it replaces a host atom within the structure,
with Egefer in Eq. 1 representing the Ti,AIND structure with an
alloying element placed in either a Ti or a Nb site. A lower Ef
value thus indicates a higher stability of the alloy addition in the
given site, with the calculated values plotted in Fig. 4 for alloying
elements placed in Nb (orange bars) and Ti (hashed green) sites.

©The Author(s) 2025

Importantly, we find that except for V, all other alloying
additions prefer the Nb site compared to the Ti site, as indicated
by the lower Ef values for Nb site occupation in Fig. 4, in agree-
ment with our observation of lower/negative formation energies
for the Nby; + Yy, defect (Fig. 3d). Note that the negative Ef
for Mo occupying Nb site indicates that any Mo uptake by the
O-phase will be a thermodynamically spontaneous process. So
far, our findings indicate limited (or no) effectiveness of alloying
additions thermodynamically reducing disorder in the O-phase,
by considering various defect formation energies. Nevertheless,
disorder can also be reduced kinetically, if there are significant
migration barriers associated with the anti-site defect formation,

which is the focus of the following sections.
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Figure3: Schematic and defect formation energy of Tiy, +Y; (panels a and b) and Nby;+ Yy, (panels c and d). The dashed black line in panels b and d
indicates the Tiy,, + Nby; defect formation energy in pristine O-phase. Notations used in the figure are similar to Fig. 2.
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Figure 4: Substitutional defect formation energies of alloy atoms
occupying the Nb (orange bars) or Ti (hashed green bars) site in the
O-phase.

©The Author(s) 2025

Migration barriers

Given that Tiy, or Nb; anti-sites are required for increasing
the disorder of the O-phase, a significant kinetic barrier for the
migration of Ti (Nb) to a neighboring Nb (Ti) site, especially in
the presence of a suitable Y atom, can reduce the extent of anti-
site formation and disorder in the O-phase. Thus, we calculate
the barriers for Ti migrating to a nearby vacant Nb site and vice-
versa, in the presence/absence of alloying elements in adjacent
sites. Note that we are assuming all migrations to occur via an
isolated vacancy, while more complex mechanisms involving
multiple vacancies are possible but are computationally expen-
sive to model.

Panels a and b of Fig. 5 illustrate the migration pathway
(band of cyan circles) and calculated migration barriers (E,,;, bar
charts) for Ti migration to the nearest vacant Nb site, while pan-
els c and d highlight the pathway and barriers for Nb migration
to the nearest vacant Ti site. The maroon circle in panels aand ¢
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Figure 5: Calculated migration pathway and barriers for Ti hopping to a nearest vacant Nb site (panels a and b) and Nb hopping to a nearest vacant Ti
site (panels c and d) in the O-phase. Maroon circles are alloy atoms and dashed black lines are calculated barriers in the pristine O-phase.

of Fig. 5 signify the alloy atom occupying a Nb site, since most
alloying additions considered in this work prefer the Nb site
(Fig. 4). Black arrows in Fig. 5 indicate the direction of Ti/Nb
migration. Dashed black lines in panels b and d of Fig. 5 indicate
the E,, for Ti hopping to the nearest vacant Nb site (~ 888 meV)
and for Nb hopping to the nearest Ti site (~ 780 meV), respec-
tively, in the pristine O-phase. Thus, alloying additions resulting
in E,, that are larger than the pristine O-phase can potentially
reduce disorder in the structure.

In comparison with the pristine O-phase, all alloying addi-
tions considered, except Ta, cause an increase in the migration
barrier for Ti hopping to the nearest vacant Nb site, indicating
that these alloying elements can potentially suppress disorder
in the O-phase kinetically. For example, addition of V, Cr, Fe,
W, and Mo cause an increase in E,,, by ~ 107, ~ 222, ~ 265, ~ 151,
and ~ 161 meV, respectively (Fig. 5b), compared to the pristine
O-phase, which can correspond to at least 2 orders of magnitude
lower Ti migration at room temperature (as per the Arrhenius
relation assuming constant E, ). On the other hand, we do not

©The Author(s) 2025

observe any kinetic suppression of Nb migration to an adjacent
vacant Ti site due to the presence of alloying elements, suggest-
ing that Nb atoms will form Nby; anti-site defects as long as
there are vacant Ti sites that are neighboring them. Indeed, V,
Cr, Ta, and W addition cause a drop in E,, by ~ 58, ~ 15, ~ 45,
and ~ 26 meV, respectively (Fig. 5d), compared to the pristine
O-phase, highlighting an enhancement of Nb hopping by at
most an order of magnitude at room temperature. Note that Fe
and Mo marginally suppress Nb migration by ~ 22 and ~ 17 meV,
respectively, compared to the pristine O-phase, thus making
them the only alloying additions considered that can potentially
hamper both Ti and Nb migration. With respect to V addition,
we placed the V atom on a Nb site although it prefers the Ti site
(Fig. 4). However, we expect a V placement on a Ti site to only
create marginal changes in the E,, calculated given the similarity
of both the substitutional defect formation energy of V in both
the Nb and Ti sites (Fig. 4).

To further understand the increase in E,;, associated with
alloying additions in the case of Ti hopping, we calculate the
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Figure 6: Binding energies of alloy atom and Nb/Ti vacancy (vac) pairs in the O-phase. Blue and hashed purple bars correspond to Nb and Ti vac. The

alloy atom is in the Nb site.

binding energies of the alloy atom that is present in the Nb site
with an adjacent Ti (hashed purple bars) or Nb (blue) vacancy
and plot them in Fig. 6. Note that binding energies represent
the energy difference between entities (e.g., alloy atom and Ti/
Nb vacancy) that occupy ‘adjacent’ sites in a solid lattice and
their isolated existence in the same lattice. Thus larger (i.e.,
more negative) binding energies typically indicate entities that
are strongly bound. Interestingly, all alloying additions exhibit
negative binding energies (i.e., are strongly bound, Fig. 6) with
an adjacent Nb vacancy, indicating the difficulty of Nb vacancy
to be displaced away from the alloy atom, which correlates with
the enhanced barriers associated with Ti atom hopping into a
vacant Nb site (thus displacing the Nb vacancy, Fig. 5b). On
the other hand, all alloying additions, except Fe, exhibit posi-
tive binding energies (i.e., weakly bound) with an adjacent Ti
vacancy, which also correlates with the reduced barriers associ-

ated with Nb atom hopping into a vacant Ti site (Fig. 5d). Thus,

©The Author(s) 2025

any kinetic suppression of disorder in the O-phase is likely asso-
ciated with vacancy trapping that reduces the extent of anti-site
defect formation by an added alloy element.

Overall activation barrier

Given that vacancy-based activation barriers for diffusion in sol-
ids is the sum of the E, and E,, terms, we estimate the E; in the
presence of various alloying elements occupying the Nb site and
plot them for Ti (panel a) and Nb (panel b) diffusion in Fig. 7.
Note that for Ti (Nb) diffusion, a Nb (Ti) vacancy is required.
Thus, Ej; for Ti (Nb) diffusion (green bars in Fig. 7) is the sum
of E, for Nb (Ti) vacancy formation (red bars) and the E,, for
Ti (Nb) migration (blue bars). Dashed horizontal lines in Fig. 7
indicate E, (red color), E, (blue), and E,; (green) in the pristine
O-phase for Ti (panel a) and Nb (panel b). E,, values plotted in
Fig. 7 are identical to Fig. 5. In the absence of alloying additions,

www.mrs.org/jmr

2025

Journal of Materials Research



Journal of
MATERIALS RESEARCH

(a)3.5

EJem CIE,m L g

30| [

N N
o o
T T
|
|

Energy (eV)
&

00 T T T T T T

\% Cr Fe Mo Ta w
Alloy addition

(b) [CJE ™M) CJE, (o) C_IE, |

- - - R --- - - - - _ - B - - - - Sl — — g - BE_ _ _ N SN __

N
3}
T

Energy (eV)
N
o
T

15
1.0 |
0.5 |-
0.0 T T T T T T
\% Cr Fe Mo Ta w
Alloy addition

Figure7: Vacancy formation energy (E,), migration barrier (Ep), and the overall activation energy for diffusion (E4) associated with Ti (panel a) and
Nb (panel b) diffusion with various alloying additions in O-phase. Blue-, red-, and green-dashed lines indicate Ep, Ey, and Eg, respectively, in pristine

O-phase. The alloy atom occupies a Nb site in all calculations.

we calculate the overall E; for Ti and Nb diffusion in the pristine
O-phase to be 3.09 and 3.42 eV, respectively, consistent with the
range of values (3.08-3.58 eV) reported in literature for alloys
based on the O-phase [10-13].

Additionally, the Monkman-Grant relation [24] relates the
steady-state creep rate (é in s7!) and the time to fracture (trins)
of a system to a constant (Cp) as €ty = Cgum, assuming a con-
stant strain to failure. Note that é roughly scales in an Arrhenius

manner, as é X exp (— ki—%), where E¢ is the activation energy

associated with creep. In systems dominated by diffusion creep,
Ec ~ E,4. In order to achieve a tenfold increase in fracture time,
€ needs to reduce by tenfold, which necessitates an increase in
E; (or Ec) by 173 meV at an operating temperature of 823 K.
Thus, alloying additions that can cause an effective increase in
E;by 173 meV (or similar) are desirable. Note that the Monk-
man-Grant relation is an approximation, since it assumes that
the underlying material is homogenous without the presence of
isolated defects, and we have used the relation primarily for pro-
viding qualitative estimates. Additionally, our calculations only
consider solute additions in the dilute limit since we wanted to
examine which solutes are potentially promising to reduce anti-
site formation via Ti or Nb migration. In practice, the concentra-
tion of solute(s) within Ti,AIND can play a significant role in
determining the Ej4, and the consequent impact on creep, since
the solute concentration can determine the likelihood of perco-
lating paths that are available for vacancy diffusion within the
structure and the ‘re-trapping’ of a vacancy by another solute
atom once it has migrated away from the neighborhood of a
different solute atom.

Our calculated data in Fig. 7 indicates that E, is the domi-
nant contributor to E; than E,,. For example, Fe exhibits

©The Author(s) 2025

significantly higher E,, for Ti hopping (Fig. 7a) but the overall
E,; for Ti is lower than the pristine O-phase since Nb vacancy
formation is easier near Fe resulting in a lower E,. While V
and Ta exhibit a similar trend to Fe for Ti hopping, Cr, Mo,
and W exhibit larger E; than the pristine O-phase. Notably,
both Mo and W addition increase E; by ~ 100 meV (specifi-
cally by 101 and 92 meV with Mo and W addition, respec-
tively) compared to the pristine O-phase signifying a &~ 4x
reduction in the diffusivity at 823 K. Also, Mo and W both
exhibit higher (lower) E,, (E,) than the pristine O-phase.
Thus, if Ti diffusivity is the key bottleneck determining é,
adding Mo and W will likely cause a &~ 4x reduction in the
observed €.

In the case of Nb diffusion (Fig. 7b), we observe Cr, Mo,
and W (V, Fe, and Ta) additions to exhibit E; higher (lower)
than the pristine O-phase, with E, being the dominating con-
tributor to Ey, similar to Ti diffusion. Addition of Cr, Mo,
and W causes the E, to be higher than the pristine O-phase,
while the E,, values are similar. Although E, is usually con-
sidered a thermodynamic parameter, the magnitude of E,
determines the concentration of vacancies, which act as dif-
fusion carriers for any Ti or Nb motion. Hence, we treat E, as
a critical kinetic, rather than thermodynamic, contributor to
the suppression of disorder in Ti,AINb. Importantly, Cr, Mo,
and W cause an increase in E; of ~75,~ 153, and ~ 147 meV,
respectively, corresponding to a & 3x, 8, and 8x drop in Nb
diffusivity at 823 K. Thus, if Nb diffusivity is the key bottle-
neck for creep, the associated € will exhibit & 3x, 8%, and 8x
drop with the addition of Cr, Mo, and W. Finally, among the
alloying additions considered, given that Mo and W reduce
both Ti and Nb diffusivity, we expect Mo and W addition to
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Ti,AINb-based O-phase alloys to be a promising pathways
to kinetically reduce creep and improve the performance of
O-phase alloys at high temperatures.

Alloys based on the orthorhombic Ti,AIND intermetallic phase
are potential materials for aerospace applications that can sub-
stitute a part of Ni-based superalloys in jet engines. However,
O-phase alloys are prone to disordering at high temperatures
(>773 K) due to the formation of Tiy, and Nb; anti-site defects
[5]. The lattice disorder, typically confined to the Ti and Nb
sub-lattices in the Ti,AINb structure, reduces the creep resist-
ance of O-phase containing alloys. Hence, it is vital to identify
strategies to suppress disorder in the O-phase, which is the focus
of this work [8].

Specifically, we investigated the effect of alloying additions,
namely, V, Cr, Fe, Mo, Ta, and W, on the thermodynamics of
anti-site formation and the kinetics of Ti and Nb diffusion in the
Ti,AIND structure using density functional theory calculations.
Upon verifying that the fully ordered structure was indeed the
ground state of Ti,AINb, we examined the tendency of the alloy-
ing element to facilitate the formation of both Tiy, + Nby; pairs
as well as Tiy, + Yr; and Nb; + Yy, pairs. Our results indicated
that none of the alloying additions considered can suppress
anti-site formation and hence cannot reduce disorder thermo-
dynamically. Additionally, we observed the tendency of all alloy-
ing elements (except V) to occupy the Nb site in the Ti,AINb
structure. Importantly, we found that Mo and W addition can
kinetically suppress disorder and improve the creep resistance
of the O-phase, by reducing the Ti (by ~ 4x at 823 K) and Nb
(by ~ 8x) diffusivities compared to the pristine O-phase, thus
providing a promising strategy to engineer creep-resistant Ti-
based alloys.
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