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Intermetallic y(TiAl)-based alloys find their application as high-temperature materials for aero engine and
automotive components. Microstructure optimization and microalloying play key roles in optimizing these
alloys. Several pioneering experimental works showed improved mechanical properties of y(TiAl)-based alloys
containing Niobium (Nb). Despite Nb being a key alloying element, its contribution remains debated, if not
least understood, due to the TiAl microstructure’s complexity with hierarchical interfaces. This work examines
the effects of Nb on the high-temperature deformation behavior of TiAl alloys using atomistic simulations.

These revealed that Nb alloying retarded the stress-induced phase transformation of y — «,, favoring a refined
microstructure with the dislocation sources from microstructure boundaries and interfaces at high temperature
and improving thus the ductility. Our microstructure-informed atomistic models reveal a comprehensive picture
of the underlying nanomechanical events.

1. Introduction

Gamma titanium aluminide y(TiAl)-based intermetallic alloys have
various applications as lightweight structural materials due to their
properties like low density, good oxidation resistance, high strength
and creep resistance at high-temperature [1]. The interesting inter-
metallic phases for engineering applications are y-TiAl (ordered face-
centered tetragonal, L1,, P4/mmm) and a,-Ti;Al (ordered hexagonal,
DO0,9, P65/mmc). The past decades witnessed new generations of y-TiAl
based alloys with increasing service temperatures [1-4]. Among them,
TNB (T:TiAl, N: Nb and B: B) and TNM (T: TiAl, N: Nb and M: Mo)
alloys [1,2,5,6] made substantial improvements. The stoichiometry of
these alloys read: Ti-(42-48)Al-(0-10)X-(0-3)Y-(0-1)Z-(0-0.5)RE where,
X = Cr, Mn, Nb, Ta; Y = Mo, W, Hf, Zr; Z = C, B, Si; RE denotes rare
earth elements. TNB alloys contain 5-10 at. % Nb and small additions
of B and C, whereas TNM alloys have similar concentrations of Nb and
Mo [2]. Against this background, Nb plays a crucial role in enhancing
the mechanical properties of binary y(TiAl)-based alloys.

Many experimental works [1,2,7,8] reported that Nb enhances the
ductility and strength of TiAl. It reduces the stacking fault energy, favor-
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ing the activation of mechanical twins resulting in enhanced strength
[7,9] and improved low-temperature ductility [9] of y(TiAl)-based al-
loys. The contribution of Nb to increased toughness, tensile strength,
and yield strength of y(TiAl)-based alloys was studied by various ex-
perimental works [10-19]. The site preference of Nb on Ti lattice sites
was experimentally shown in [20-23]. It is worth emphasizing that the
insights from the experimental studies of TiAINb systems discussed the
combined effects of microstructure boundaries and alloying elements,
e.g., (Nb, Mo, B, and C) on the TiAl system. [1,2,6,8] reported improve-
ment in mechanical properties of y(TiAl)-based alloys, e.g., ductility
and strength by Nb alloying. Despite several interesting contributions
from previous experimental investigations and studies on improving
TNB alloys, Nb’s isolated contributions to the strength and ductility of
these alloys remain unclear. This work aims to address this research
question by investigating the effects of Nb on thermo-mechanical be-
havior of y(TiAl)-based alloys using atomistic simulations.

Density Functional Theory (DFT) helped to understand the site pref-
erence of alloying elements in the y-TiAl and a,-Ti;Al phases [24-28].
Strong site preference of Nb at Ti sites was reported in single phases
[24] and in bulk and interface regions [25] in a y-TiAl/ a,-Ti;Al inter-
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Fig. 1. Three categories of atomistic models used in this work: 1) Single phase models ((a) unit cells of y-TiAl compose (b) y-TiAl supercell; (c) unit cells of a,-Ti;Al
compose (d) a,-TizAl supercell); 2) Single-lamellar interface models (e.g., y/a,) with (e) Nb distributed in phase A, (f) Nb distributed in phase B, (g) Nb distributed
near lamellar interface, and (h) Nb homogeneously distributed. Phase A corresponds to y and phase B to a,, ypr, ¥ and ygg; 3) (i) Microstructure-informed
atomistic model (MIAM) [40] with 12 nano-colonies, where each colony has different lamella combinations (y/a,,7 /7 pr,7/Yre>Y/7rT)> j) Table showing the colony

ID (identification number) and orientations of colonies in the MIAM.

face model. The site preference of Nb was also studied using Density
of States (DOS) calculation in [26]. However, DFT simulations are pro-
hibitively expensive to investigate atomistic models containing > 103
atoms, thus, preventing us from incorporating complex microstructure
features like grain/colony boundaries, interfaces and their contribu-
tions.

Molecular dynamics (MD) enables understanding the evolution of
many-body atomic systems (routinely 10° - 10° atoms) besides cap-
turing the interplay between thermal, mechanical, chemical, and mi-
crostructure contributions. However, the chemical accuracy and physi-
cal reliability of MD simulations are limited by the choice of the under-
lying interatomic potentials or force fields and appropriate boundary
conditions. To gain insight into y(TiAl)-based alloys, recent MD stud-
ies used in particular the Zope potential [29], Farkas binary potential
[301, Farkas ternary potential [31], and Kim potential [32]. Recently,
[33] developed a new MEAM based Nb-Al-Ti ternary potential which
remains to be explored. [34-49] studied TiAl systems using the Zope
potential to understand the synthesis of phases, strength, ductility, de-
formation behavior, fracture mechanism, tensile and creep properties
of the material. [50-53] used the Farkas binary potential to inves-
tigate point defect formation energy, defect concentration, diffusion
mechanisms and nature of crack formation in TiAl systems. Creep mech-
anisms and self-diffusion in nanocrystalline TiAl alloys were studied in
[54,55] using the Kim potential. The Farkas ternary potential was used
in [56-59] to investigate high Nb-containing TiAINDb systems to study
the B2 phase stability, ductile nature and the diffusion properties of Nb.
Previous MD studies [56-61] of TiAINb did not address the influence
of Nb on the thermo-mechanical properties of the material. One major
challenge in studying high Nb-containing TiAl phases using MD simu-
lations is the availability of limited interatomic potentials targeting the
intermetallic phases of engineering interest.

In this paper, we first assess the transferability of the Farkas po-
tential [31] to different target scenarios and compared it with other
established interatomic potentials like the Zope [29] and Kim [32]
potentials for y(TiAl)-based systems. Using the insights obtained this

way, we study the isolated effect of Nb atoms on the lattice parameters
and neighboring chemical environment using MD simulations and com-
pare them with chemically accurate DFT calculations where possible.
Driven by the insights gained, we alter the Nb concentration in atom-
istic models with varying microstructure complexity to unravel Nb’s
contributions to the thermo-mechanical behavior of y(TiAl)-based al-
loys.

2. Methods
2.1. Molecular dynamics (MD)

Intermetallic y(TiAl)-based alloys of engineering interest consist of
two key phases, namely y-TiAl (ordered face-centered tetragonal L1
structure) and a,-Ti3Al (ordered hexagonal DO,y structure). The vol-
ume fraction of y and a, depends on the alloy’s heat treatments and
thermo-mechanical processing [62]. To investigate Nb’s contribution
comprehensively, we considered three categories of TiAl atomistic mod-
els: 1) Single phase models (with and without Nb), 2) Single lamellar in-
terface models (Nb-rich phase/bulk, Nb-rich interface, homogeneously
distributed Nb), and 3) Microstructure-informed atomistic models (MI-
AMs) with nano-polycolonies, as shown in Fig. 1. In the following, we
first discuss the interatomic potentials used in these three types of mod-
els (section 2.1.1), then their atomistic configuration (sections 2.1.2 -
2.1.4), the different ways we resembled alloying in them (section 2.1.5)
and we mimicked tension tests with them (section 2.1.6) and how they
were implemented computationally (section 2.1.7).

2.1.1. Interatomic potentials

Herein, we primarily used the ternary Farkas potential [31] to de-
fine the interatomic interactions of the TiAINDb system. To realize this
potential, the developers combined three binary potentials, namely
one for Nb-Al (fitted for A15 NbjAl and DO,, NbAl;), one for Nb-
Ti (for disordered BCC phase), and one for Ti-Al [30]. The resulting
ternary potential (NbTiAl) was reported to predict the Nb-rich phases
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like the orthorhombic Ti,AINb and ternary B, phase. The Farkas po-
tential [31] was used to study and predict the behavior of the ternary
TiAIND system [57], although no input pertaining to the ternary system
was included in the fitting procedure of this potential. We examined
also other secondary interatomic potentials, namely the Zope potential
[29], Kim potential [32], and Xiang potential [33] for the TiAl sys-
tem to investigate the scope and transferability of the Farkas potential.
Among them, the Zope potential and Kim potential were extensively
used previously [34-41], to study several aspects in binary y-TiAl sys-
tems. Most recently, Xiang et al. developed an interatomic potential
for the TiAINb system [33]. A systematic investigation of this new
ternary potential is beyond the scope of this work. Therefore, this po-
tential was used only for selected models (for more information, see
A). For brevity, in this article, we refer Farkas ternary potential [31]
as Farkas potential (otherwise as Farkas binary potential [30] explic-
itly).

2.1.2. Single phase models

The single-phase models of y-TiAl (a = 3.950 A, c/a = 1.048) and
a,-TizAl (a = 5.740 10%, c/a = 0.815) were modeled with the Farkas
binary potential [30], where such single phases represent the lamellae
of the constituent intermetallic phase. The single-phase y-TiAl and «a,-
TizAl models were realized with simulation box dimensions of 4.74 nm
X 4.74 nm X 4.97 nm and 6.89 nm X 11.93 nm X 5.62 nm, respec-
tively. Both of them were modeled with crystallographic orientation of
X-direction [1 0 0], Y-direction [0 1 0], and Z-direction [0 O 1]. These
single-phase models aid in understanding the transferability of Farkas
potential [31] by comparing it with the Zope and Kim potentials. We
computed the formation energy (AE;) of point defects, elastic constants,
and cohesive energy (E ) at T = 0K as the Farkas potential was fit-
ted to predict some of these properties. Furthermore, we computed the
phase transition temperature to evaluate the Farkas potential’s predic-
tive abilities at elevated temperatures (2400 K). Some tension tests were
performed at ground state and room temperature to assess the mechan-
ical property predictions.

2.1.3. Interface models

We realized atomistic single-lamellar interface models of y/a, and
three y/y variants (i.e., y/ypr, ¥/vrp, and y/yrr, realized by a ro-
tation around the <111>, axis by 60°, 120° and 180°, resulting in a
pseudo twin (ypr), rotational boundary (yz ) and true twin (y7)) with
box dimension of 22.6 nm X 22.2 nm X 22.4 nm, containing 675,840
atoms. Here, y-TiAl was modeled with the crystallographic orientations
of X-direction [1-1 0], Y-direction [1 1-2], and Z-direction [1 1 1].
Similarly, we modeled ,-Ti;Al with X-direction [1-1 0], Y-direction
[1 1 0], and Z-direction [0 O 1]. The single-lamellar interface models
comprised two phases, namely A and B in Fig. le - h. Phase A denotes
y-TiAl, phase B denotes either a,-Ti;Al or one of the three variants
(ypr»>YrB> YTT)- Phase A and phase B represent one of the possible con-
stituent intermetallic phases of the target microstructure, respectively.
Furthermore, we alloyed the above atomistic models with different Nb
concentrations (1.0 at.%, 2.0 at.%, 5.0 at.%, 6.5 at.%, and 7.5 at.%)
to understand the relation between Nb, microstructure features (e.g.,
interfaces/boundaries) and thermo-mechanical properties at high tem-
peratures (e.g., 700 K, 900 K).

2.1.4. Microstructure-informed atomistic models

We considered microstructure-informed atomistic models (MIAMs)
as introduced previously in [40]. They consisted of 12 nano-sized
colonies in a periodic domain of the size 12 nm (X) X 160 nm (Y) X
120 nm (Z), containing 14,612,466 atoms. Each colony comprises sev-
eral of one of the following four interfaces: y/a,, y/ypr, ¥/vgp, and
y/Y1r- The MIAMs used the experimentally informed microstructure pa-
rameters like lamella thickness (17, 1*2), a, volume fraction (¢*2), and
distance between subsequent a, lamellae (d2) reported already in our
previous work [40]. The orientation of each colony (designated with
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a colony ID) around the X-axis is provided in Fig. 1 (i, j), along with
the centrosymmetry parameter (CSP) values. The CSP measures the lo-
cal lattice distortion of an atom, thus, aiding in characterizing defects,
interfaces, and colony boundaries in the MIAM. We considered the Nb
concentrations 0.0 at.%, 0.5 at.%, and 1.0 at.% at temperatures 300 K,
500K, 700K and 900 K.

2.1.5. Alloying

Many experimental studies [21,22] along with several other works
[24-26,59,63] show Nb atoms prefer Ti sites in y(TiAl)-based alloys.
Our DFT calculations yielded similar site preferences of Nb at Ti sites
(see section 2.2). Therefore, we realized the ternary atomistic models by
substituting Nb atoms at Ti sites to achieve different target Nb concen-
trations. e.g., 0.0 - 5.0 at.% with 1.0 at.% increments in the single-phase
models. Similarly, in the single-lamellar interface models, Nb was intro-
duced at random Ti sites either in Phase A or Phase B regions (Nb-rich
phase), interface regions (Nb-rich interface) or homogeneously every-
where (Fig. 1 e - h) to reach target concentrations of 1.0 at.%, 2.0 at.%,
5.0 at.%, 6.5 at.%, and 7.5 at.%, respectively. Based on our preliminary
investigation of the Farkas potential for different microstructures, we
studied the transferability limits of this potential to microstructure mod-
els with complex interfaces. The transferability limit of an interatomic
potential refers to the extent to which the potential can reasonably de-
scribe the material system’s behavior beyond those for which it was
originally parameterized. Thus, in our MIAM models, we considered
only low Nb concentrations (0.5 at.% Nb and 1.0 at.% Nb), wherein Nb
atoms were introduced at a distance of at least 4 nm from the grain
boundaries. We also reached the transferability limit of the Farkas’
potential for Nb concentrations above 2 at.% near the single lamellar
interface models for Nb-rich interfaces, see Fig. 1). Note the observed
transferability limits are valid only for the assumption that Nb atoms
occupy Ti sites in our atomistic models.

2.1.6. Simulated tension tests

To simulate tension tests, we applied in our MD models uniaxial
tension loading along the Z-direction at a strain rate of 10°/s, with
periodic boundary conditions in all directions. To this end, we used
single phase models of y-TiAl and a,-TizAl, single-lamellar interface
models, and MIAM models both with and without Nb to understand
Nb’s influence on the high-temperature deformation behavior of TiAl-
based alloys.

First, we performed a free energy minimization of the atomistic
models using a combination of conjugate gradient (CG) and FIRE algo-
rithms in LAMMPS. Then, we equilibrated the models for temperature
(1K) and pressure (1 bar) using NVT and NPT for 100 ps each. Later,
the simulation models were heated to the target temperature of 300 K
for single phase models, 700K and 900K for interface models, and
300K, 500K, 700K and 900K for MIAMs. Note that the defect-free
single-phase models were considered only for the ground state (to en-
able comparisons with DFT) and room temperature where possible. The
heating rate for all the considered models was 3 K/ps followed by ther-
mal equilibration for 100 ps. The timestep size was 1 fs for models
without Nb using the Zope, Farkas, and Kim potentials) and 0.1 fs for
models with Nb using the Farkas’ potential.

2.1.7. Implementation

The MD simulations were realized using the classical MD code Large-
scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [64].
We used some in-house tools, along with Atomsk [65] and VESTA, for
constructing the atomistic models used in this work (Fig. 1). We used
OVITO [66] for visualization.

2.2. Density functional theory (DFT)

We performed some Density Functional Theory (DFT) calculations
using Quantum Espresso [67] to assess the chemical accuracy of the
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Table 1
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TiAl material parameters computed with the interatomic potentials of Farkas [31], Zope [29], and Kim [32]. C;;-C¢ denote the entries
of the material stiffness matrix (Voigt convention) for characterizing elastic constants, AE; Vy; and AE; V,, denote raw formation
energy of Ti and Al vacancies, AE; Aly; and AE; Ti, denote raw formation energy of Al and Ti antisites, and E_, denotes the cohesive
energy, respectively. Elastic constants (C;;-Cgs) are given in GPa, whereas raw formation energies and cohesive energy are given in eV.

Quantities y-TiAl a,-TizAl

Farkas Zope Kim Farkas Zope Kim
Cyy 245.50 196.67 181.11 233.60 199.96 200.58
Cy3 352.02 212.79 234.39 285.27 224.51 238.92
Cyy 116.24 107.49 76.27 109.27 88.51 107.78
Cy3 190.85 113.53 133.75 87.58 74.43 91.17
Cyy 146.02 92.06 86.00 57.77 51.42 45.56
Ces 71.58 85.16 61.56 62.21 56.04 46.44
AE; Vo, -6.50 -6.81 -6.60 -6.28 -6.73 -6.60
AE; Vy, -5.21 -5.37 -5.32 -5.86 -6.07 -5.81
AE; Aly; -1.97 -1.84 -1.67 -1.23 -1.03 -1.10
AE; Tiy, 0.97 1.08 0.90 0.56 0.37 -0.056

-4.40 -4.51 -4.50 -4.68 -4.77 -4.78

Farkas’ potential [31] for the target intermetallic phases at the ground
state. The electron-ion interactions were described using projected aug-
mented wave (PAW) [68] potentials. Exchange and correlation effects
were treated within the generalized gradient approximation (GGA) us-
ing the Perdew-Burke-Ernzerhof (PBE) [69] functional. We considered
a plane wave cut-off energy of 400 eV with the electronic energy and
atomic force components converged within 10¢ eV and 0.01 eV/A, re-
spectively. The simulation supercells represent the single intermetallic
phases, i.e., y-TiAl (ordered face-centered tetragonal L1,) and a,-TizAl
(ordered hexagonal D0;¢) consisting of 32 atoms, whose unit cell rep-
resentation is provided in Fig. 1 a, c. The Brillouin zone of the supercell
was sampled using a 7xX7Xx7 Monkhorst-Pack [70] k-point mesh. We
computed formation energy, electron localization function (ELF), and
partial density of states (PDOS) by substituting an Nb atom at either Ti
or Al lattice sites.

Several previous works [24-26,59,63,71] claimed a Nb preference
of Ti sites. To verify this claim, we computed Nb’s site preference, by
substituting the Nb atom either at Ti or Al sites, following [24] and
using

E"’llim_leAln —[0m=DEg; + Epy+ Enp + nEp]

Ti
E'= m+n =
and
E" —[mEq; + Ep + Exy + (1= DE ]
bAL Ti Al Nb Al
E‘él: Ti, NbAL,_; (2)

m+n

Equations (1) and (2) refer to the formation energy of a TiAl atomic
configuration with Nb atoms substituted either at Ti or Al sites, re-
spectively. E%m,le A1, and E%,,,Nb a1, denote the total energy of the
supercell configuration describing the intermetallic phase # (i.e., y-TiAl
and a,-TizAl), where one Nb atom replaces a single Ti or Al atom. E,|,
Er;, and Ey, are the total energies of Al in FCC (face-centered cubic),
Ti in HCP (hexagonal close-packed) and Nb in SC (simple cubic) struc-
tures, respectively.

Using DFT calculations for TiAl systems, we investigated Nb’s site
preference and Nb’s chemical interactions with host atoms in y-TiAl
and a,-TizAl To this end, we computed the electron localization func-
tion (ELF), which measures the probability of finding an electron in the
neighborhood of a reference electron with the same spin [72].

3. Results and discussion
3.1. Assessment of Farkas’ interatomic potential
3.1.1. Binary TiAl systems

Herein, we evaluate the predictive ability of the Farkas [31] po-
tential against the one of the Zope [29] and Kim [32] potential for

the target intermetallic phases, i.e., y-TiAl and a,-TizAl in TiAl system.
Table 1 provides computed values of elastic constants, formation en-
ergy (AE;), and cohesive energy (E_;,) of point defects for the different
interatomic potentials considered. We also calculated the phase tran-
sition temperature of the intermetallic phases of interest. To evaluate
the mechanical property prediction, we compared the Ultimate Tensile
Strength (UTS) of intermetallic phases, i.e., y-TiAl and a,-TisAl

Farkas potential [31] predicts slightly higher elastic constants com-
pared to the Zope [29] and Kim potential [32]. Such discrepancy could
stem from two aspects: first, the three interatomic potentials relied on
different DFT and experimental data; second, Farkas’ potential was tar-
geted for ternary intermetallic regions, e.g., orthorhombic Ti, AINb with
high Nb content.

Although the high elastic constants for the y phase (at T = 0 K,
refer Table 1) from Farkas potential can influence the reversible defor-
mation behavior, those effects could be less pronounced in atomistic
models (e.g., MIAMs) with high microstructure complexity encompass-
ing phase fractions, lamellar thicknesses, lamellar interfaces, and colony
boundaries. Considering the temperature and directional dependence
of elastic constants, the interplay of temperature, strain rate, and mi-
crostructure complexity (i.e., phase volume fractions and their crystal-
lographic directions) determine the thermo-mechanical behavior of TiAl
alloys. Furthermore, we calculated the formation energy (AE;) of four
point defects, namely Ti vacancy (Vy;), Al vacancy (V,,), antisite at Ti
sublattice (Aly;), and antisite at Al sublattice (Ti,;). Our computations
suggest that Ti vacancy (V;) and antisite at Ti sublattice (Aly;) are pre-
ferred energetically over Al vacancy (V,;) and antisite at Al sublattice
(Tiy;) in both y-TiAl and a,-Ti;Al To this end, vacancy and antisite for-
mation mechanisms might act as precursors for the diffusion of alloying
elements in y-TiAl and a,-TizAl, preferably at Ti sites. Thus, a critical
point defect concentration in the system is foreseen to favor diffusion.
In general, the values of the cohesive energy E_., and the energy of AE;
for point defects agreed reasonably well between the three potentials of
Farkas, Zope and Kim. This suggests a generally good transferability
of Farkas potential also for binary intermetallic phases, i.e., y-TiAl and
a,-TizAL

To evaluate the ability of Farkas’ [31] potential to predict melting
points and phase transitions, the single intermetallic phase models (i.e.,
a,-TizAl and y-TiAl) were heated to 2400 K at a heating rate of 2 K/ps.
The models showed phase transitions around 1774 K (a,-TizAl) and
2055 K (y-TiAl), respectively (Fig. 2). Compared to Farkas’ potential,
the other two potentials predicted higher transition temperatures for
both phases (Zope potential: 2181 K (a,-TizAl) and 2053 K (y-TiAl),
Kim potential: 2712 K (a,-TizAl), 2475 K (y-TiAl). Note that the ex-
perimentally [1,73] reported melting points of 1473 K for a,-TizAl and
1723 K for y-TiAl are much closer to the prediction based on Farkas’
potential compared to the other two potentials. These experimental ob-
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Fig. 2. Comparison of heating curves for single phases of (a) a,-Ti;Al and (b) y-TiAl using the interatomic potentials of Farkas [31], Zope [29] and Kim [32]. The

black markers denote the phase transition region for each intermetallic phase.
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Fig. 3. Radial distribution function g(r) for y-TiAl (left) and a,-Ti;Al (right) and the potentials of Zope [29] (top), Farkas [31] (middle), and Kim [32] (bottom) at
temperatures 2400 K, 800 K, 1 K, and 0 K (ground state for comparison) to demonstrate the ability of interatomic potentials to sample the phase transition.

servations agree with [74], reporting that y-TiAl precipitated or formed
either from a,-TizAl or a-Ti, underlining that the a,-Ti;Al phase has a
lower melting point than the y-TiAl phase. While this is in agreement
with the computations based on Farkas’ potential, the potentials of Kim
and Zope predict an inverse order of the melting points.

After simulating heating, we simulated also cooling to evaluate the
capability of Farkas’ potential to capture phase transformation. We
cooled the configurations from 2400 K to 1 K at a general cooling rate
of 2 K/ps and a cooling rate of 0.01 K/ps specifically for y-TiAl be-
cause in agreement with [75] we observed difficulties in generating an
ordered intermetallic phase at higher cooling rates. Fig. 3 shows the
radial distribution function (RDF) for y-TiAl and a,-TizAl for selected
temperatures (0K (ground state), 1 K, 800K, 2400 K). The agreement
between the peaks at low temperatures (0 K, 1 K) for the three different
potentials of Farkas, Zope and Kim underlines the ability of Farkas’ po-

tential to capture the same effects as Zope’s potential though at a much
higher cooling rate, i.e., 2 K/ps.

We simulated tension tests to evaluate how different potentials pre-
dict the mechanical behavior of the TiAl system. To this end, we applied
a strain rate of 10°/s on single phase models of y-TiAl and a,-TizAl
equilibrated at 300 K. The corresponding stress-strain curves of the ten-
sion tests are plotted in Fig. 4. For y-TiAl, the Farkas and Zope potentials
yield similar UTS, while the Kim potential showed a slightly higher
value. For a,-TizAl, the Kim and Zope potential yield a similar UTS,
the Farkas potential a significantly lower one. Note that Farkas’ po-
tential yields a lower strength for a,-TizAl than for y-TiAl (although
along the [0 0 1] direction), which will be crucial in interpreting the re-
sults of the complex models below. Fig. 5 shows the dislocation density
evolution of single phase y-TiAl and a,-Ti;Al during simulated tensile
tests, using DXA analysis [66]. For y-TiAl, both the Farkas and Zope
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Fig. 4. Stress-strain curves in simulated tensile tests at 300 K with a strain rate of 10°/s for a) y-TiAl and b) a,-TizAl using the three different interatomic potentials

of Farkas [31], Zope [29], and Kim [32].
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Fig. 5. Dislocation density in simulations of tension tests using MD for the three different interatomic potentials of Farkas [31], Zope [29], and Kim [32].

potential showed qualitatively similar dislocation densities (Fig. 5 a,
c), whereas the Kim potential delayed the onset of dislocations (Fig. 5
e). For a,-TizAl, again only minor differences in the dislocation evolu-
tion are observed between the Farkas and Zope potential, whereas the
Kim potential leads to a remarkably late onset of dislocation formation
but at the same time considerably higher overall densities for higher
strains. These observations agree with [76], where dislocation densities
between simulations with the Zope and Kim potential were compared.
We attribute the deviations of the results obtained with the Kim po-
tential compared to the other two potentials to its underlying MEAM
(Modified Embedded Atom Method) formulation, which systematically
accounts for the angular contributions.

Herein, we evaluated the transferability of the Farkas potential in
predicting the behavior of single intermetallic phases, i.e., y-TiAl and
a,-TizAl, by comparing it with the Zope and Kim potential.

In summary, our computations provided elastic constants, point de-
fect formation energies, cohesive energies, transition temperature, and
predictions of the mechanical behavior. The critical analysis of our

results indicates that the ternary Farkas potential is applicable (i.e.,
transferrable) also to binary intermetallic phases (i.e., y-TiAl and a,-
TizAl) that are of engineering interest. That is, it can also be used in
Nb-free atomistic models in the forthcoming subsections.

3.1.2. Effect of Nb in intermetallic phases

We performed DFT calculations to investigate how Nb influences
lattice constants, site preference (energetics), and electron localization
functions of neighboring Ti and Al atoms in single intermetallic y-TiAl
and a,-Ti3 Al These DFT calculations served as a reference point to eval-
uate the ability of Farkas’ potential [31] to capture the effects of Nb
in y-TiAl and a,-Ti;Al phases. The existing claim of Nb preference of
Ti sites [24-26,59,63,71] was verified by our DFT calculations, which
helped us to construct microstructure-informed atomistic models. Ana-
lyzing the electron localization function (ELF) and the partial density of
states (PDOS) sheds light on the atomic interactions and chemistry of
the bonding in the neighborhood of Nb atoms.
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Fig. 6. Comparison of electron localization function (ELF) using DFT: y-TiAl (top) and a,-Ti;Al (bottom) before and after introducing an Nb atom either at Ti or Al

site.

For the y-TiAl phase, the formation energies (EfTi) were computed
as -1.5697 eV (Nb placed at Ti site) and -0.7908 eV (Nb placed at Al
site), respectively. Similarly, for a,-TizAl the computed formation en-
ergies were -0.7919 eV (Nb placed at Ti site) and -0.5915 eV (Nb atom
placed at Al site). Herein, for both intermetallic phases, Nb at the Ti
site had a lower formation energy, i.e., was energetically preferred.
Hence, we placed Nb atoms at the Ti lattice sites in our atomistic mod-
els.

Fig. 6 shows the ELF for y-TiAl and a@,-Ti;Al when a Nb atom is
placed at a Ti and Al sites, respectively. The ELF measures the proba-
bility of finding an electron in the neighborhood of a reference electron
with the same spin [72]. The bonding interaction is considered metal-
lic if ELF < 0.5 and covalent if ELF > 0.5. Fig. 6a shows that in the
region between Ti and Al atoms ELF > 0.5, suggesting a Ti(3d)-Al(3p)
covalent bond. Similarly, the region between Ti and Ti atoms exhibits
covalent Ti(3d)-Ti(3d) bonds. In y(TiAl)-based alloys, Ti(3d)-Al(3p) co-
valent bonds with strong direction sensitivity are shown to increase the
shear strength [77,78]. The ductility of y(TiAl)-based alloys can be im-
proved by adding alloying elements (Nb, Be, Si, V, Cr, Mn, Fe, Co, Ni,
Zr, Mo) which in turn reduce the Ti(3d)-Al(3p) bonding or increases
the Ti(3d)-Ti(3d) bonding [77,79]. In contrast to Fig. 6a, no significant
changes are observed in Fig. 6b for electron localization in the vicin-
ity of Nb atoms. However, Fig. 6¢ shows strong electron localization
between Nb and neighboring Ti and Al atoms due to enhanced Nb(d)-
Ti(d) and Nb(d)-Al(p) bonds. Similarly, for a,-Ti;Al (Fig. 6d-f), Nb at Al
sites shows strong electron localization (Fig. 6f) with the neighboring Al
and Ti atoms due to the strengthening of Nb(d)-Ti(d) and Nb(d)-Al(p)
bonds. Our observation agrees very well with [77], which reported that
the addition of 4d transition elements (X) in TiAl systems strengthens
both the X(d)-Ti(d) and X(d)-Al(p) bonds.

Figs. 7 and 8 show the PDOS (partial density of states) of y-TiAl
and a,-Ti;Al, when a Nb atom is placed at a Ti and Al lattice site,
respectively. Both show the existence of bond interactions between
Ti(3d)-Al(3p) as their PDOS peaks at similar energy values. For y-TiAl,
Nb atoms reduce the electron density of Al(3p) electrons, whereas for
a,-TizAl the reduction is slightly more pronounced. Such reduction
weakens Ti(3d)-Al(3p) interactions due to Nb explaining possibly the

increased ductility in y-TiAl and a,-Ti;Al. Fig. 7 shows a higher peak of
the local density of 4d electrons of Nb atoms when placed at the Ti sites
rather than Al sites in y-TiAl, whereas the density is similar for a,-Ti; Al
Our observation agrees with [26], which reported more 4d electrons of
Nb to participate in the bond formation in y-TiAl, thus, showing the site
preference of Nb at Ti sites over Al sites.

Besides DFT calculations, we performed also MD simulations to
study the effect of Nb atoms on the thermo-mechanical behavior of the
target intermetallic phases. To this end, we investigated the effects of
varying Nb concentrations (i.e., 0.0 - 5.0 at.%) on the lattice constants
of y-TiAl and a,-Ti;Al. For y-TiAl, Nb atoms at Ti sites increase the
lattice constant ‘a’ but decrease ‘c’ (Fig. 18a in the appendix). This ob-
servation agrees with other previous works [8,59,71]. By contrast, for
a,-TizAl, our simulations showed negligible changes of the lattice con-
stant ‘a’ but decreased ‘c’ due to Nb alloying (Fig. 18b in the appendix).

Fig. 9b (y-TiAl) and 9d (a@,-Ti;Al) show computed displacements
for selected Ti and Al atoms in the neighborhood of an Nb atom.
For y-TiAl, Ti and Al atoms move away from and towards Nb atoms,
respectively, along the X and Y directions (Fig. 9). Along the Z direc-
tion, they move towards the Nb atoms. Note that the computed atomic
displacements of neighboring Ti and Al atoms are in agreement with
the previously discussed increase in the lattice constant ‘a’ and de-
crease in the lattice constant ‘c’ as shown in Fig. 18a. For a,-Ti;Al,
such direction-specific displacements could not be clearly distinguished
since the neighboring Al and Ti atoms showed collective displacements
(Fig. 9d), which explains the unchanged lattice constant ‘a’ observed
in Fig. 18b.

Next, we simulated tension tests of single intermetallic phase mod-
els (models b, d in Fig. 1) using MD simulations at finite temperatures
with varying Nb concentrations (0.0 - 5.0 at.%) to understand the effect
of Nb on thermo-mechanical deformation behavior. The resulting stress-
strain curves are plotted in Fig. 10 and Table 2 shows the computed UTS
values. The enhanced fluctuations in the stress-strain curves for single
phase y-TiAl and a,-Ti;Al may be attributed to pressure fluctuations
resulting from lattice distortions due to high Nb alloying. Furthermore,
it is worth mentioning that Farkas’ ternary interatomic potential was
originally developed for Nb-rich phases as host systems, whereas the
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and Nb-d and Nb-s orbitals (bottom). The black dotted lines depicts the Fermi energy level.
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Table 2
Computed ultimate tensile strength (UTS) of single phase y-
TiAl and @,-Ti; Al with increasing Nb concentration.

Nb conc [at.%] UTS of y-TiAl [GPa] UTS of a,-Ti;Al [GPa]

0.0 15.33 10.39
1.0 11.76 8.19
2.0 10.69 7.04
3.0 10.26 6.14
4.0 10.29 5.30
5.0 9.69 4.42

current configurations are different from the intended target scenarios
based on our preliminary studies. We observed that the UTS values of
single phase y-TiAl and a,-TizAl decrease with Nb content (Table 2
and Fig. 10). Note that this observation requires careful interpreta-

tion because the simple single intermetallic phase models considered
here were oriented in primitive orientations and were devoid of other
complex features such as grain boundaries and secondary alloying ele-
ments.

In this subsection, our investigation yielded several interesting as-
pects of Nb in both y-TiAl and a,-Ti;Al. We evaluated the site pref-
erence using DFT, showing that Nb atoms prefer Ti lattice sites over
Al sites. The ELF revealed the bonding of Nb to neighboring atoms
in both y-TiAl and «,-Ti;Al. The PDOS plots (Fig. 7 and 8) provided
a possible explanation for the enhanced ductility of y-TiAl and a,-
TizAl resulting from Nb addition the weakening of Ti(3d)-Al(3p) in-
teractions. Our MD simulations of single phase y-TiAl and a,-Ti;Al
also aid in understanding the effect of Nb alloying (0.0 — 5.0 at.%)
on lattice constants. Accordingly, in y-TiAl, the lattice constants ‘a’
increased and ‘c’ decreased with Nb, whereas for a,-Ti;Al, ‘a’ re-
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Fig. 9. Displacement profile of the atomic neighborhood in y-TiAl and a,-Ti;Al resulting from Nb introduction. Herein, a) and c) correspond to the reference
structure of y-TiAl and a,-Ti;Al, whereas b) and d) denote the respective phases with displacement analysis. The atoms are color-coded as per their chemical types
(Ti, Al, Nb), except for the displacement analysis (b, d), where the atoms are color-coded with their displacement (color bar).
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Fig. 10. Stress-strain curves for a) y-TiAl and b) B) a,-Ti;Al in simulated tension tests at room temperature with a strain rate of 109/s using Farkas’ [31] potential
for different Nb concentrations (0.0 at.%, 1.0 at.%, 2.0 at.%, 3.0 at.%, 4.0 at.%, and 5.0 at.%).

mained nearly constant, but ‘c’ decreased. The displacement analy-
sis of Nb’s neighboring Ti and Al atoms in Fig. 9 underpins these
observed changes. Understanding how the introduction of Nb affects
lattice constants provides insights into the potential lattice distor-
tions that may arise in simulations involving complicated models
containing Nb. Our DFT calculations and atomistic MD simulations
have contributed to a deeper comprehension of the site preference of
Nb atoms, their influence on the lattice parameters, and their con-
tribution to improved ductility in TiAl systems. These findings are

poised to play a crucial role in deciphering the intricate alterations
induced by Nb addition within the upcoming complex atomistic mod-
els.

3.2. Thermo-mechanical behavior of TiAINb
In this subsection, we aim to investigate the thermo-mechanical be-

havior of single-lamellar interfaces and more realistic MIAMs alloyed
with Nb.
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Fig. 11. The stress-strain curves for the y/a, interface with Nb distributed a) near the Interface, b) in Phase B («a,), c) in Phase A (y), and d) homogeneously. Herein,

the tension tests were performed at 700 K at a strain rate of 10° /s.

Table 3

Ultimate Tensile Strength [GPa] computed for the interface models with varying Nb concentrations from tension
tests at 700 K and 900 K. For each interface model, we chose four sub-models with different spatial Nb distribution.
Notations A, B, Interface, and Homogeneous denote Nb alloying in Phase A (y-TiAl), Phase B (,-Ti;Al, ypr, ¥11»
7rp), at the interface and homogeneously distributed, respectively.

Model Nb conc (at.%) UTS at 700 K UTS at 900 K
A B Interface Homogeneous A B Interface Homogeneous
0 7.36 6.30
1 5.54 417 5.57 4.89 4.92 3.80 4.94 4.25
v/ 2 4.37 4.20 5.43 4.01 4.68 4.08 4.56 3.40
5 4.95 5.13 3.41 4.65 4.60 2.63
6.5 4.60  5.99 3.07 4.75 4.98 2.30
7.5 5.38 5.58 2.83 4.88 4.36 2.06
0 8.57 7.45
1 6.01 4.76  6.08 5.24 5.33 4.62 5.28 4.62
7/Yer 2 5.52 5.72 5.95 4.88 4.90 4.87 5.17 4.13
5 5.47 5.62 3.12 4.95 5.15 2.69
6.5 4.82 5.65 273 4.77 5.28 2.41
7.5 5.60  5.89 2.67 4.88 5.04 2.36
0 8.78 8.16
1 5.71 598 6.84 5.36 5.28 5.46 6.72 4.60
Y/Y1r 2 5.16 5.71 7.39 5.83 5.21 5.35 6.53 4.89
5 5.79  6.08 3.93 5.65 5.93 3.05
6.5 6.32 5.95 3.25 5.26 5.71 2.57
7.5 6.48 6.19 3.10 5.40 6.38 2.27
0 6.69 5.78
1 5.05 5.23 5.81 5.03 4.71 5.01 4.80 4.76
Y/Yrs 2 4.43 4.99 5.38 4.78 3.92 4.51 5.00 4.26
5 4.45 4.68 3.00 3.96 3.98 2.92
6.5 4.64 4.82 2,92 4.43 4.59 2.42
7.5 4.93 5.04 2.70 4.79 5.04 2.20

3.2.1. Effect of Nb in single-lamellar interface models

We alloyed four different single-lamellar interface models (one y/a,
and three y/y as shown e-h in Fig. 1) with varying Nb concentrations,
i.e., 1.0, 2.0, 5.0, 6.5 and 7.5 (at.%). The atomistic models were initially
equilibrated to target temperatures of 300 K, 500 K, 700 K, and 900 K.
Then, we applied uniaxial loading conditions along the Z direction at

10

a strain rate of 10°/s. The resulting stress-strain curves for the y/a,
interface model are given in Fig. 11. Similar to our previous single-
phase models, we observed fluctuations in stress-strain curves resulting
from Nb alloying.

Table 3 shows the UTS values computed for the four interface mod-
els (Fig. 1) along with their subcategories a) Nb-rich phase/bulk, b)
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Table 4

Computed total dislocation density (10'7 m~=2) of single-
lamellar interface model of y/a, with increasing Nb concen-
tration computed at 20 ps of the tensile simulations.

Nb conc (at.%) A B Interface Homogeneous
1 at.% 118 1.18 224 1.17
2 at.% 1.48 115 223 0.68
5at.% 1.49 1.14 0.26
6.5 at.% 2.27 1.64 0.11
7.5 at.% 1.64 1.53 0.05

Nb-rich interface, ¢) Nb homogeneously distributed as discussed in sub-
section 2. For comparison, we included the strength of Nb-free models
to evaluate the predictive ability of Farkas’ potential. Among the Nb-
free models, y/yr showed superior strength followed by y/ypr,v/a,
and y/ygg. In our previous work [39], the computed yield stress for
single lamellar interface models showed the following trend y/a, >
Y/ver> v/v1r> 7/VRE-

It is worth noting that our two works encompassing single-lamellar
interface models contain considerable differences spanning atomistic
model dimensions, lattice constants of the constituent intermetallic
phases, i.e., y, a, (different potentials), and of course, boundary condi-
tions (uniform deformation of simulation box (this work) vs. boundary
driven deformation (previous work). Despite these differences in the
simulation conditions, the observed relation showed a swap only be-
tween two interface models, i.e., y /a, and y /ypr. This swap in observed
relation among the single interface model strength between our two
works using Zope (previous [39]) and Farkas (this work) stems from
the fact that Farkas potential showed a low UTS value for a, intermetal-
lic phase. Herein, the UTS values obtained for a,-Ti;Al differ between
two interatomic potentials, whereas for y-TiAl, the UTS values obtained
were similar (Fig. 4). This difference in the UTS values from constituent
lamellae contributes to the change in the hierarchy of the strength val-
ues of y/a,.

Note that Farkas’ potential combines two binary potentials (i.e., Nb-
Ti and Ti-Al) and was mainly developed for the orthorhombic phase
(Ti,AIND) so that some of the Nb-free models studied here may be chal-
lenging for Farkas’ potential so that for such models Zope’s potential
may be more trustworthy.

Furthermore, Table 3 shows that each interface model followed the
same hierarchy: Nb-rich interface (herein, for 1.0 at.% and 2.0 at.%)
> Nb-rich phase/bulk > Nb homogeneously distributed. We observed
that except for some of the homogeneously distributed Nb configura-
tions and Nb-rich interfaces, the UTS values generally increased with
Nb concentration (except when compared to 0.0 at.% Nb). Consider-
ing such irregularities, one has to keep in mind the limitations of our
models. Our simulations of atomistic single interface models assume
some degree of idealization by eliminating the contributions of grain
boundaries, secondary alloying elements, processing-induced defects,
and diffusion-dominated mechanisms. Also recall that we considered
Nb substitution only at Ti sites based on site-preference energy ob-
tained using DFT calculations. Here, we investigated atomistic models
with Nb concentrations up to 7.5 at.% for both Nb-rich phase/bulk and
homogeneously distributed Nb categories. However, only Nb concen-
trations until 2.0 at.% were feasible for Nb-rich interface models. Note
that such transferability limit of the Farkas potential (until 2.0 at.%
Nb) could have some implication on the physical fidelity; however, it
is valid only for the special cases of atomistic models that contain high
local Nb distribution in the vicinity of sharp boundaries, e.g., lamellar
interfaces and colony boundaries. Due to this implication, simulating
Nb-rich interface models above 2.0 at.% Nb were not feasible using
Farkas potential, as shown in Table 3.

Fig. 12 sheds light on the nanomechanical events during the simu-
lated uniaxial tension tests. We computed the atomic shear strain in the
y and a, phases of the single interface model without Nb (Fig. 12 a-d)
and with Nb (Fig. 12 e-p). Some dislocations originated in the «, phase,
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Table 5
Dislocation density of MIAMs for different Nb concen-
trations at 700 K.

Timsteps (ps)  Total dislocation density (x10'°m=2)

0 at.% Nb 0.5 at.% Nb 1 at.% Nb
0 4.5085 4.5974 5.8045
15 4.5657 4.6878 5.8630
30 4.6064 5.3535 8.2365
45 5.3364 7.2416 9.9968
60 7.2820 7.9126 10.5955
75 8.5360 8.6321 11.5630
90 9.4767 9.5895 12.1548

then slowly propagated to the interface and then to y phase (yellow
arrows). One possible explanation could be that the dislocation origi-
nating in the a, phase was due to the fact that Farkas’ potential yields
relatively low UTS values for the a,-Ti;Al phase (Fig. 4). In Fig. 12 n-p,
we could observe that the dislocations which originated in a, phase,
while propagating to the y phase, suffer obstructions at the interface
and the remaining dislocations get dissipated/annihilated in the Nb-
alloyed region of the a, phase. This indicates a strengthening effect,
where the Nb atoms hinder the propagating dislocations. We could
also observe regions of high strain (red regions in Fig. 12 1 and p),
resulting from dislocation gliding. From nanomechanical simulations as
illustrated in Fig. 12, we extracted the total dislocation density of four
types of a single interface y/a,. As shown in Table 4, the dislocation
density reflected (with just one exception) exactly the same increases
and decreases observed for the UTS in Table 3. This underlines, that
the differences in the UTS can be attributed to differences in dislocation
density, and the previous discussion of Fig. 12 suggests that the reason
for the different dislocation densities is a hindering effect of Nb atoms,
for example, for dislocation propagation.

In this subsection, we investigated the influence of Nb alloying on
the single-interface models and their variants. We found that a concen-
tration of Nb atoms around the interface was particularly beneficial for
the UTS compared to a wider distribution of the Nb atoms in one or
both phases. The order of the UTS of the Nb-enriched interfaces was
as follows: y/yrr > y/vpr > y/a; >y/vgps- A nanomechanical analy-
sis suggested that the hindering of dislocation propagation by Nb atoms
around the interface may play a key role in the beneficial effect that
Nb atoms around the interface have on the UTS. Generally, Nb alloying
reduced the UTS compared to Nb-free models in the Nb concentration
regime studied.

3.2.2. Effect of Nb alloying in MIAMs

We further investigated the effects of Nb alloying on microstructure-
informed atomistic models (MIAMs). Here, we considered two global Nb
concentrations (0.5 at.% and 1.0 at.%) by substituting Nb at random Ti
sites. After equilibrating the simulation models to their target tempera-
tures (300K, 500K, 700K and 900 K), we simulated uniaxial loading
along the Z direction at a strain rate of 10°/s.

Fig. 13 shows the stress-strain curves of MIAMs at selected tem-
peratures and Nb concentrations. Similar to single intermetallic phases
(section 3.1.2) and interface models (section 3.2.1), the UTS of MIAMs
decreased with Nb alloying. Furthermore, Nb-free MIAMs at all tem-
peratures showed UTS, followed by a considerable drop in stress at
relatively low strains. In contrast, for MIAMs containing 1.0 at.% Nb,
UTS was achieved with much higher strains and not followed by a simi-
larly clear drop of stress, indicating improved ductility at the nanoscale.
In other words, Nb alloying delayed the failure point in MIAMs, partic-
ularly at high temperatures and high Nb concentrations (1 at.%).

To unravel the nanomechanical origin of improved ductility (en-
hanced dislocation activities) with Nb alloying, we computed the dislo-
cation density of MIAMs both qualitatively (Fig. 14) and quantitatively
(Table 5) during the simulated tension tests. Table 5 shows the increas-
ing dislocation densities with Nb computed at selected time steps during
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5 at.% Nb Shear strain
at phase A

Fig. 12. Atomic shear strain distribution of y/a, interface models from tension tests (strain rate: 10° /s, T= 700 K) at selected time steps for a Nb-free model (a-d),

1.0 at.% Nb homogeneously distributed (e-h), 2.0 at.% Nb distributed in phase A, i.e., a,-Ti;Al (i-1), and 5.0 at.% Nb distributed in phase A, i.e., y-TiAl (m-p). The
yellow markers denote the dislocations.
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Fig. 13. The stress-strain curves for MIAMs with 0.0% Nb, 0.5% and 1.0% Nb from tension tests with a strain rate of 10° /s at selected temperatures (300 K, 500 K,
700 K, and 900 K.)
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0.0 at.% Nb

0.5 at.% Nb

1 at.% Nb

Fig. 14. Dislocation evolution in MIAMs with varying Nb concentrations of 0.0 at.% Nb (top), 0.5 at.% Nb (middle) and 1.0 at.% Nb (bottom) under thermo-

mechanical loading at 900 K observed at strain values of 0.05 (left), 0.1 (center) and 0.2 (right).

increasing tension at 700 K. Note that the relative increase in disloca-
tion density remains high with Nb alloying, explaining improved duc-
tility with Nb addition. Fig. 14 shows that the Nb-free model exhibits
at large strains mostly interface-dominated dislocations, whereas for in-
creasing Nb content, more intra-lamellar dislocations are observed. Our
MIAMs (1.0 at.%) showed that Nb facilitated the early onset of disloca-

Table 6

HCP structure volume fraction of MIAMs during tension tests (strain
rate = 10° /s, T= 700 K.) for different points in time with Nb con-

centrations.

MIAM colony type

Nb concentration [at. %]

Simulated time [ps]

tions even at a much lower strain of ¢ = 0.05 at 900 K. Nb alloying de- 2 ® X
layed the failure point in MIAMs, particularly at high temperatures and - 8_5 18: 1::2 125
high Nb concentrations (1 at.%). Fig. 15 shows the interplay between 1 8.5 12.4 148
Nb alloying and temperature in reducing the occurrence of intergran-

ular fracture (the reason behind the stress drop after UTS) along the v/, 8_5 :g:? ;;:S gz:g
colony boundaries. Apparently, the fracture is delayed, and dislocation 1 385 393 363
activities are increased both by Nb alloying and increasing temperature.

Stress-induced transformation of y (face-centered tetragonal [FCT] y 85 ;'? 3'049 513576
atoms) to a, (hexagonal close packed [HCP] atoms) in TiAl-based alloys v 1 7.4 1.7 159
was studied in several works [80-83]. Note that the stress-induced a,
phase has different lattice parameters compared to the ordered hexag- ¥/ver 8-5 18; 1‘5? 1‘61:‘11
onal @, (DO;g) phase. As we simulated tension with Nb-free MIAMs, 1 1.2 172 197

stress-induced y—a, transformation occurred in most y phases and
their variants ypy, yr7, Yrg- We computed the volume fraction of HCP

atoms to analyze this transformation (Table 6). As shown in Table 6, the
HCP volume fraction decreased for y/ypp and y/a, with an increase in
Nb concentration, whereas a reverse trend was observed for both y/y ¢
and y/ypr colonies. [80] observed a similar discrepancy in the trend re-

porting that the stress-induced y —a, transformation primarily occurred
at twin intersections and in twinned regions.

To examine whether this phenomenon occurs also in our simula-
tions, we focus specifically on the colonies representing each case y /yrr

13
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900 K

700 K

CspP

Fig. 15. MIAMs with Nb concentrations of 0.0 at.% Nb (top), 0.5 at.% Nb (middle) and 1.0 at.% Nb (bottom) deformed at temperatures of (from left to right) 300 K,
500K, 700K, and 900 K after 200 ps. The yellow markers indicate the intergranular fracture along the colony boundaries.

and y/ygp lamellae. In Fig. 16, the microstructure evolution of the y
lamella and the adjacent y;; lamellae with varying Nb concentrations
are shown. During simulated tension, MIAMs with Nb exhibited several
dislocation gliding events and twinning (black arrows in Fig. 16), thus
contributing to the enhanced HCP volume fraction in these colonies.
Nb alloying facilitates the stacking fault formation, and the dislocations
glided parallel and oblique to the lamellar interfaces as shown in Fig. 16
d, k, and 1. MIAMs with Nb exhibited significantly more dislocations and
twins at the same strain. An enlarged view of one of the twin bound-
aries (y region of yr grain) is shown in Fig. 16 k. The black arrows in
the figure correspond to the twin boundary region, while all other HCP
regions correspond to the stacking faults traced by dislocation gliding.
Fig. 17 shows the y/ygp colony at various Nb concentrations. To
obtain nanomechanical insights, we focused here on a single colony
of a MIAM and it is observed that the ypp region of this colony has
undergone a phase transformation to a, (several layers of HCP atoms).
The same regions in the colony during the simulations were compared
to study the slow phase transformation in a sequence like 1a, 1b, and 1c,
etc. Herein, Nb alloying hampered y —a, transformation, thus retaining
more activation regions of y for dislocation activities to enhance the
plasticity at the nanoscale, as observed in Fig. 14. Note in this respect,
in particular Fig. 17 3c - 6¢ underlining a delayed a, formation by Nb.
Studying the y/yrp lamellae (Fig. 17), we noticed stacking-faults
dominated deformation with some blade-shaped bundles perpendicu-
lar to lamellar interfaces. TEM investigations of the deformed samples
[84] reported similar blade-shaped bundles and stacking faults along
the lamellar boundaries governing the plastic deformation. For both
these mechanisms, gliding of 1/6[1 1 21 partial dislocations on {1 1 1}
planes act as a precursor, as observed in our MD simulations. Fig. 16
shows increasing stacking fault bundles from lamellar interfaces with
Nb to relieve stress concentration. Our MD simulations (Figs. 16 and 17)
showed the glide of 1/6 <1 1 2> Shockley partial dislocations on the
alternate (1 1 1) plane induced the phase transformation of y — «,, re-
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sulting in more a, laths. Wen et al. [85] reported similar stress-induced
y to a, phase transformation of TiAl-based alloys at room temperature.

The interplay between the thermal driving force (temperature ef-
fects) and Nb solutes plays a crucial role in the deformation behavior.
For instance, the Nb concentrations at room temperature did not im-
prove the ductility, as we observed intergranular fracture near colony
boundaries (Fig. 15 a, e, and i), whereas the combination of high tem-
perature and Nb concentration stimulated the dislocation slipping and
twining. These observations align with the previous arguments that sev-
eral deformation mechanisms coexist in TiAl depending on the lamel-
lae variants and their corresponding interfaces, colony orientation, Nb
alloying, and temperature. In some regions (yrp, ¥/®,), Nb solutes re-
tained the y region to offer more dislocation sources — by retarding
y = a, transformation — supported by higher temperatures. In other
twinned regions (ypr, yrr), Nb alloying promoted the early onset of
dislocation activities at much lower strain, enhancing the ductility at
the nanoscale and supported again by temperature.

Generally, in atomistic thermo-mechanical simulations of MIAMs
we observed a poor room temperature ductility. In particular, Nb-free
MIAMs exhibited intergranular fracture along the colony boundaries
(Fig. 15). Nb alloying delayed the crack’s nucleation and propagation
by relieving the stress concentrations through dislocation nucleation,
propagating further into adjacent colonies, thus improving the deforma-
bility. Nb alloying triggered the early onset of nanomechanical events
like dislocation gliding and twinning even at moderate temperature by
lattice distortions and reduced stacking fault energy, especially in the
y region and twinned lamellae variants. CNA analysis revealed that Nb
alloying and temperature distorted lamellae inside the colonies, enhanc-
ing the deformability at high strains (Fig. 17). However, with increasing
Nb, colonies with a, showed significant deformation, such as stepping
behavior and colony restructuring resulting in serrated colony bound-
aries. Despite considering only low Nb concentrations in MIAMs, Nb
enhanced the ductility of TiAl alloys, specifically at high temperatures.
Herein, MD simulations of MIAMs revealed that several deformation
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Fig. 16. The formation of mechanical twins in a y/y; colony of a MIAM (a) with 0.0% Nb, 0.5% Nb, and 1% Nb at (from left to right) 30 ps, 60 ps and 90 ps during
tension tests at a rate of 10° /s. The situation for 0.5% Nb at 90 ps is depicted in detail in (k) and (I).

Y/ Yes

0% Nb

0.5% Nb |

Fig. 17. Retardation of stress-induced y — a, transformation observed in y/ygg colony of MIAM with Nb concentrations of 0.0 at.% Nb (top), 0.5 at.% Nb (middle)
and 1.0 at.% Nb (bottom) at (from left to right) O ps, 30 ps, 60 ps and 90 ps during tension test at a strain rate of 10° /s and at a temperature of 700 K.

mechanisms coexist depending on the volume fraction of lamellae vari-
ants and their corresponding interfaces, colony orientation, Nb alloying,
and temperature. For instance, Nb hampered the stress-induced y —
a, transformation in yzp and y/a, region to offer more dislocation
sources, whereas, in other twinned regions (yps, y7r), Nb facilitated
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dislocation activities at low strains resulting in some finer lamellae in-
creasing the interface volume fraction. Note that our study supports that
Nb addition promotes dislocation gliding and twinning in TiAl-based al-
loys as it lowers the stacking fault energy of y-TiAl [1]. Experimental
estimates suggest a typical Nb concentration of 5 - 10 at.% to achieve
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improved mechanical properties, exhibiting superior strength and duc-
tility.

MIAMs with Nb showed microstructure refinement (fine lamellae
creation) due to reduced stacking fault energy as a precursor for dis-
location formation. Generally, the UTS values decreased with Nb con-
centration for all the atomistic models (i.e., single phase models, single
lamellar interface models, MIAMs) studied herein with some exceptions,
as discussed in 2.1.3. Furthermore, the computed dislocation densities
were consistent with the observed trend in UTS, indicating a strong
correlation between them. In single-lamellar interface models, the hin-
drance of dislocation motion by Nb atoms around the interface explains
their effects on the UTS. To this end, the proximity of Nb atoms to mi-
crostructure boundaries (e.g., interfaces) appeared to play an important
role, and similarly the ratios of twin boundaries and phase boundaries.
Increasing dislocation activities with increasing Nb concentration sug-
gest that improved mechanical properties stem from the microstructural
changes rather than solid-solution strengthening [86]. Note that our
MD simulations revealed that Nb alloying contributed to significant
lattice distortions, further influencing the dislocation evolution under
thermomechanical deformation. However, we strongly emphasize the
need for future studies with mixed site models, high Nb concentrations,
secondary disordered phases and other similar complex interfaces, and
other interatomic potential to ensure the generality of the conclusions
drawn. The atomistic models studied showed a decreasing UTS with Nb
alloying, which may be attributed to the lattice distortions. However,
the strain corresponding to the UTS increased with Nb alloying, particu-
larly at high temperatures (900 K) for the MIAMs (1.0 at.% Nb) studied
herein. Thus, combining our insights, Nb alloying improved ductility to
some extent at the cost of strength [86].

4. Conclusions

This work investigated the effect of Nb alloying on the strength and
ductility of TiAl-based alloys under thermo-mechanical conditions us-
ing atomistic simulations. Using single-phase models, we first confirmed
the transferability of Farkas’ ternary potential in our study by comput-
ing quantities such as elastic constants, point defect formation energies,
and cohesive energies and by comparing them to two other binary in-
teratomic potentials for TiAl-based alloys. It turned out that Farkas’
ternary potential can capture also the behavior of binary intermetallic
phases (i.e., y-TiAl and a,-TizAl). This ensured us that we could use
it also in studies where in the same type of model, the Nb concentra-
tion was increased from zero (binary system) to a substantial fraction
(ternary system).

Our DFT calculations reaffirmed a known site preference of Nb at Ti
sites over Al sites. Analyzing the PDOS suggested a weakening of Ti(3d)-
Al(3p) interactions by Nb addition resulting in increased ductility in
y-TiAl and a,-TizAl

Both in interface models and more complex microstructure-informed
atomistic models (MIAMs), we observed that the ultimate tensile
strength (UTS) was decreased by Nb. However, the maximal strain as-
sociated with UTS was increased by Nb due to the associated higher
ductility. Our molecular dynamics (MD) simulations identified several
nanomechanical mechanisms behind this effect, such as the delay of
fracture onset by increased dislocation formation and propagation that
relieved some stress without fracture. Also, Nb was found to hamper
the stress-induced y — a, transformation in yzp and y/a,, hence favor-
ing a situation with more dislocation sources. In other twinned regions
(vpr»> vr1)> Nb facilitated dislocation activities at low strain, resulting
in finer lamellae increasing the interface volume fraction.

Our atomistic simulations underlined the important role of mi-
crostructure boundaries (i.e., lamellar interfaces and colony bound-
aries) because many of the mechanisms how Nb altered mechanical
properties appeared closely related to microstructural boundaries. They
thus present an important means of optimizing the thermo-mechanical
properties of TiAl-based alloys. At low Nb concentrations, we obtained
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the novel insight that Nb assists in delaying the y — a, phase transfor-
mation to improve ductility, besides the widely reported solid-solution
strengthening (dislocations pinned/retarded by Nb) and microstructure
changes.

For the low Nb concentrations we studied, we found that Nb helped
to improve ductility, though to some extent at the cost of strength. The
experimental investigations suggest that a high Nb concentration of 5 -
10 at.% leads to both high strength and ductility. Examining whether
or how the thermo-mechanical properties change at higher Nb con-
centrations would be an important next step but may first require the
development of enhanced interatomic potentials that can handle higher
Nb fractions for atomistic models with complex microstructure.
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Appendix A

Additional information on [32]: the Kim potential is a second near-
est neighbor Modified Embedded Atomic Model (MEAM). This potential
reproduced the lattice parameters with errors within 0.5%. The Kim and
Zope potential produced comparable cohesive energy values. The elas-
tic constants C;; and C;, calculated using the Kim potential showed
good agreement with the experimental values.

Additional information on [33]: Xiang and Guo [33] proposed a
ternary potential of NbAITi systems based on a MEAM. The authors
have studied TiAINDb systems with Nb concentrations up to 10.0 at.%.
Here the site of substitution of Nb was a mixture of both Ti and Al lattice
sites. They studied the melting point and high-temperature deformation
properties of y and a, systems containing Nb and computed the elas-
tic moduli and generalized stacking faults (GSFs) of Nb-alloyed y and
@,. The high-temperature deformed structure contained stacking faults
(SFs) and twins, and they compared the stress-strain curve for various
Nb concentrations.

Our observation on the lattice constant (Fig. 18) ‘a’ differs from [61],
where they observed an increase in ‘a’ with Nb (8 at.%) for a,-Ti;Al
We believe that the discrepancy may stem from the difference in Nb
concentration and Nb substitution sites assumed for alloying (i.e., our
work considered only Ti sites and [61] might have considered both Ti
and Al sites but not explicitly stated).
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Fig. 18. The change in lattice parameters ‘a’ and ‘c’ with increasing Nb concentration in a) y-TiAl and b) a,-Ti;Al computed using Farkas’ ternary potential [57].
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Fig. 19. Stress-strain curves for single phase systems with varying Nb concentrations using Xiang’s interatomic potential [33].

We simulated tension tests to evaluate the mechanical behavior
of single phase models of y-TiAl and a@,-Ti;Al using Xiang potential
[33](refer Fig. 19) We applied a strain rate of 109/s and the models
were equilibrated at 300 K. The stress-strain curves present a contradic-
tion to our previous observation (Fig. 10) using Farkas potential [31].
In our current study, we noted a decrease in UTS with increasing Nb
concentration. Xiang potential [33] showed a decreasing trend in both
UTS and ductility upon Nb introduction. However, this observation re-
quires further investigation using Xiang potential, which is beyond the
scope of this article.

We simulated tension tests on the interface models with varying Nb
concentrations (1.0, 2.0, 5.0, 6.5, and 7.5 (at.%)) using Xiang potential
(Table 7). We applied a strain rate of 10°/s, and the models were equi-
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librated at 700 K. The UTS showed a comparable trend to that observed
in interface models using Farkas potential (refer 3.2.1).
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