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Abstract:

The interface strength between TiAl and y.-TisAl phases is pivotal for influencing the room
temperature ductility of TiAl alloys. However, it is difficult to elucidate the bonding
mechanisms of the y-TiAl/a.-TisAl interface experimentally. The effects of La doping on
the properties of the y-TiAl/a-TisAl interface were investigated by using first-principles
calculations in this study. The energy stability of various atoms surrounding the interface
following the substitution of La atoms was calculated and a model of the y-TiAl/a.2-TizAl
interface was constructed. Meanwhile, the stability and electronic structure of the
interface both before and after La doping were examined. The results demonstrate that
the energy of the y-TiAl/a.-Ti;Al interface model reaches its minimum when the Al atom
atthe Doped 5 site is substituted by a La atom. The interface binding energies for the clear
and doped models are determined to be 3.86 ) m? and 2.47 ) m?, respectively. Similarly,
the corresponding interface energies are found to be 1.65J m2and 1.15J m™2. The charge
analysis of the interface models reveals that the primary bonding at both interface types
consists of Ti-Ti and Ti-Al bonds. In the doped interface, the La atom doping results in the
formation of La-Al bonds. The results from the tensile tests reveal that the tensile
stresses for the undoped and doped interface models are 19.18 GPa and 11.26 GPa,
respectively. The potential energy surface analysis demonstrates that the maximum
potential energy values for the clear and doped interfaces are 1.605J m2and 0.816J m=,
respectively. Along the minimum energy path, the energy barriers for heterogeneous
sliding at the interfaces are determined to be 0.404 J m2 and 0.243 J m, while the ideal
shear strengths are 0.286 GPa and 0.130 GPa, respectively. Therefore, the doping of La
atoms enhances the ductility of the y-TiAl/a.-TisAl interface.



1. Introduction

TiAl alloys possess humerous advantages, such as low density, high specific strength,
high specific stiffness, and exceptional resistance to high-temperature oxidation and
creep. These properties enable them to be widely applied in both aerospace and civilian
industries.” However, their poor ductility at room temperature and considerable
brittleness significantly constrain their applicability.® In TiAl alloys, y-TiAland a..-Ti;Al are
the primary phases.’ The interface strength between TiAl and v.-Ti;Al phases is pivotal for
influencing the room temperature ductility of TiAl alloys.8 Therefore, it is significant to
improve the interface strength between y-TiAl and o.-TisAl phases for broadening the
application fields of TiAl alloys. In recent years, many research studies have been
conducted on improving the mechanical properties of TiAl alloys by the alloying
method.®>"" Zhang et al.’?> found that the Nb addition can induce the formation of anti-site
atomic defects, which contribute to solid solution strengthening and elevate the critical
shear stress for dislocation slip. Meanwhile, the Nb addition can decrease the stacking
fault energy of TiAl-based alloys and foster the generation of the deformation twins within
the g phase. The presence of twin boundaries impedes dislocation movement, which can
improve the plastic deformation capabilities of TiAl-based alloys. Lin et al.”® elucidated
that the Nb addition in TiAl alloys can lower the critical Al content necessary for forming
external Al,O; oxide films, which consequently inhibits further oxidation reactions.
Moreover, Tis+ in TiO, can be substituted by Nb®*, which leads to a reduction in vacancy
concentration and a decreased oxidation reaction rate, which enhances the oxidation
resistance of TiAl alloys. Kim et al.™ investigated the effects of adding C and Si to TiAl
alloys and found that theirincorporation results in the precipitation ofincongruent H-type
carbides (Ti,AlC) and silicides (TisSis) at the lamellar interfaces. These precipitates hinder
dislocation motion, reduce the deformation during the primary stage of creep, and
suppress or slow down the third stage of creep, which lead to enhancement of the high
temperature creep resistance of the alloy. These research stu dies suggest that alloying
can improve the mechanical proper ties of TiAl alloys to some extent; however, the poor
ductility of TiAl alloys still persists.

Rare earth elements are widely used as strengthening agents for both ferrous and non-
ferrous metals.’®'® The addition of rare earth elements to alloys results in grain
refinement, solid solution strengthening, and purification effects, which significantly
improve the mechanical properties of the alloys.””"® Guo et al.® investigated the effects
of Y203 on the high-temperature tensile properties and fracture behavior of the Ti—-48Al
2Cr-2Nb alloy. The Y03 addition led to a notable increase in the tensile strength and
elongation of the TiAl alloy. Additionally, Y,O; effectively impedes dislocation movement
and promotes the nucleation of deformation twins during tensile testing. Morteza®'
investigated the effects of La on the microstructure and high temperature mechanical



properties of a TiAl alloy. It was found that the addition of 0.2 at% La facilitates the
formation of fine oxide particles within the alloy, as La combined with O to create these
particles. These particles are dispersed throughout the alloy and act as a dispersion
strengthening agent. Additionally, they delayed dynamic recrystallization during thermal
deformation. Therefore, it is inferred that the doping of rare earth atoms in TiAl alloys
results in a certain improvement in their properties. However, it is hard to elucidate the
mechanism of the interface interaction between the y-TiAl and a,-TisAl phases in TiAl
alloys by experimental methods.

Recently, first-principles methods based on density functional theory have emerged as
crucial tools for exploring the surface and interface properties of materials.?>** Rao et
al.® utilized first-principles techniques to compute the binding energy and differential
charge density of the TiN(111)/diamond(111) interface before and after relaxation. They
demonstrated that post-relaxation the interface binding energy is decreased due to the
graphitization of the diamond. Additionally, the electrostatic interactions among the
atoms at the interface are changed, which leads to a reduction in the bonding strength of
the interface. Chen et al.?® conducted high-throughput first principles calculations on the
binding energies of 468 different NiTi./Al,O; interfaces and identified eight interface
configurations with relatively high binding strengths, which are categorized as metal-
metal and metal-oxide interfaces. Tensile simulations indicate that the tensile strength
of the metal-oxide interfaces exceeds 10 GPa, while that of the metal-metal interfaces is
below this value. In all the examined metal-metal and metal-oxide interfaces, fracture
always occurs near the NiTi, phase at the interface. Therefore, it is feasible to use first
principles methods to explain the effect of rare earth atom doping on the interface
interactions between y-TiAl and o, TisAl phases in TiAl alloys. The dual-phase TiAl alloy
with y-TiAl and a.-TisAl phases was taken in this study. A y-TiAl/a.2-TisAl interface model
was constructed and the rare earth element lanthanum (La) was selected as the doping
agent. The stability and electronic structure of the interface both before and after doping
were calculated. Meanwhile, the tensile simulations on the interfaces before and after
doping were performed and the potential energy surfaces for both interfaces were
computed to obtain the minimized energy paths for interface slip and the ideal shear
strength. They can reveal the impact of La atom doping on the properties of the y-TiAl/aL-
TisAlinterface, which can provide a theoretical foundation for future improvements in the
mechanical properties of dual-phase TiAl alloys by the rare earth alloying method.



2. Computational method

All calculations in this study were performed by using the Vienna ab initio simulation
package (VASP) based on density functional theory (DFT)?” and the projector augmented
wave (PAW) method.?® The exchange—correlation potential was calculated by using the
generalized gradient approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)
parameters.?® During the geometry optimization process, all atomic positions were
allowed to relax freely until the total energy and forces con verged to 10° eV atom™ and
0.001 eV A", respectively. The Monkhorst-Pack scheme® was employed to sample the
irreducible Brillouin zone (IBZ) with a K-point grid. The convergence criteria were set with
an energy convergence threshold of 1.0x10° eV and a Hellmann-Feynman force
convergence of 0.02 eV per atom. Convergence tests for the selected structures encut
and K-points were conducted to ensure the accuracy of the calculations. The variations
in energy with respect to encut and K-points for g-TiAl and a2-Ti3Al are shown in Fig. 1.
Based on these results, the specific parameters for the encut and K-point selection for
the bulk, surface and interface models are detailed in Table 1.

3. Results and discussion
3.1 Determination of interface relationship between y-TiAl and a.-TisAl

Before calculating the surface properties of y-TiAl and a..-TisAl, it is essential to fully relax
the bulk structures of y-TiAl and a..-TisAl to achieve their most stable states. The crystal
structures of fully relaxed y-TiAl and o..-TisAl are illustrated in Fig. 2. Fig. 2(a) displays the
crystal structure of y-TiAl, which belongs to the space group P4/MMM. After thorough
relaxation, the calculated lattice constants are a = b = 3.999 A and ¢ = 4.042 A, values
that are in close agreement with those obtained experimentally®' and computationally.®
Fig. 2(b) displays the crystal structure of a.-TisAl, which belongs to the P63/MMC space
group. After relaxation, its lattice constants are determined to be
a=b=5.742Aandc=4.646A, which are consistent with values obtained experimentally33
and computationally.** These results demonstrate the accuracy of the y-TiAl and a. TisAl
unit cells utilized in this study, which have been widely adopted in other works and
yielded reasonable outcomes, thereby meeting the computational requirements of this
study.

Based on previous research findings,*-*" an interface model was constructed by using
the y-TiAl(111) crystal plane and the a.-TisAl(0001) crystal plane. Before constructing the
interface model, it was necessary to determine the optimal layer thick ness for the
surface models of y-TiAl and o.-TisAl. The surface models of y-TiAl(111) and a..-TisAl(0001)
with varying thicknesses were built, and convergence tests of the surface energies of both
models were conducted to ascertain the minimum number of layers required to achieve
properties representative of the bulk phase. A 15 A vacuum layer was added in both the
surface models and subsequent interface models to mitigate interactions between the



surface layers under periodic boundary conditions. The results of the surface models for
the y-TiAl(111) and a.-TisAl(0001) crystal planes are shown in Fig. 3.

The surface energies of the two surface models can be calculated using the Botteger

formula:®®
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where s denotes the surface energy of the model; Eya and Eslab indicate the total energy
of the surface models containing N layers and N2 layers of atoms, respectively; and A
represents the surface area of the model.

The calculation results of the surface energy of y-TiAl(111) and o.-Ti3AlL(0001) crystal
planes are shown in Table 2, which indicates that when the number of surface layers is
larger than 6, the energy converges to 3.47 J m2 for y-TiAl(111), and when the number of
surface layers is larger than 7, the energy converges to 2.04 J m2 for a2-Ti3Al(0001)
interfaces.

Based on the surface model calculations where the number of y-TiAl surface layers is 6
and that of a2-Ti3Al surface layers is 7, two different interfacial models are constructed.
For the y-TiAl/a-TisAl interface, there are two distinct interfacial models primarily
distinguished by whether the pure Ti atomic columns aligh when crossing the interface.
Due to the different arrangements of Ti/Al atoms near the two types of interfaces, it is
inevitable that one interface will have a lower energy. The calculations reveal that the
interface energy where the pure Ti atomic columns align is lower, compared to the case
where they do not align, consistent with the results in the literature.* Therefore, only the
case where the pure Ti atomic columns align in our subsequent calculations has been
considered. The y-TiAl/a,-TisAl interfacial model is shown in Fig. 4.

In the process of constructing the interfacial model, the optimal interfacial spacing was
determined by analyzing the correlation between interfacial spacing and structural
energy. On this basis, the relaxation and energy calculations were conducted on
interfacial models with spacings ranging from 1.0 to 4.0 A, incremented by 0.1 A. As
shown in Fig. 5, the relationship between the variation in interfacial energy and spacing
is clearly illustrated. Notably, the interfacial structure exhibits its lowest energy at a
spacing of 2.3 A, which signifies the most favorable atomic interactions near the interface.
Consequently, the optimal interfacial spacing is identified as 2.3 A.



To ensure the stability of the structure after doping, eight positions were selected for
replacement at the interface and on both sides of the interface based on the constructed
interfacial model, as shown in Fig. 6. Fig. 6(a) and (b) show the substitution points for the
doped atoms at the interface and sub- interface, respectively, with o.-TizAl located above
the interface and g-TiAl below. Subsequently, the energy calculations were performed
and compared for each position, as depicted in Fig. 6(c). It can be observed that the
interfacial model energy is generally higher when La atoms occupy Ti positions compared
to when they occupy Al positions. Therefore, La atoms tend to occupy positions originally
occupied by Al positions. Specifically, the lowest energy configuration occurs when La
occupies the Al position at the interface Doped 5 (the Al position on the a.-Ti;Al side).
Consequently, this interfacial model is selected for subsequent calculations. The doped
interface model and the undoped interface model are referred to as the doped interface
and clear interface, respectively.

3.2 Stability testing of the interface mode

The interface stability can be analyzed using work of separation (Wws) and interface
energy (7). Wsep is a significant parameter that characterizes the strength of the interfacial
bonding. It represents the reversible work required to separate the interface into two free
surfaces and disregard the effects of the plastic deformation and diffusive degrees of
freedom. A larger value of W, indicates a stronger ideal interfacial bond, which can be
used to approximate the bonding strength of the interface structure. Specifically, a higher
W, suggests that more energy is required to disrupt the interfacial structure. The
calculational formula for Wse, is as follows:#°

Ey_tiat + Ev—1ioa — E_1ia)ja,-TiAl
A
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For the doped interface, the calculation formula is as follows:
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where Eyqniaiand Eoomisa are the total energies of 6 layer g-TiAl and 7 layer a-Ti3Al surface
models; Ey.miava2iaa is the total energy of the clear interface model; Eqz-tisarLa is the total
energy of the surface model after the La atom replacing the Al atom; Ey-tiavaz-tiza-La iS the
total energy of the doped interface model; and A is the interfacial area.

Another criterion for interface stability is interfacial energy g. y can be considered as the
resistance encountered when two bulk materials form a heterogeneous interface
structure,*' and it plays a crucial role in nucleation processes. The magnitude of g
corresponds to the difficulty of the heterogeneous nucleation at the interface.
Generally, a smaller y indicates that the interface structure is more likely to form. The
calculation formula for g is as follows:*?
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For a doped interface, the calculation formula is as follows:
-.' = Fy-Tial + I"7'.'_.-'1"i i.-'I.I La — I}'l"-l.u.'p (h]

where Wi, is the work of separation of the clear interface structure and oy.ria and Gas-
Tisa-La @re the surface energies of the y-TiAl and La-doped a..-TisAl layers, respectively.

The surface energy of the La-doped a.-TisAl layer, denoted as CGaz-tisa-La, IS calculated
using the following formula:

[ . . , . -
Fya=-TiiAl-La = 1—1|f'--|;.|- — Najtay — Nrigp — Neapg, (7]

where Oaz-tisaita IS the surface energy of the model; Eswb is the total energy of the La-
doped surface model, expressed as a,-TisAl-La; Na, Ntiand N, are the number of Al, Ti,
and La atoms in the surface model, respectively; pua and ur are the chemical potentials
of Aland Tiin a.-TisAl; and w. is approximately equal to the chemical potential of La
atoms in the bulk phase structure.

For the a2-Ti3Al bulk unit cell, the calculation formula is as follows:

o an = 36T+ Ha (8)
Combining formulas (7) and (8), the approximate condition results in a surface energy
value of Oa2-Ti3Al-La — 0.15)Jm=.

The W, and y of the interface models are presented in Table 3. Itis evident that the doped
interface is more conducive to formation compared to the clear interface. However, the
clear interface exhibits a higher bonding strength. This suggests that La atoms are more
likely to reside at grain boundaries, which reduces interfacial bonding strength, thereby
enhancing the ductility of the interface.

3.3 Bonding properties of the interface

The electronic structure and bonding characteristics of the interface can reflect the
interface properties, which can be evaluated using differential charge density.43 The
differential charge density diagrams of the y-TiAl/a,-Ti3Al interface model are shown in
Fig. 7. Among them, Fig. 7(a) and (b) are the 3D differential charge density diagram and
2D differential charge density diagram of the clear interface, respectively.

As shown in Fig. 7(a), the charges gather from both sides of the interface to the center,
with charges more inclined towards Ti atoms. Combining with the 2D differential charge
density diagram in Fig. 7(b), it can be observed that there is an obvious charge



accumulation area near the interface, mainly around the Ti atoms. There are evident
charge depletion areas at positions far from the interface, which proves that there is a
significant bonding effect between the atoms above and below the interface. There is a
charge dissipation phenomenon between the Ti atoms above and below the interface,
and Ti has a stronger electronegativity, which can cause electrons to concentrate near
the interface to form a charge accumulation area. A significant diffusion phenomenon
occurs in both layers of atoms near the interface, which form Ti-Al bonds and Ti-Ti bonds
on both sides of the interface. To analyze the charge transfer situation of the interface
more directly, the planar averaged charge transfer along the z-axis for the clear interface
in the y-TiAl/ a.-Ti3Al interface model was studied, as shown in Fig. 7(c). It can be clearly
seen that there is an obvious charge transfer in the range of 10-18 A in the Z direction,
with a value of 0.53e , which is consistent with the above differential charge density
performance. This indicates that there is a significant bonding characteristic near the
interface.

The differential charge density diagrams of the doped interface of the y-TiAl/o.-TisAl
interface model are shown in Fig. 7(d) and (e). Among them, Fig. 7(d) is the 3D differential
charge density diagram of the doped interface. It can be seen that charges also gather
from both sides of the interface to the center, with charges more inclined towards the Ti
atoms on the o,-Ti;Al side. A significant charge transfer phenomenon occurs at the La
atoms above the interface. Combining with the 2D differential charge density diagram in
Fig. 7(e), it can be observed that there is an obvious charge accumulation area near the
interface, mainly around the Ti atoms. There are evident charge depletion areas at
positions far from the interface, which prove that there is a significant bonding effect
between the atoms above and below the interface. There is a charge dissipation
phenomenon between the Ti atoms above and below the interface, and there is a charge
depletion area near the La atoms on the a..-Ti;Al side, which indicates that both Tiand La
have strong electronegativity and cause electrons to concentrate near the interface to
form a charge accumulation area. A significant diffusion phenomenon occurs in both
layers of atoms near the interface, which form Ti—-Al bonds, Ti-Ti bonds and La-Al bonds
on both sides of the interface. Fig. 7(f) illustrates the planar averaged charge trans fer
along the z-axis for the doped interface in the y-TiAl/a,-TisAl interface model. It can be
clearly seen that there is an obvious charge transfer in the range of 10-18 A in the Z
direction, with a value of 0.51e , which is consistent with the above differential charge
density performance. This indicates that there is a significant bonding characteristic near
the interface.

The electron localization function (ELF) can be employed to qualitatively characterize the
localized distribution of electrons and aid in verifying bond types. The calculation formula
for the ELF is as follows:**



ELF = 1;;’ {l + (Ifllljjll}} (9)
where D(r) is the real electron gas density and Dh(r) is the uniform electron gas density.

The ELF values range from 0 to 1. When ELF = 1, the electrons are completely localized.
When ELF = 1/2, the electrons are in a homogeneous electron gas state. When ELF =0,
the electrons are completely delocalized (or absent in this context).

The ELF distribution diagrams for the y-TiAl/a.-TisAl interface model before and after
doping are shown in Fig. 8. Fig. 8(a) is the clear interface. It can be observed that the ELF
value for Ti atoms at the interface junction is about 0.8, which is gradually decreased
outward from the Ti atoms, with the outer most ELF value being approximately 0.2. This
indicates that electrons move closer to Ti atoms and result in localized electron states
near the Ti atoms, which suggest the formation of Ti-Ti metallic bonds near the interface.
The ELF values around Al atoms below the interface are about 0.5, which indicates that
electrons around these Alatoms are in ahomogeneous electron gas state. The ELF values
around Al atoms far from the interface approach 0, which indicates that there are almost
no electrons around them. Fig. 8(b) shows the doped interface. Compared to the clear
interface, the bonding states of Ti and Al atoms on both sides of the interface are similar.
However, it is noteworthy that the ELF value for La atoms on the a..-TisAl side is about 0.85
and is gradually decreased, which indicates the formation of La—Al covalent bonds near
the interface.

The density of states (DOS) analysis45 is a fundamental method to investigate the
electronic structure of materials. The partial density of states (PDOS) analysis of the -
TiAl/a.TisAl interface is shown in Fig. 9. Fig. 9(a) shows the PDOS of the clear interface. It
is evident that the d-orbitals of Ti atoms are the predominant contributors to the peaks in
the total density of states. The presence of non-zero density of states at the Fermi level
indicates that the chemical bonds formed at the interface exhibit metallic characteristics.
Specifically, within the energy range from -1 eV to the Fermi level, the p orbital of Ti atoms
above the interface and the s orbital of Ti atoms below the interface show consistent peak
shapes and similar peak values, which suggest the formation of Ti-Ti metallic bonds near
the interface. In the energy range of -3 eV to -1 eV, the p orbital of Ti atoms above the
interface resonates with the p orbital of Al atoms, and their peak shapes are consistent,
which indicates the formation of Ti-Al metallic bonds. These observations collectively
indicate that the bonding at the interface is primarily composed of both Ti-Ti and Ti-Al
metallic bonds. Fig. 9(b) shows the PDOS of the doped interface. It is observed that the
d-orbitals of Ti atoms contribute most significantly to the peaks in the total density of
states peaks, and a distinct peak in the density of states at the Fermi level indicates the
formation of metallic bonds. Near the interface, the p orbital of Ti atoms above the
interface and the s orbital of Ti atoms below the interface exhibit consistent peak shapes
and similar peak values, which confirm the formation of Ti-Ti metallic bonds. In the



energy range of -3eVto -1 eV, the s orbital of La atoms above the interface exhibits
resonance and hybridization with the p-orbitals of Al atoms, and their peak shapes are
consistent, which indicates the formation of La-Al covalent bonds. Additionally, the s
orbital of Ti atoms above the interface and the p orbital of Alatoms show consistent peak
shapes, which indicates the formation of Ti-Al metallic bonds. Consequently, the
bonding types at the doped interface include Ti-Ti and Ti-Al metallic bonds, as well as
La-Al covalent bonds.

3.4 Tensile and shear properties of the interface

To further analyze the interaction strength at the interface, the tensile simulations were
conducted on the heterogeneous interface models. The tensile simulations were
achieved by fixing the bottom and top atoms of the heterogeneous interface models and
proportionally increasing the height of the models, meaning that engineering strain was
applied in the z-axis direction with a step size of 1%. During the tensile simulations,
atoms were allowed to freely relax in the z-axis direction only, disregarding Poisson’s
contraction in the direction parallel to the interface. The calculation formula for he
stress—strain curves of the interface models is as follows:*

=
Erensile = r—l (10)
]
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where ownsite IS the tensile stress of the interface model; gensite IS the tensile strain of the
interface model; |, is the length of the interface model in the z-axis direction before
stretching; Lis the length of the interface modelin the z-axis direction after stretching; V(g)
stands for the volume of the interface model at a strain of €; and Ewaye IS the total energy
of the interface model at a strain of ¢.

The deformation energy and tensile stress of both interface models as a function of the
tensile strain are shown in Fig. 10. It can be observed that both interface models exhibit
increasing strain energy and tensile stress with the increase of the tensile strain. At a
strain of 18%, the tensile stress of the clear interface reaches its maximum at 19.18 GPa.
Further stretching results in the tensile stress gradually approaching zero. Therefore, it
can be concluded that after a strain of 18%, the bonding between atoms at the clear
interface breaks, which causes the interface model to separate into two distinct surfaces.
For the doped interface, it is apparent that the tensile stress reaches its maximum at a
strain of 9%, with a value of 12.90 GPa. A com parison between the clear and doped
interfaces reveals that the addition of La atoms augments the toughness of the interface.
This observation underscores the beneficial impact of alloying elements on enhancing
the mechanical integrity and resilience of the interface structures.



By comparing the sliding barriers at different positions of the heterogeneous interface
models, itis possible to determine the preferred locations for relative sliding under shear
forces. A grid of 11x11mesh points was selected within the interface models. Based on
the chosen sliding positions and the mesh points, the relative positions for the two
models were established, which results in a total of 121 interface models.

The calculation formula for the sliding potential energy (DE)is as follows:*’

I:‘J;__'] o Eilul'.:l
A

AE = (12)

where E, is the interaction energy of the interface model sliding to the current position;

E™"is the minimum interaction energy during the sliding process of the interface model;
and A is the area of the interface model.

An in-depth analysis was conducted to assess the shear performance of the interface
models before and after doping. The potential energy surfaces (PES) for sliding at the
interface positions of the clear and doped models were computed. The direction denoted
by the red dashed line represents the minimum energy path (MEP) required for
heterogeneous sliding at the interface, corresponding to the lowest energy required for
sliding along that path. By connecting all the sliding potential energies along this path,
the potential energy curves (PECs) for the two heterogeneous interfaces were obtained.
Differentiating these PECs yields dE/dl, where the maximum value of dE/dl signifies the
ideal shear strength (tver) Of the heterogeneous sliding interface along the minimum
energy path, as illustrated in Fig. 11.

Fig. 11(a) and (b) present the sliding PES for the clear and doped interfaces, respectively.
Itis evident that the maximum potential energy values at the interface are 1.605J m2and
0.816J) m?, respectively, indicating the energy barriers that must be overcome for relative
sliding at the two different interface models. Fig. 11(c) and (d) present the PEC for the
clear and doped interfaces along the MEP for sliding. The energy barriers for
heterogeneous sliding at the MEP are 0.404 ) m2 and 0.243 J m for the clear and doped
interfaces, respectively. Fig. 11(e) and (f) present the differential values dE/dl for the PEC
along the MEP for the clear and doped interfaces. The calculated (tmer) values for the
sliding interfaces of the clear and doped models are 0.286 GPa and 0.130 GPa,
respectively. In summary, the doped interface exhibits a greater propensity for sliding
compared to the clear interface, which suggests that doping with La atoms enhances the
ductility of the interface.

4. Conclusions

(1) The surface energy convergence tests indicate that the surface models of y-TiAl(111)
and o,-TizAlL(0001) achieve con vergence at 6 layers and 7 layers, respectively, with the
corresponding surface energies of 3.47 Jm2and 2.04 ) m=.



(2) The interface energy is the lowest when the La atom occupies the Al position at the
Doped 5 interface site. After full relaxation, the interfacial work of separation values for
the clear interface model and the doped interface model are 3.86 ) m2and 2.47 J m?2,
respectively. The clear interface develops Ti-Al and Ti-Ti bonds on both sides, while the
doped interface forms Ti-Al, Ti-Ti, and La—Al bonds on both sides.

(3) From stretching calculations on the interface models, it is found that the maximum
tensile stresses for the clear and doped interface models are 19.18 GPa and 11.26 GPa,
respectively. This indicates that the incorporation of La atoms enhances the toughness
of the interface.

(4) From potential energy surface calculations on the interface models, the maximum
potential energy values for the clear and doped interface models are found to be 1.605 J
m=2and 0.816 ) m2, respectively. The energy barriers for interface sliding along the
minimum energy path are 0.404 J m2 and 0.243 ) m2, with ideal shear strengths (tvep) Of
2.032 GPa and 0.161 GPa, respectively. Consequently, the doping of La atoms in the
interface enhances its ductility.
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Table 1 Parameters of bulk, surface and interface models for density
functional calculations

Sysrem Encut (eV) K-points

Bulk v-TiAl 500 555
Bulk m.-Ti Al 500 9w 0 w9
wTiAl surface S0 I |
.- TizAl surface 500 LI |
w-TiAll=,-Ti;Al interface 500 LI |

Table 2 Surface energy of v-TiAl111) and a.-TisAKD001) (J m—=)

Layer 1 5 & 7 8 9 10

v-TiAl(111) 3.549 3.42 3.47 3.49 3.47 3.46 3.47
- TizAl[0001) 1.9% 207 i.m .04 2.05 2.06 2.05
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Fig. 1 Variation of energy with respect to encut and K-points. (a) y-TiAl-encut; (b) y-TiAl-K-
points; (c) a.-TisAl-encut; and (d) a-TisAl-K-points.
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Fig. 2 Ideal crystal structures: (a) y-TiAl and (b) a-TisAl.
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Fig. 3 Schematic of surface models of y-TiAl(111) and o-TisAlL(0001). (a) y-TiAl(111) and (b)
a2-TisAl(0001).
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Fig. 6 Energy comparison chart for the La atom doped at different positions on the
interface. (a) Doped points at the interface; (b) doped points at the sub-interface; and (c)
energy comparison for different doped points
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Fig. 7 Charge density diagrams of the interface before and after doping. (a) 3D differential
charge density of the clear interface; (b) 2D differential charge density map of the clear
interface; (c) planar averaged charge transfer along the z-axis for the clear interface; (d)
3D differential charge density of the doped interface; (e) 2D differential charge density
map of the doped interface; and (f) planar averaged charge transfer along the z-axis for
the doped interface.



Fig. 8 Electron localization function. (a) Clear interface model and (b) doped interface

model.
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Fig. 9 Density of states (DOS) of interface layers. (a) Clear interface model and (b) doped

interface model.
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Fig. 10 Deformation energy and tensile stress curves. (a) Deformation energy-tensile
strain and (b) tensile stress-tensile strain.
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Fig. 11 Potential energy surfaces (PESs), potential energy curves (PECs) and their
differential along the minimum energy path (MEP) of the y-TiAl/a..-TisAl interface. (a) PES
of aclearinterface; (b) PES of adoped interface; (c) PEC along the MEP of a clear interface;
(d) PEC along the MEP of a doped interface; (e) dE/dl along the MEP of a clear interface;
and (f) dE/dl along the MEP of a doped interface.



