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Abstract

The refinement effect of the rare earth oxide La;O3 on y-TiAl by first-principles method
was investigated in this study. The mismatch between different low-index interfaces of
La,Os; and y-TiAl was calculated, and the interface with the smallest mismatch was
selected to construct the La,Os/y-TiAl interface. The stability and electronic structure of
the interface were assessed, and the efficacy of La,O; as a heterogeneous nucleation
core for y-TiAl was analyzed. The results reveal that the La,O3; (100)/y-TiAl(100) interface
displays the smallest mismatch, which is 4.36 %. Four La>O; (100)/y-TiAl(100) interface
models were constructed based on various surface terminations and stacking
sequences. Among these models, the O-Al model exhibits the highest interfacial binding
energy of 5.062 J/m?, while the O-Ti model demonstrates the lowest interfacial energy of
-3.300J/m?. The primary bond type in the interface models is ionic bonding. Therefore,
from the geometric and energetic aspects of the interface structure, it can be inferred
that La,O; can act as a heterogeneous nucleation core for refining the y-TiAl phase, with
a preference for forming O-Ti type heterogeneous nucleation interfaces.



1. Introduction

TiAl alloys, as a new generation of the high-temperature structural materials,
demonstrate exceptional high-temperature mechanical properties and low density,
which are highly suitable for applications in aerospace and various other
industries [1], [2], [3]. However, its room-temperature brittleness and inadequate
strength at middle and high temperatures limit its wide application in the aerospace
industry [4], [5].

The microstructure of TiAl alloy mainly consists of y-TiAl and a,-TizAl phases [6], [7]. The
yv-TiAl phase is classified as an intermetallic compound with an ordered face-centered
cubic crystal structure, which offers the alloy low density, high strength, and exceptional
high-temperature characteristics. However, the a,-Ti;Al phase, known for its higher
density, exhibits inadequate oxidation resistance. As a result, the mechanical properties
of the TiAl alloy are primarily determined by the y-TiAl phase [8].

In recent years, the significant research efforts have been dedicated to enhance the
mechanical properties of TiAl alloys by alloying method[9]. Kim and
Yasuda [10], [11] observed that the Nb elements activates all deformation mechanisms
of the y-TiAl phase during the deformation process, so that the room temperature
plasticity of TiAl alloys can be improved. Furthermore, the Nb elements raises the yield
strength of the y-TiAl intermetallic compound to 371 MPa. Shu et al. [12] investigated the
effect of dopant elements Fe, Co, and Ni on the ductility of the y-TiAl intermetallic
compound. It was found that doping with Fe and Co can improve both the ductility and
strength of the y-TiAl intermetallic compound. While, Ni doping reduces its ductility.
These research results suggest that alloying elements, particularly Nb, have a beneficial
effect on the mechanical properties of the y-TiAl intermetallic compound. However, the
challenges such as room temperature brittleness and inadequate strength at middle and
high temperatures still persist[13], [14].

By refining the microstructure of alloys, not only can the yield strength and tensile
strength of the alloys be enhanced, but also their ductility can be improved
simultaneously [15]. Currently, the application of the microstructure refinement
techniques to enhance the overall mechanical properties of the alloys has attracted
significant attention [16].

The rare earth oxides added into alloys can play a significant role in refining, purifying,
and modifying the alloys, which results in notable improvements in mechanical
properties of the alloys[17],[18],[19]. Wang et al.[20], [21] examined the effect of
CeO; onthe wear and corrosion resistance of Ni-based alloy. They found that it can refine
the microstructure, increase the hardness, enhance the wear resistance, and improve
the corrosion resistance of the alloy. Zhao et al. [22] studied the influence of La,O3; on
iron-based alloys, it was observed that the La,O; can refine the microstructure of the iron-
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based laser cladding coating and significantly enhance the corrosion resistance of the
coating. Therefore, it is suggested that in TiAl alloys, the y-TiAl phase maybe refined by
the rare earth oxides, which can enhance the mechanical properties of TiAl alloys. To
research the refining effect of rare earth oxides on y-TiAl phase, it is necessary to
establish the interfacial relationship between rare earth oxides and the y-TiAl phase.
However, it is impossible to clarify the interface relationship and refinement mechanism
between rare earth oxides and the y-TiAl phase by experimental.

Currently, the first-principles method based on density functional theory has become a
crucial one for investigating the surface and interface properties of materials [23], [24].
Pei et al.[25] conducted a study using first-principles methods to explore the tensile
properties and fracture mechanisms of the Al(111)/AlTi(112) interface. The results
revealed that with increase of the tensile strain, significant areas of the electron holes
emerge at both the interface and sub-interface, which lead to a substantial weakening of
the atomic interactions. When the strain is exceeded 25 %, the fractures appearin the Al-
Ti and Al-Al bonds at the interface, which results in the failure of the tensile model.
Dai [26] investigated the stability and effect of alloying elements on the
TiAUTIO;, interface via first-principles calculations. The results demonstrated that
elements Y, Nb, and Pd can enhance the adhesion energy between TiO, and TiAl, which
prevents the detachment of the oxide layer and enhances the cyclic oxidation resistance
of TiAl. Therefore, it is feasible to investigate the interfacial relationship between rare
earth oxides and y-TiAl by first-principles method.

In this study, the typical rare earth oxide La,O; was selected, and the mismatch between
La,O; and y-TiAlon various low-index surfaces was calculated by first-principles method.
An interface model of La,Os/y-TiAl was established to assess the stability, interfacial
binding energy, interfacial energy, and electronic structure of the interface. The efficacy
of La,O; as a heterogeneous nucleation core for y-TiAl was investigated.
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2. Computational method

All calculations in this study were conducted using the Vienna Ab-initio Simulation
Package (VASP) within the framework of Density Functional Theory (DFT) [27], [28]. The
Perdew-Burke-Ernzerhof generalized gradient approximation (GGA-
PBE) [29], [30] exchange-correlation functionals were adopted to describe exchange-
correlation energy for the calculation, and the interaction between ions and valence
electrons was treated separately. For the structural optimization, the positions of all
atoms were allowed to relax freely until the total energy and force converge to
107° eVV/atom and 0.001 eV/ A, while the shape and volume of the unit cell were preserved.
Convergence tests were performed on Encut and Kpoints to ensure calculation accuracy.
And the sampling Kpoints mesh grid in the Irreducible Brillouin Zone (IBZ) was obtained
by Monkhorst-Pack method[31]. The convergence criteria were set with an energy
threshold of 1.0x107°eV/atom and Hellmann-Feynman force is allowed as low as
0.02 eV/atom. Encut and Kpoints settings were examined for La,Os;and y-TiAl, with
detailed calculation procedures illustrated in Fig. 1. The specific parameters chosen for
Encut and Kpoints in the computations of the bulk phase model, surface model, and
interface model are listed in Table 1.
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3. Results and analysis
3.1. Determination of interface relationship between La,O3 and y-TiAl
3.1.1. Bulk phase structure of La,03; and y-TiAl

Before computing the surface properties of La,Os; and y-TiAl, itis crucial to fully relax their
bulk phase structures to achieve optimal stability. The crystal structures of La,O; and y-
TiAl are illustrated in Fig. 2. Fig. 2(a) displays that the crystal structure of La;0s. La,0O; is
identified as belonging to the P-3m1(164) space group, with lattice constants a = b =
3.938A and ¢ = 6.173 A, v =82.899 Asfollowing relaxation. These values closely match
with those reported in previous experimental [32] and computational [33] references. Fig.
2(b) displays the crystal structure of y-TiAl, which belongs to the P4/mmm(123) space
group. After relaxation, y-TiAl exhibits lattice parameters ofa=b=4.019 Aand c =4.065 A,
v =65.659 A3 These values closely match with those reported in earlier
experimental [34] and computational [35] references. These results affirm the accuracy
of the La,O; and y-TiAl unit cells utilized in this study, which have been widely accepted
in the literature and produce reliable results, therefore it meets the computational
requirements of this study.

The band structure and density of states diagram of La,Oz;are shown inFig. 3. Fig.
3(a) presents the band structure of La>O; with the Fermi level marked by the dashed line.
It is evident that the band structure of La,Os does not intersect the Fermi level, and there
exists a distinct band gap width between the valence and conduction bands. Since the
valence band maximum and conduction band minimum of La,O; are not directly aligned,
it indicates the semiconductor characteristics of La,O3; with an indirect band gap.

Fig. 3(b) presents the total density of states and partial density of states diagram for La,Os.
It can be observed that there is no density of states peak at the Fermi level, which
indicates its non-metallic nature. Within the range from -17 eV to -10 eV, the total density
of states peaks primarily originate from various orbitals of La atoms, with contributions
from the s orbital of O atoms and the p orbital of La atoms exhibiting orbital resonance
and hybridization effects, it suggests the formation of chemical bonds with certain
covalent characteristics. The density of states peaks from —4 eV to the Fermi level mainly
derive from the p orbital of O atoms, which resonates with the d orbital of La atoms. The
weak intensity of La atom peaks suggests the migration of outer electrons from La atoms
towards more electronegative O atoms. The discrepancy between the density of states
centers of La d orbitals and O p orbitals indicates strong ionic bonding. Therefore, the
chemical bonding in the bulk structure of La,O; comprises a hybrid mixture of covalent
and ionic bonds.
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The band structure and density of states diagram of y-TiAl are shown in Fig. 4. Fig.
4(a) presents the band structure of y-TiAl, with the Fermi level denoted by a dashed line.
It is evident that the band structure of y-TiAl intersects the Fermi level, which indicates
the presence of the electrons capable of transitioning from the valence band to the
conduction band, therefore, it demonstrates the metallic properties of y-TiAl

Fig. 4(b) presents the total density of states and partial density of states for each atom in
v-TiAl. It is observed that y-TiAl shows sharp peaks in the density of states at the Fermi
level, which implies the existence of the metallic bonds primarily originating from the d
orbitals of Ti atoms. In the vicinity ranging from -4 eV to near the Fermi level, the
resonance and orbital hybridization between the p orbitals of Al atoms and the d orbitals
of Ti atoms suggest the formation of covalent bonds. Consequently, the chemical
bonding in the bulk structure involves the establishment of metallic and covalent bonds.

The Voigt-Reuss-Hill (VRH)[36] approximation was employed to compute the bulk
modulus (B), shear modulus (G), Young’s modulus (E), and Poisson’s ratio (v) of the y-TiAl
and La,0; crystal structures. The calculation results of the stiffness matrix C; are as
follows:

The computational formula of the elastic matrix for y-TiAl is as follow:

186 90 89 (1)
90 186 89
€.y (G Pa) 89 89 179 3
76
76

The computational formula of the elastic matrix for La;05 is as follow:

220 122 92 33 | 2)
122 220 92 33
o 92 92 142
CiylGPa)=| = _4a a9 60
60 33
33 51

Based on the elastic matrices of y-TiAl and La,Os;, a three-dimensional (3D) plot
illustrating the anisotropy of their elastic properties was created [37]. The 3D plot
demonstrating the anisotropy of y-TiAl is shown in Fig. 5, where higher isotropic elastic
properties lead to smaller variations in the contour surface of the 3D plot. It can be
observed from the figure that the 3D surface plots of y-TiAl display relatively regular solid
shapes. The specific calculation results for the elastic constants of y-TiAl are detailed
in Table 2.
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The 3D plot depicting the anisotropy of La,Os is shown in Fig. 6, which reveals anirregular
three-dimensional surface with significant differences in behavior between the [001]
direction and the [100] and [010] directions. This discrepancy arises because
La,O; belongs to the P-3M1(164) space group, whereas y-TiAl belongs to the
P4/mmm(123) space group. The specific calculated results of the elastic constants of
La,0O; are listed in Table 3. Comparison between Table 2 and Table 3, it shows that the
anisotropy values of y-TiAl for the Bluk modulus, Young’s modulus, Shear modulus, and
Poisson’s ratio are all smaller than those of La,Os, which indicates that y-TiAl exhibits
weak anisotropy while La,O; demonstrates relatively strong anisotropy. Notably, the
anisotropy of the Bluk modulus of y-TiAl is the smallest, which is 1.09, whereas the
anisotropy of the Young’s modulus of La,Os is the largest, which is 3.55.

3.1.2. Lattice mismatch between La,03; and y-TiAl

From Bramfitt’s two-dimensional lattice mismatch theory [38], it is known that when the
misfit between the substrate and nucleation phases is less than 6 %, the substrate acts
as the most effective heterogeneous nucleation site, which promotes a coherent
interface. When the mismatch is between 6 % and 12 %, the substrate’s nucleation
effectiveness is moderate, which lead to a semi-coherent interface. When the mismatch
is larger than 12 %, it precludes the substrate from serving as a nucleation site, and
results in a non-coherent interface. Consequently, the crystal face combinations with
minimal mismatch were selected, as guided by Bramfitt’s theory, which facilitates the
attainment of a more stable interface. The calculational formula for Bramfitt’s two-
dimensional lattice mismatch is as follow:

cos rl!"._"_ll_ |

Sy = 3w, el 1005 &
where, hkls denotes a low-index crystal plane in the substrate phase; uvws represents a
low-index crystal direction within the crystal plane of the substrate phase; hkln stands
for a low-index crystal plane in the nucleation phase; uvwn corresponds to a low-index
crystal direction within the crystal plane of the nucleation phase; duvws indicates the
atomic distance along the uvws direction in the crystal plane; duvwn represents the

atomic distance along the uvwn direction in the hkln crystal plane.

The two-dimensional lattice mismatch between different low-index crystal planes of
La,O; and y-TiAl are listed in Table 4. When their crystal orientations are La,O3(100) and
y-TiAL(100) respectively, the mismatch at the La,Os/y-TiAl interface measures a minimal
4.36 %. This value falls within the most effective range for heterogeneous nucleation,
which indicates that La,O; meets the crystallographic criteria to serve as the most
effective substrate for heterogeneous nucleation of y-TiAl. Therefore, La>O3(100) and y-
TiAl(100) is recommended for constructing the interface.


https://www.sciencedirect.com/science/article/pii/S2352492824022736#fig0030
https://www.sciencedirect.com/science/article/pii/S2352492824022736#tbl0015
https://www.sciencedirect.com/science/article/pii/S2352492824022736#tbl0010
https://www.sciencedirect.com/science/article/pii/S2352492824022736#tbl0015
https://www.sciencedirect.com/science/article/pii/S2352492824022736#bib38
https://www.sciencedirect.com/science/article/pii/S2352492824022736#tbl0020

3.1.3. Surface energy of La,03; and y-TiAl

Before constructing the interface model, it is crucial to determine the layer thickness of
the La,O;z and y-TiAl surface models. Based on the mismatch calculation results, the
surface models of La,03(100) and y-TiAl(110) with varying thicknesses were developed.
Convergence tests were performed on their surface energies to ascertain the minimum
layer thicknesses required to achieve bulk-like properties. The La>O3(100) surface can be
categorized into O-Terminated and OLa-Terminated surfaces, while the y-TiAl(110)
surface can be categorized into Al-Terminated and Ti-Terminated surfaces. To mitigate
interactions between surface layers under periodic boundary conditions, a 15 A vacuum
layer was added in the surface and subsequent interface models. The diagrams
illustrating the surface models of La,03; and y-TiAl are shown in Fig. 7.

Surface energy o is the energy required to create a surface by separating it from the bulk
structure. The surface energy calculational formula for La;0,(100) is as follow:

O Lay0,100) = 37 [ Bstab — Niaftr, — Nopo) (4)

where o, 0,(100) represents the surface energy of the La;03(100) surface model; A is the
surface area of the crystallographic plane; Ny, Ny denote the number of La and O
atoms, respectively, in the La;03(100) surface model.

ji1,, and i, denote the chemical potentials of La and O atoms, respectively. For the bulk
La;05, the equation is as follow:

#?:fﬁnﬁ = 2p5, + 30 (5)

where #?ff‘;-h represents the energy of the La;03 solid-phase unit; #i‘?ffh. represents the
energy of the bulk La;0s.

After combining (4), (5), the mathematical expression for o,,0,100) that exclusively
depends on a single variable, i, can be expressed as follow:

"l" 11 v 3
T LaaOy(100) = ﬁ[Esluh - JQL ”E::O.; — (No — ENLu }Hm] (6)

The surface energy calculation results for the La,0O3(100) surface model are displayed
in Table 5. When the number of the surface layers is larger than 10, the surface energy of
the O-terminated model of the La,O3(100) surface converges to 1.769 J/m?; Similarly, with
more 13 surface layers, the surface energy of the OLa-terminated La,03(100) surface
model converges to 2.823 J/m?
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The surface energy of v-TiAl (100) can be calculated by the Botteger formula [39]:

o= 35(Ejs,— NAE) (7)
AE= (B —Ey') (8)

where o denotes the surface energy of the model; A represents the surface area of the
model; and Efj, and E7}? respectively indicate the total energy of surface models
containing N layers and N-2 layers of atoms.

The calculation results of the surface energy for v-TiAl( 100) are listed in Table 6, which
indicates that when the number of surface layers is larger than 7, the energy converges to
3.080 J/m? for Al-terminated interfaces and 1.168 J/m?2 for Ti-terminated interfaces.

3.2. Interface model constructing

Based on criteria from mismatch and surface convergence tests, four interface models
were constructed with different terminations, as illustrated in Fig. 8. These interfaces are
sequentially named as O-Al, O-Ti, OLa-Al, and OLa-Ti. During the interface modeling
constructing process, the optimal interface spacing was determined by assessing the
relationship between spacing and structural energy. Subsequently, the relaxation and
energy calculations were conducted for two types of the interface models with spacings
ranging from 1.0 to 5.0 A (increments of 0.1A). The relationship between energy
variations among the four interfaces and interface spacing are shown in Fig. 9. All four
interface structures initially exhibit decreasing energy followed by an increase. For the O-
Al and O-Ti interfaces, the system energy is minimized at a spacing of 1.7 A. For the OLa-
Al interface, the minimum energy occurs at 3.1 A spacing, whereas for the OLa-Ti
interface, itis at 2.2 A.

The interface stability strength can be analyzed in terms of interfacial adhesion energy
W.a. The interfacial adhesion energy is defined as the reversible work required to
separate an interface into two free surfaces, and its magnitude signifies the strength of
the interface structure. The calculational formula for W4 is as follow [40], [41], [42]:

T’F-arl = %(E&'ur'ﬁwﬂﬂ} + E.S'u.rfucs_:[ufl - E}'nterfacr) {g)

where, Es,.; ace(s) is the total energy of the isolated surface model of the substrate phase;
Egyr face(n) 15 the total energy of the isolated surface model of the nucleating phase;
Enter face Tefers to the total energy of the interface model; and A represents the area of
the interface.
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Another criterion for interface stability is the interfacial energy y. The yrepresents the
resistance encountered when forming heterogeneous interface structures and plays a
crucial role in nucleation processes. The magnitude of y corresponds to the difficulty of
heterogeneous nucleation at the interface. Generally, a smaller y indicates a more stable
interface structure. The calculational formula for y is as follow [43]:

Y = OLa,0, + orial — Wada (10)

where W, is the adhesion energy of the Lay03/y-TiAl interface; op,,0, and o,_ia
are the surface enereies of La»0= and v-TiAl respectivelv.

The idealinterfacial adhesion energies W,q and interfacial energies y for the four interface
models are listed in Table 7. It can be found that the W.q are as follows: Wado0.4>Woado-
7> Woagora-a>Whaora-mi; and the y are ordered as follows: Yo.7i<Vo-a<Yora-iYora-a. AMong these,
the W,q of the O-Al interface is the highest at 5.062 J/m?, which indicates that the
adhesion strength of the O-Al interface surpasses those of the other three interfaces. It
suggests that the O-Al interface structure exhibits the most robust interfacial adhesion
capability. Incomparison to the OLa-Al and OLa-Ti interfaces, the interface energies both
the O-Al and O-Ti interface structures are negative, which indicates the minimal
resistance during the formation of the interface structure, and allows for spontaneous
formation.

Based on the calculations of the interface adhesion and formation energies, it is
determined that La,O; can effectively serve as a heterogeneous nucleation substrate for
y-TiAlL. Furthermore, the heterogeneous nucleation interfaces tend to predominantly form
O-Ti type interfaces. When external conditions enable the formation of all four interface
structures, the adhesion strength of the O-Al type interface structure will surpass that of
the O-Ti type interface structure. The O-Al type interface structure exhibits greater
resistance to being separated into two free surfaces.

3.3.1. Electron Localization Function of La,O3(100) and y-TiAl(100)

The Electron Localization Function (ELF) can be employed to qualitatively characterize
the localized distribution of electrons and aid in verifying bond types. The calculational
formula for ELF is as follow [44]:

1 Dy \? (9)
ELF =1 [1 +(m2) }

where D(r) is the real electron gas density; Dh(r) is the uniform electron gas density. ELF

values range from 0 to 1. When ELF = 1, electrons are fully localized; when ELF = 1/2,

electrons are in a uniform electron gas state; and when ELF =0, electrons are completely

delocalized (or absent in this context).
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The ELF of the La,03(100)/y-TiAl(100) interfaces are shown in Fig. 10. It can be observed
that the ELF values around the O atom near the interfaces are approximately 0.85, which
indicates localized electron states around the O atom. Specifically, Fig. 10(a) is the ELF
of the O-Altype interface, where the ELF values around the Al atom near the interface are
very low, which suggests minimal electron presence around Al atom and indicates the
formation of ionic bonds between O and Alatom. Fig. 10(b) is the ELF map of the O-Titype
interface, which reveals ELF values around Ti atom near the interface of about 0.3, and
around O atom and Ti atom about 0.2, and it indicates primarily ionic bonding between
them. Fig. 10(c) is the ELF map of the OLa-Al type interface, which shows ELF values
around O and Al atoms near the interface ranging from 0.2 to 0.4, and suggests the
presence of the ionic bonding between them. Fig. 10(d) is the ELF map of the OLa-Ti type
interface, which show similar results to Fig. 10(b), and itindicates primarily ionic bonding
between O and Ti atoms.

3.3.2. Density of states of La»O3(100) and y-TiAl(100)

Based on the analysis of the interface electronic structure, the constructed interface
structure displays significant localization features in the 1-3 at. layers near the interface.
Therefore, the partial density of states (PDOS) of the atoms within the 1-3 layers near the
La,Os/y-TiAlinterface was examined, and the computational results are shown in Fig. 11,
with the position of the Fermi level marked by the black dashed line. It is evident that the
density of states at the Fermi level near the interface is non-zero, which indicates that the
chemical bonds formed at the interface exhibit some metallic characteristics.

Fig. 11(a) is the interface density of states (DOS) for the O-Al type interface. It is evident
that the peakin the density of states at the Fermi level predominantly arises from Alatom
p orbitals, supplemented by contributions from O atom s and p orbitals. Within the
La,O; layer beneath the interface, the density of states for O atom orbitals in the
immediate interface layer is lower than those in the subsequent layer. The resonance
between Al atom p orbitals near the interface and O atom p orbitals below the interface
occurs in the energy range of —7.5 eV to -5 eV. Additionally, the resonance between Ti-d
orbitals in the upper sublayer and O-s orbitals below the interface is observed in the
range of —-22.5eV to —-17.5 eV, which indicates the formation of the covalent or ionic
bonds near the interface. These results substantiate the generation of Al-O bonds.

Fig. 11(b) is the interface DOS for the O-Ti type interface. It is observed that within the
La,O; layer, the density of states for O atom orbitals in the immediate interface layer is
higher than those in the subsequent layer. Additionally, the resonance occurs between
Ti-d orbitals in the upper sublayer and O-s orbitals below the interface in the energy range
of —-21 eV to -18 eV, with a more significant contribution from the peak in O-s orbital
density. In the range of -7.5¢eV to —-2.5¢eV, the resonance is observed between Al-s
orbitals in the upper sublayer and La-d orbitals below the interface, which indicates the
formation of the covalent or ionic bonds near the interface. These observations,
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combined with electron localization function analysis, confirm the formation of Ti-O
bonds.

Fig. 11(c) is the interface DOS for the OLa-Al type interface. It is evident that the peak in
the density of states near the interface primarily originates from contributions of Al-p and
O-p orbitals. Moreover, in the energy range from -5 eV to the Fermi level, the peak shape
of Al-p orbitals above the interface is consistent with the upper sublayer Ti-s orbitals,
which shows comparable peak values.

Fig. 11(d) is the interface DOS for the OLa-Ti type interface. It can be seen that the peak
in the density of states at the Fermi level primarily arises from contributions of Ti-d
orbitals. Within the energy range of -7.5eV to -2.5¢eV, the resonance between O-p
orbitals near the interface and Ti orbitals above the interface is observed, which indicates
the formation of covalent or ionic bonds near the interface. This confirms the generation
of Ti-O bonds.
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4. Conclusions

(1)y-TiAl exhibits weak anisotropy, whereas La,O; demonstrates a higher degree of
anisotropy. The anisotropy of the volume modulus is the minimum for y-TiAl, which is
1.09, while for La,0s3, the Young’s modulus anisotropy is the highest, which is 3.55.

(2)The mismatch between the La,03(100) and y-TiAl(100) crystal faces is the
minimum, which is 4.36 %. It indicates that La,O;effectively serves as a
heterogeneous nucleation substrate for y-TiAL

(3) The interfacial binding energies for the four interface models rank as follows: Waqo.
A2 Waao-1>Woaaora-a>Wadora-ni, @and the interfacial energies are ordered as: yo.ri<Yo-a<Yora-
<Yora-a- The highest interfacial binding energy, W.q, is observed for the O-Al interface
structure, which is 5.062 J/m?, while the lowest interfacial energy, y belongs to the O-
Ti interface structure, which is —=3.300 J/m2. The heterogeneous nucleation interfaces
predominantly favor the O-Ti type, while the O-Al type proves the most stable.

(4)The ionic bonding primarily characterizes the bonding in the four interface
structures between O-Al and O-Ti.
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Table 1. Parameters of bulk, surface and interface for density functional calculation.

System Encut (eV) Kpoints
Bulk Laz04 500 T=Tx7
Bulk y-TiAl 500 5x5x5
La;05 Surface 500 Tl
y-TiAl Surface 500 5x5x1

La;03fy-TiAl Interface 500 T=T=1




Table 2. Anisotropy of elastic parameters of y-TiAl.

Bulk modulus GPa Young's modulus GPa Shear modulus GPa Poisson's ratio

y-TiAl Bmin Vmax
114.15 124.40 121.15 188.50 53.96 76.00 0.24 0.33

Brnax Emin Emax Grmin Gmax Vmin

anisotropy 1.09 1.56 141 1.375




Table 3. Anisotropy of elastic parameters of La;0s.

Bulk modulus GPa Young's modulus GPa Shear modulus GPa Poisson’s ratio

La;05 Bmin Brax Emin Emax Gmin Gmax Vmin Vmax
66.74 21091 61.88 219.77 25.40 59.77 0.24 0.44

anisotropy 3.16 3.55 2.35 1.83




Table 4. Lattice mismatch of La;05 and y-TiAL

Matching face La;05(100) / y-TiAl(100) La,05(110) fy-TiAI(100)

La;05[uvw] 001) |620] [021] 001] 110 111]
y-TiAl[uvw] 020] 002] 022] 020] 002] 022]
o) 0 0 3.298 0 0 7.359
dray0, (A) 6.204 7.896 10.021 6.204 6.815 9.216
d,_ria(A) 5.683 8.131 9.920 5.683 8.131 9.920

8 (%) 436 11.07




Table 5. Surface energy of La;05 (100) surface.

Layer 4 7 10 13 16

O-Terminated 1.669 1.765 1.769 1.769 1.769

OLa-Terminated 2.697 2743 2755 2.823 2.784




Table 6. Surface energy of yv-TiAl (100) surface.

Layer 5 7 9 n 13

Al-Terminated 2.885 3.080 3.007 2963 2.945

Ti-Terminated 1.069 1.168 1.143 1182 1.110




Table 7. The Wyq and y values for the La;04(100)/ y-TiAl{100) interface model.

Interface model 0-Al 0-Ti 0OLa-Al OLa-Ti

Woa(J/m2) 5.062 3.237 2.309 3.109

yU/m2) 0213 3300 3.594 0.882







-41.823
(a (b)
-418
> = 41825 F
< —nat s
g g
< o
£ g 827}
E -42.6 E
1™ [
-430F -41.829
200 300 400 500 600 700 2 4 6 8 10 12 14 16
Encut Kpoints
24, -245
() 4 (d)
_ -245} .
- > ~246
L <
§ <246} 7]
- ~
= S -7}
£ <247} £
- -—
-3} -248
200 400 600 800 3 58 7 9 1m 13 15
Encut Kpoints

Fig. 1. Encut and Kpoints versus system energy variation.(a) La,Os-Encut; (b) La>Os-
Kpoints; (c) y-TiAl-Encut; (d) y-TiAl-Kpoints.



Fig. 2. Ideal crystal structure.(a)La,0s; (b) y-TiAl.
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Fig. 10. ELF of the four interfaces (a) O-Al (b)
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