First-principles analysis on interface mismatch relationship between La203 and TiC

Weidong Ma *°, Tianfang Zhu ?, Hanqi Wang ¢, Yefei Zhou ®”, Ligang Liu ™", Xuejun Ren ¢,
Qingxiang Yang "

4State Key Laboratory of Metastable Materials Science & Technology, Hebei Key Lab for
Optimizing Metal Product Technology and Performance, Yanshan University, Qinhuangdao,
066004, PR China

bCollege of Mechanical Engineering, Yanshan University, Qinhuangdao, 066004, PR China
¢ College of Mechanical Engineering, Qilu University of Technology, Jinan, 250353, PR
China

4 School of Engineering, Liverpool John Moores University, Liverpool, L3 3AF, UK

Abstract

Hypereutectic Fe-Cr-C alloy was widely applied in the field of additive manufacturing. By
adding TiC, the wear resistance of the alloy can be further enhanced. Based on the hypereutectic
Fe-Cr-C-Ti alloy, rare earth oxide La>O3 will be added to refine TiC. The first-principles
method was used to calculate the interface adhesion work, interface energy, electronic structure
and bonding properties between La>O3 and TiC. The effectiveness of La;O3 as the nucleation
substrate of TiC was also analysed in this paper. The calculation results show that the mismatch
degree between the TiC(1 1 0) plane and the La;Os(1 1 0) plane is 4.10%, which meets the
necessary condition for heterogeneous nucleation. It indicates that the TiC(1 10) plane can rely
on the La>O3(1 1 0) plane for heterogeneous nucleation. The TiC(1 1 0) surface is a non-polar
surface and has only one stacking mode. The TiC(1 1 0) surface converges after 8 layers, with
the surface energy is 3.510 J/m?. The O-terminated type of La>O3(1 1 0) converges at the 28th
layer on the surface, with the surface energy of 1.481 J/m?. The O-La- terminated surface of
La;Os3(1 1 0) converges at the 10th layer, with a surface energy value of 2.276 J/m?. In the
La203(110)/TiC(110) interface model, the interface adhesion work of O-La terminated
interface model is the largest, which is 0.51 J/m?, while the interface energy of O-La terminated
interface model is the smallest, which is 5.28 J m™ 2. Therefore, La>O3 meets the conditions to
serve as the nucleation substrate of TiC and is inclined to form an O-La terminated hetero-
nucleation interface, thereby refining TiC.

1. Introduction

In recent years, the additive manufacturing has been widely applied in many fields such as
aerospace, automotive, and shipbuilding [1,2], in which, Fe-alloy has gained attention in the
additive manufacturing industry due to its comprehensive mechanical properties and relatively
low cost [3,4]. The hypereutectic Fe-Cr-C alloy exhibits excellent wear resistance and has been
widely applied in the additive manufacturing field [5—7]. In the hypereutectic Fe-Cr-C-Ti alloy,
M7C3(M = Fe,Cr) and TiC carbides are main strengthening phases, which are dispersed and
distributed on the surface of the alloy, and the wear resistance of the alloy is further enhanced
[8,9]. However, during the service period, as the external load increases, some larger-sized
M-Cs and TiC carbides particles will flake off from the surface of the alloy, thereby reducing



its service life [10,11]. Therefore, how to refine M7Cs and TiC carbides particles in the
hypereutectic Fe-Cr-C-Ti alloy is the key to improving the service performance of the alloy.

Among the rare earth oxides, La>Oj3 has attracted attention due to its excellent properties and
abundant reserves in nature. It was added as an additive to alloys to improve the mechanical
properties of the alloys [12, 13]. Y. H. Chen et al. [14] investigated the addition of La;O3 on
grain refinement of additive manufactured Ti-6.5A1-3.5Mo-1.5Zr-0.3Si titanium alloy. The
results show that the La,O3 addition can significantly refine the size of the prior B grains. J.
Yang et al. [15] studied the microstructure and wear resistance of the hypereutectic Fe-Cr-C
alloy with different La,O3 additives. In our previous work, the refinement mechanism of the
primary M7Cj; carbide by La;O3; was Cr—C alloy decreases gradually. However, La>O3 was
added to the hypereutectic Fe-Cr-C-Ti alloy, the refinement of TiC has not been reported.
Moreover, it is very difficult to apply experimental methods to determine the interface
relationship between La;O3 and TiC in the hypereutectic Fe-Cr-C-Ti alloy, thereby revealing
the mechanism by which La;Os refines the TiC.

Currently, the first-principles method has been widely applied in the study of material surface
and interfaces, and it explains the bonding characteristics between atoms from the perspective
of electronic structure [17,18]. B. F. Chen et al. [19] systematically investigated alloying effects
on interfacial bonding characteristics in Fe3C(001)/a’C(112) heterostructures using first-
principles calculations. W. Y. Huang et al. [20] calculated the behaviours of H atoms and
vacancies at the W/Lu2Os interface using first-principles calculations. Recently, some
references about the first-principles study of carbide/oxide interfaces and the fundamental
theory of DFT have been reported. H.Y. Hwang et al. [21] investigated the SiC/SiO; interface,
and it was explained that the introduction of oxygen can significantly affect electron scattering
even in the absence of electrically active defects. L. Wang et al. [22] considered the influence
of the intercalation of SiC and TiC on the epitaxial growth of graphene on SiC, and the
interfacial bonding and thermodynamic stability were revealed. Therefore, in this paper, the
first-principles method was employed to explain the interface structure and interface bonding
strength between La,O3 and TiC at the atomic scale, and it is demonstrated that the mechanism
by which La>Os refines TiC is feasible, which can provide a theoretical basis for the preparation
of the hypereutectic Fe-Cr—C-Ti alloys containing fine-sized TiC carbides.

This first-principles method was employed in this paper. The interface adhesion work,
interfacial energy, electronic structure and bonding properties between La>Os and TiC carbides
were calculated, and the effectiveness of La>Os3 as the nucleation substrate of TiC was analysed.

2. Computational details

The Vienna Ab Initio Simulation Package (VASP) based on density functional theory [23] was
adopted to optimize the bulk structures of La>Os3 and TiC, and to calculate their surface and
interface properties in this paper. The exchange-correlation energy was calculated and
corrected using the generalized gradient approximation (GGA) functional improved by Perdew,
Burke and Ernzerhof (PBE) [24].



The interaction between the ionic nuclei and valence electrons was described by the projector
augmented wave (PAW) method [25]. The appropriate plane wave energy cutoff (Encut) and
Brillouin zone K-point grid were selected by convergence tests.

The effect of Encut and K-points on the bulk phase of TiC is shown in Fig. 1. Fig. 1(a) shows
the Encue variation of TiC as a function of the energy. When the Excue reaches 500 eV, the energy
converges and the bulk phase energy stabilizes at —77.78 eV.

Fig. 1 (b) shows the K-point of TiC as a function of energy. It can be observed that after setting
the K-point to 9 x 9 x 9, the energy converges and the bulk phase energy stabilizes at
approximately —77.81 eV. Therefore, the Encut and K-point of TiC should be set to 500 eV and
9 x 9 x 9 respectively.

The effect of Excut and K-points on the bulk phase of La;0Os is shown in Fig. 2. Fig. 2(a) shows
the Encue variation of LayO3 as a function of the energy. When the E,cu reaches 500 eV, the
energy converges and the bulk phase energy stabilizes at —41.81 eV. Fig. 2 (b)shows the K-
point of La;0s as a function of energy. It can be observed that after setting the K- point to 7 x
7 x 7, the energy converges and the bulk phase energy stabilizes at approximately —41.88 eV.
Therefore, the Encu and K-point of La>O3 should be set to 500 eV and 7 x 7 x 7 respectively.

3. Results and analysis
3.1. Effect of C vacancy on the thermodynamic stability of TiC

The thermodynamic stability of TiC has a significant impact on the interface properties of
LaxOj3 and TiC. The formation energy of TiC (TiCi.00) with 10%, 25% and 33% C vacancies,
which can be named as TiCo.90, TiCo.750 and TiCo.67, were calculated in this paper.

The calculations presented here have been made using a full- potential linear muffin-tin orbital
method (FP-LMTO) within the local density approximation (LDA) of density functional theory
[26,27]. In order to study the cubic phase for several stoichiometries, from TiCj oo to TiCo.67, @
supercell with an fcc lattice and a basis with 8 titanium atoms and 8 carbon atoms. The carbon
atoms were subsequently removed creating TiC1.00, TiCo.90, TiCo.75 and TiCo.¢7 were created.

The formation energy can be defined as follow:

E(TinCp) — ME(Tiney) — NE(Corapite)

n—+m (1)

E form —

where n and m are the number of nonmetal and metal atoms used in the super cell, was
calculated for the structures and stoichiometries studied.

The formation energies as a function of carbon vacancies for all TiC phases with different C
vacancies are listed in Table 1. From Tables 1 and it can be seen that the formation energies of
TiCi.00 is the smallest, which indicates that TiC is the most stable. The calculation results are
in agreement with Reference [28]. Therefore, TiC can be used to calculate the interface
properties of La;O3 and TiC.



3.2. Crystal structure and bulk properties of La203 and TiC

The crystal structures of La203 and TiC are shown in Fig. 3. Fig. 3(a) is the crystal structure
of La203, with lattice constants a=b=3.926 A and ¢ =6.123 A. Fig. 3(b) is the crystal structure
of TiC, with lattice constant a = 4.33A.

The calculated phase properties of La>O3 are shown in Fig. 4. Fig. 4 (a) is the energy band
structure of La>Os. The position indicated by the red dotted line represents the Fermi level.
From Fig. 2(a), the energy band of La>O3 does not pass through the Fermi level, and there is a
certain band gap width between the valence band and the conduction band. The band gap
energy is 3.86 eV, which indicate that it exhibits certain semiconductor properties. Fig. 4(b) is
the density of states diagram of La>Os. It is clearly observable that the s orbitals of O and the
p orbitals of La have resonance, which indicates that it has certain covalent bond properties.
Moreover, the centre of gravity of La's d orbitals is not consistent with that of O's p orbitals,
which suggests the presence of strong ionic bonds. Therefore, the chemical bond interaction in
the La>Oj crystal structure is a combination of covalent bonds and ionic bonds.

The calculated phase properties of the TiC are shown in Fig. 5. Fig. 5 (a) is the energy band
structure of TiC. Fig. 5(b) is the density of states obtained based on the energy band structure.
The position indicated by the dotted line represents the Fermi level. As shown in Fig. 5(a), the
energy band passes through the Fermi level, which indicates that TiC exhibits metallic
properties. In Fig. 5(b), the d orbitals of Ti overlap with the p orbitals of C. Particularly, there
is a significant resonance in the energy range from — 6 eV to the Fermi level, which indicates
that there are p-d hybridization orbitals between C and Ti, thereby forming covalent bonds.
However, the centre of the gravity of states of the d orbitals of Ti and the p orbitals of C are not
consistent, which suggests that there are still certain ionic bonds between TiC and C. Therefore,
the bonding of TiC is a combination of metallic bonds, covalent bonds and ionic bonds.



3.3. Surface property of La;0s3 and TiC
3.3.1. Mismatch degree calculation

According to Bramfitt 2D lattice mismatch theory [29], if the 2D lattice mismatch between the
basal phase and the nucleating phase is less than 6%, the basal phase is able to play a very
effective heterogeneous nucleation role with respect to the nucleating phase; with the mismatch
degree of 6-12%, the basal phase plays a moderately effective heterogeneous nucleation role
with respect to the nucleating phase; and the mismatch degree is larger than 12%, the basal
phase cannot act as a heterogeneous nucleus for the nucleating phase. The two-dimensional
lattice mismatch is calculated as follows [29]:

5w)e — 23: (i, cos0-din | /dis.) /3] x 100% 2)

i=1

where, (hkl)s is a low-index crystal plane in the nucleation substrate; [uvw]s is a low-index
crystal direction in the low-index crystal plane of the nucleation substrate; (hkl),is a low-index
crystal plane in the nucleation phase; [uvw], is a low-index crystal direction in the low- index
crystal plane of the nucleation phase; djuywn is the distance of atoms in the crystal plane of
(hkl), along the direction of [uvw]n; djuvwis 1S the atomic distance along the [uvw]s direction in
the (hkl)s crystal plane. € is the angle between [uvw], low-index crystal direction and [uvw]s
low-index crystal one.

The low-index crystal planes of La;O3/TiC, namely La,Os3 (110)/TiC (110), La;0O3 (001)/TiC
(100) and La>O3 (110)/TiC (110) were selected, and their misfit relationships were calculated.
The results are listed in Table 2. The mismatch degree of the crystal plane of La>O; (110)/TiC
(110) is the smallest, which is 4.10%. It is a coherent interface. This proves that La;O3 and TiC
can form a hetero-interface, and La>Os can serve as the core for the heterogeneous nucleation
of TiC.

3.3.2. TiC surface convergence test

TiC(1 1 0) surface is a non-polar surface, and its surface energy formula is as follows [30]:

6=—(EN, — NAE) (3)

1
2A
AE= (B, ~E%2) /2 )

where N represents the number of atomic layers on the surface model; EX,, represents the total
energy of the surface model system with N layers of atoms; EXN~Z represents the total energy
of the surface model system with N-2 layers of atoms; 4 is the stacking area of the surface

model.



Since the TiC (1 1 0) surface is a non-polar surface, its stacking mode is unique, as shown in
Fig. 6. The surface energy was calculated, and the results are listed in Table 3. The TiC (1 1 0)
surface converges at 8 layers, and the surface energy is 3.510 J/m?.

3.3.3. Laz0;s surface convergence test
The chemical potential calculation formula for the La;O3 surface model is as follows [30]:

ppe = 2py + 3p, (5)

Where 2% represents the energy of the system after the structural relaxation of La203 (1 1

0); uLa represents the chemical potential of the La atom; uo represents the chemical potential of
the O atom.

The surface energy formula for calculating the La>;Os3 (1 1 0) surface is as follows [30]:
=1 (Bup — Npapy, - N ©)
0= ﬂ( stab — Niafty, — Nopip)

where Egap represents the energy value (J) of the surface model with a certain number of atomic
layers; A4 represents the surface area of the model (m?); N, and No represent the number of La
and O atoms in La;O3 (1 1 0) surface model respectively.

By combining Equations (4) and (5), the final surface energy calculation formula for the surface
model on the La;O3 (1 1 0) plane is as follows:

6= % Esl:\b - %NLaﬂE:QuE)S - (%NL3'4) HO:l (7)

LayO3(1 1 0) surface is a polar one. When constructing the La>O3(1 1 0) surface model, the
starting layering position is different, and the atoms at the termination surface are also different.
By considering different atomic configurations at the termination surfaces, two types of slicing
methods for the LaxO3(1 1 0) surface are obtained, namely the O- atom terminated surface and
the O-La atom terminated surface, as shown in Fig. 7. Fig. 7(a) is the schematic diagram of the

O-La atom- terminated surface of La>O3(1 1 0). After calculating the surface energy, the data
are presented in Table 4.

The surface energy of the La;O3(1 1 0) model with O-La atom terminated converges to 2.276
J/m? after 10 layers. Fig. 7(b) is the schematic diagram of the O atom terminated model on
LaxOs(1 1 0) surface. The surface energy was calculated, and the results are listed in Table 5.
It can be known that the surface energy of the O atom terminated model of La>O3(1 1 0)
converges at 28 layers, and the surface energy is 1.481 J/m?.



3.4. Interfacial property
3.4.1. Interface connection method

Since the TiC(1 1 0) surface does not need to consider the positional correlation, when the
La>O3(1 1 0) surface and the TiC (1 1 0) surface interface connect in the two termination cases,
it is always the same situation, as shown in Fig. 8. Fig. 8(a) is the O-La terminated model, and
Fig. 8(b) is the O terminated model. The dotted line indicates the interface.

3.4.2. Analysis of interface charge density and differential charge density

The charge density and differential charge density are used to calculate and analyse the charge
density situation at the interface and the bonding mechanism between atoms, in which, the
calculation formula for the differential charge density is as follows [30]:

Pa= Pt — Pra,0; — Pric (8)

where pr: represents the total charge density (e/A%) in the interface model; pra203 and pric
represent the charge density (e/A%) of the individual La,Os (110) layer and the TiC (110) layer
within the same interface model.

The charge density distribution of the La,O3 (110)/TiC (110) inter-face is shown in Fig. 9. The
dotted line represents the interface position. Fig. 9(a) is the charge density distribution of the
O-La terminated interface along the (010) plane. It can be observed that the charge of the C
atom above the interface significantly shifts downward towards the interface, which indicate
that a chemical bond has formed between C and O at the interface. The charge of the La atom
below the interface has a certain upward shift relative to the C atom above, which suggests that
there is also a certain bond strength between them. Fig. 9(b) is the charge density of the model
for the O-terminated interface. The cross- section is the (010) plane, and the interface position
is marked by the dotted line. It can be clearly observed that there is a significant bonding
behaviour between the C and O atoms near the interface.

The differential charge density diagram of the La>O3 (110)/TiC (110) interface is shown in Fig.
10. Fig. 10(a) is the differential charge density map of the O-La terminated interface obtained
along the (010) plane.

It can be seen that on the left side near the interface, there is a concentration of charge on the
side closer to the O atom between the O and C atoms, while there is a lack on the other side of
the O atom. The C atom has a lack on the side closer to the O atom, while there is a
concentration on the other side, which indicates that a polar covalent bond has formed between
C and O. On the right side, there is a significant concentration of electrons between the La atom
and the C atom, while there is an electron deficiency on the other side, which indicates that the
bonding form between C and La is a combination of ionic bond and covalent bond.

Fig. 10 (b) is the differential charge density image of the O-terminated interface on the (010)
plane. It can be observed that at the interface, the charges of the La atoms and C atoms on the
right side are concentrated near the central part of the interface, while the La atoms on the other



side away from the interface show a phenomenon of charge deficiency. Therefore, there is a
combination of strong polar covalent bonds and ionic bonds between La and C. On the left side,
the O atoms also form ionic bonds and polar covalent bonds with the La atoms, and the O atoms
are subject to dual bonding effects from La and the C atoms above the interface, which results
in very obvious phenomena of charge deficiency and convergence on both sides.

In conclusion, by analysing the charge density and differential charge density at the interface,
it can be concluded that regardless of the type of interface termination, effective bonding can
occur at the interface, and the interface has good compatibility.

3.4.3. Interface adhesion work and interface energy

The interface adhesion work (W) is an important parameter for characterizing the strength of
interface bonding, in which, the formula for calculating the interface adhesion work of La>03
(110)/TiC (110) interface model is as follows [31]:

1
Wad = 2 (ETEG + Erazg; — E th_;‘mzos) (9

where 4 is the interfacial area; Erq.203 is the total energy of La>O3 (110); Ericis the total energy
of TiC (110). Ers203/7ic 1s the total energy of LayO3 (110)/TiC (110) interface. The W,qof LaxOs3
(110)/TiC (110) interface model is listed as Table 6. It can be seen that the W.s of O-La
termination interface model is the highest, which is 0.51 J/m?. It indicates that this interface
type has the strongest interface binding capability.

The interface energy (y) represents the resistance encountered during the formation of a
heterogeneous interface. The magnitude of the y corresponds to the ease or difficulty of
heterogeneous interface formation. The calculation formulas for y in the two termination
situation interface models are as follows [32]:

¥ =0Tic + Ora2g; — Wad (10)

where g14203 1s the surface energy of La>O3 (110), oricis the surface energy of TiC (110).

The calculation results of the y of La;O3 (110)/TiC (110) interface model are listed in Table 7.
It can be seen that among the two interface models, the y of the O-La terminated interface
model constructed by the TiC (1 1 0) and La,O3(1 1 0) surfaces is the lowest, which is 5.28 J
m™ 2. Based on the calculation results of W,sand v, it is indicated that the W,,0f O-La terminated
interface model is the highest and whose v is the lowest. It is suggested that it possesses the
best interface binding ability and relatively lowest interface nucleation resistance.

4. Conclusion

[1] La2Os3 is a combination of covalent and ionic bonds, while TiC is a combination of
metallic, covalent and ionic bonds.

[2] The mismatch degree between the TiC(1 1 0) plane and the La>O3(1 1 0) plane is 4.10%,
which meets the necessary conditions for heterogeneous nucleation. It indicates that the
TiC(1 1 0) surface can undergo heterogeneous nucleation relying on the La>O3(1 1 0) surface.



[3] The TiC(1 1 0) surface is a non-polar surface and has only one stacking mode. The TiC(1
1 0) surface converges after 8 layers, and the surface energy is 3.510 J/m?. The O-terminated
model of LaxO3(1 1 0) converges at the 28th layer on the surface, and the surface energy is
1.481 J/m?. The O-La-terminated model of La2O3(1 1 0) converges at the 10th layer, and the
surface energy is 2.276 J/m?.

[4] In the interface model of La>,Os3 (110)/TiC (110), the interface adhesion work of the O-
La terminated model is the highest, which is 0.51 J/m?, while the interface energy of the O-
La terminated model is the lowest, which is 5.28 ] m™ 2. It indicates that it possesses the best
interface binding ability and relatively lower interface nucleation resistance.
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Fig. 1. Effect of Encut and K-point on the energy of the TiC: (a) Encut, (b) K-point.
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Fig. 2. Effect of Encut and K-point on the energy of the La,0s: (a) Encut, (b) K-point.



Fig. 3. Crystal structures of La>O3 and TiC: (a) La»O3, (b) TiC.
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Fig. 4. Calculated phase properties of La>O3: (a) Energy band structure, (b) density of states
diagram.
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Fig. 5. Calculated phase properties of the TiC: (a) Energy band structure, (b) Density of states
diagram.



Fig. 6. TiC(1 + 0) surface model.
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Fig. 7. La;O3(1 4 0) surface model with terminated surface atoms: (a) O-La atom
termination, (b) O atom termination.



e
L]
(a) o
L]
L]
L]
[ B ] °
*.e® . pzcsad vl 25, Ve,
N ] °
b o ¢ ©
b oo ®
¢ &
p © ¢ i
e
¢ ®
L .
v > L ] & . Ti
® L ] °
¢ . © c00ce © © c
L] .
b o9 c © €900 ¢ ® o
L] .

© co00e © © 1a

r

Fig. 8. Different termination-type interface models: (a) O-La atomic terminated model,
(b) O atomic terminated model.
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Fig. 9. Charge density of different termination-type interface models: (a) O-La atomic
termination, (b) O atomic termination.
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Fig. 10. Differential charge density of different termination-type interface models: (a) O-La
atomic termination, (b) O atomic termination.



Table 1
Formation energies of TiC with different C vacancies.

Phase No. of atoms E form(mRy/atom)
TiCq.00 16 —65.8

TiCo.00 15 —64.7

TiCg.75 14 -58.8

TiCo.63 13 -53.8

Table 2

Calculated results for mismatch degree of the low-index planes between La,0;
and TiC.

Selected crystal Las,05(1 1 0)// Las05(001)//TiC La,05(110)//TiC(1
planes TiC(1T 0) (100) 10)
Mismatch degree  4.10 22.28 26.06
(%)
Table 3
TiC(1 1 0) surface energy.
layers 6 7 8 9 10
Surface energy (J/m?) 3.288 3.589 3.510 3.524 3.516
Table 4
Las05(1 1 0) surface energy of the O-La atomic-terminated surface model.
layers 4 7 10 13 16
Surface energy (J/m?) 2,142 2.226 2.276 2.325 2.368
Table 5
La,05(1 1 0) surface energy of the O atomic-terminated surface model.
layers 19 22 25 28 31
Surface energy (J/m?) 1.681 1.391 1.435 1.481 1.526
Table 6

Wag of LaOs; (110)/TiC (110) interface model with different termination
conditions.

Termination in Eraz,s (€V)  Erc (eV)  Ercyraz,, W (J-m™2)
interface (eV)
O- termination -379.07 —284.67 —658.99 —1.88 Jm™2

0O-La termination —138.08 —284.67 —423.26 0.51 J m 2




Table 7

vy of Lay0s (110)/TiC (110) interface model with different termination
conditions.

Termination in interface GLaz,, (J m~?) 61ic (J-m~2) y (Jm2)

O- termination 1.48 Jm2 3.51 Jm2 6.87 Jm™2
O-La termination 2.28 J m 2 3.51 Jm 2 5.28 J m 2




