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Abstract: The lattice misfit between Y2O3 and TiC low index faces was calculated by
the Bramfitt two-dimensional lattice misfit theory in this work. The interface
electronic structure, adhesive work and interfacial energy of Y2O3 (111)/TiC(110)
interfaces were calculated by the first principles method. The interfacial bonding
characters were analyzed by the interface charge density, electron density difference
and mulliken populations. The microstructure of the hypereutectic Fe-Cr-C-Ti-Y2O3
coating was observed by field emission scanning electron microscopy (FESEM) and
transmission electron microscopy (TEM). The calculational results show that, the
lattice misfit of Y2O3(111)/TiC(110) interface is 8.6%, which meets that Y2O3 acts as
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medium effective heterogeneous nucleus of TiC. Four interface models have been
constructed according to the surficial termination situations and interfacial atomic
stacking modes, in which O-TiC2 interface is most stable. Its interface adhesive work
is the largest (6.07J/m2) and its interfacial energy is the smallest (-1.22J/m2). And its
interfacial bonding is a mixture of polar covalent, metallic and electrovalent bonds,
which proves that Y2O3 and TiC can form a stable interface. The experimental results
show that, Y2O3 particle exists in the core of the flower-like TiC particle in the
hypereutectic Fe-Cr-C-Ti-Y2O3 coating and they are combined tightly, which proves
that Y2O3 can act as the heterogeneous nucleus of TiC.
Keywords: Y2O3; TiC; first principles; heterogeneous nucleation; hypereutectic FeCr-C-Ti-Y2O3 coating

1. Introduction
With high hardness and excellent wear resistance, hypereutectic Fe-Cr-C coating
has been applied in industrial remanufacturing field widely [1]. As the main
strengthening phase [2], the primary M7C3 carbides determine the service life of the
hypereutectic Fe-Cr-C coating [3]. However, they usually break and desquamate
during the service process due to their coarse size, which leads to the failure of the
hypereutectic Fe-Cr-C-Ti-Y2O3 coating [4]. Therefore, the coarse primary M7C3
carbides restrict the application of the hypereutectic Fe-Cr-C coating. It is significant
to refine the primary M7C3 carbides in hypereutectic Fe-Cr-C coating to improve its
service life and achieve high quality coatings without increasing cost [5].
Transition metal carbide TiC has become a research focus in the industrial and
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technological applications due to its high hardness, high melting point and so on [6].
Because of the excellent performance, TiC is often used as a rigid reinforced phase in
the coatings to improve their wear resistance [7]. Meanwhile, TiC particles can also
play a role of heterogeneous nucleus, which refines the microstructure of the coatings
and improves their mechanical performance. M. Fattahi et al. [8] revealed that TiC
particles can refine the microstructure of aluminum alloy, and promote its mechanical
properties obviously. K.K. Patel et al. [9] proved that TiC can refine the grains of AlMg alloy.
Rare earth oxides have been known as ‘vitamin’ of modern industry for their
purification, modification and refinement effects, K. Hamano et al. [10] researched
about the sintering behavior of aluminum with rare earth oxides (Y2O3, La2O3, Sm2O3
and Er2O3), which shows that rare earth oxides can react with impurities and purifies
the molten bath. A. Noviyanto et al. [11] revealed the modification effect of rare earth
oxides (Sc2O3, CeO2, Nd2O3, Sm2O3, Gd2O3, Dy2O3, Ho2O3, Er2O3, La2O3, Tm2O3,
Yb2O3 and Lu2O3), which can improve the bonding strength and contribute to achieve
a dense SiC. Meanwhile, rare earth oxides also have refinement effect. Y. Chen et al.
[12] researched the effect of La2O3 on microstructure and mechanical properties of
TiC/W composite materials, which show that grains can be refined, and the hardness
and elastic modulus can be improved by La2O3 additive simultaneously.
Our previous researches show that, when Ti additive was added in the
hypereutectic Fe-Cr-C coating, TiC precipitates before the primary M7C3 carbides.
The work of adhesion of M7C3/TiC interface is 3.48 J/m2 and the interfacial energy of
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M7C3/TiC interface ranges from 0.921 J/m2 to 2.782 J/m2. The M7C3/TiC interface is
theoretically stable. Therefore, TiC can be heterogeneous nucleus of the primary
M7C3 carbides and refine them [13]. Moreover, when Y2O3 was added in the
hypereutectic Fe-Cr-C coating, the two-dimensional lattice misfit of Y2O3/M7C3
interface is 4.91%, which indicated that Y2O3 as heterogeneous nucleus of M7C3
carbides is middle effective, so that the primary M7C3 carbides can be refined [14].
On the basis of the above works, we added Ti and Y2O3 additives into the
hypereutectic Fe-Cr-C alloy simultaneously, and found that the primary M7C3
carbides can be refined further. For the reasons that primary M7C3 was refined by TiC
and Y2O3 together, we considered that Y2O3 can refine the TiC by acting as its
heterogeneous nucleus, so that the number of TiC particles can be increased.
Therefore, the primary M7C3 carbide can be further refined by the refined TiC
particles. However, it is not clear about the interface relationship between TiC and
Y2O3, and the mechanism of TiC refined by Y2O3 can hardly be explained by
experiment because of the tiny Y2O3 and TiC particles.
In recent years, first principles calculation based on density functional theory
has aroused wide attention due to its feasibility in analyzing the interfacial
relationships between various phases [15]. S.X. Jin et al. [16] revealed the structure,
energy and electronic properties of TaN/ReB2 interface. The results show that the ReN2 type interface is most stable and strong covalent bonds are formed between B and
N atoms. K. Li et al. [17] delved the Mg/Al4C3 interface and found all interfacial
energies are negative values, which are far smaller than the solid-liquid interfacial
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energy of Mg (0.1J/m2). The results proved that Al4C3 can be the heterogeneous
nucleus of Mg. J. Li et al. [18] researched the Al(001)/Al3Ti(001) interfaces with
different stacking modes, and concluded that the center site stacking mode is most
stable from interface adhesion work and interfacial energy points. However,
Y2O3/TiC interface calculated by the first principle has not been reported.
Based on the above analysis, the Bramfitt two dimensional lattice misfit between
Y2O3 and TiC was calculated firstly. Then, the interfacial properties of
Y2O3(111)/TiC(110) were calculated by first principle method. The interfacial
stability was analyzed by interface adhesion work and interfacial energy. Meanwhile,
the interface bonds were characterized by electron density difference and mulliken
populations. Lastly, the possibility of Y2O3 as heterogeneous nucleus of TiC was
analyzed. On this basis, the hypereutectic Fe-Cr-C-Ti-Y2O3 coating was prepared by
surfacing welding and the refinement mechanism of Y2O3 on TiC was proved by
experimental methods.

2. Calculation and experimental methods
2.1 Calculation method
In this paper, the first principle method was conducted based on the density
functional theory (DFT) [19], which is implemented in the Cambridge Sequential
Total Energy Package (CASTEP) module. The ultrasoft pseudopotentials were
employed to represent the interactions between valence electrons and ionic core [20].
The Generalized Gradient Approximation (GGA) with the Perdew Burke Ernzerhof
(PBE) function was executed as the exchange associated functions in calculations.
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The models used in the computations are single unit cells of TiC bulk (1×1) and Y2O3
bulk (1×1). Atomic wave function cutoff energies [21] for bulk and surface
calculations were set as 350eV for TiC and 340eV for Y2O3, while those for interface
calculations were set as 340eV. K-points sampling, which plays a role of sampling in
brillouin zone, was acquired by Monkhorst-Pack method [22]. K-point samplings of
8×8×8 were adopted for bulk calculations, while those of 8×5×1 were adopted for
surface and interface calculations. Energy change convergence value was less than
1.0×10-5eV/atom, the largest force was 0.03eV/Å, and the maximal displacement was
1.0×10-3Å. The Broyden Fletcher Goldfarb Shannon (BFGS) algorithm was applied to
relax the models [23] and make them reach the optimized structures [24].

2.2 Experimental method
Hypereutectic Fe-Cr-C-Ti-Y2O3 coating was prepared by surfacing welding
method. Elemental distribution mapping of the coating was analyzed by Hitachi
S3400N field emission scanning electron microscope (FESEM). The microstructure
of the hypereutectic Fe-Cr-C-Ti-Y2O3 coating was observed by JEM-2010
transmission electron microscope (TEM).

3. Results and discussion
3.1 Lattice misfit between Y2O3 and TiC
The Bramfitt two-dimensional lattice misfit is calculated by Eqs. [25]:

where (hkl)s is a low-index lattice plane of nucleation substrate; (hkl)n is a low-index
lattice plane of nucleating phase; [uvw]s is a low-index crystal orientation in (hkl)s;
6

[uvw]n is a low-index crystal orientation in (hkl)n; d[uvw]s is the interatomic spacing
along [uvw]s; d[uvw]n is the interatomic spacing along [uvw]n; θ is the angle between
the [uvw]s and [uvw]n.
According to the Bramfitt two-dimensional lattice misfit theory, substrate phase
can be very effective heterogeneous nucleus of nucleating phase when the lattice
misfit between them is smaller than 6%; substrate phase can be medium effective
heterogeneous nucleus of nucleating phase when the lattice misfit between them is in
the range from 6% to 12%; and substrate phase cannot be effective heterogeneous
nucleus of nucleating phase when the lattice misfit between them is larger than 12%.
Fig 1 is the crystal structures of TiC and Y2O3. Fig 1(a) is the crystal structure of
TiC, which is NaCl-type structure, and whose lattice parameter is 4.33Å [27]. Fig 1(b)
is the crystal structure of Y2O3, which is CaF2-type structure with disorderly oxygen
vacancy, and whose lattice parameter is 5.26Å [26]. In order to make the crystal
structure of Y2O3 accord with the atomic ratio of the actual situation, the virtual
crystal approximation (VCA) method was used to modify the Y2O3 structure [28].
The occupancy of each Y atom in the cell is set to 1.0, which means the probability of
Y atom appears in its position is 100%. And the occupancy of each O atom is set to
0.75, which means the probability of O atom appears in its position is 75%. The
lattice constant of TiC after optimization is 4.33 Å, which is the same as the
measurement result (a=4.33 Å) in Ref [27] and the calculation result (a=4.33 Å) in
Ref [29]. The lattice constant of Y2O3 after optimization is 5.68 Å, which is close to
the result of high temperature experiment (a=5.26 Å) [26].
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On the basis of the lattice optimization, the lattice misfit of Y2O3/TiC interface
was calculated, which is listed in Table 1. The lattice misfit of Y2O3(111)/TiC(110)
interface is 8.6%, within the scope of medium effective heterogeneous nucleus. So,
the Y2O3 (111) plane and TiC (110) plane can be chosen to build surface and interface
models.
Table 1 Calculated lattice misfit between Y2O3 and TiC
Matching face

Y2O3(111) // TiC(110)

Y2O3(111) // TiC(111)

Y2O3(100) //TiC (100)

[uvw]Y2O3

[112]

[110]

[101]

[101]

[011]

[110]

[010]

[001]

[011]

[uvw]TiC

[110]

[001]

[111] [101]

[011]

[110]

[010]

[001]

[011]

θ(°)

0

0

5.264

0

0

0

0

0

0

dY2O3(Å)

6.856

3.958

7.916

3.723

3.723

3.723

5.597

5.597

7.915

dTiC(Å)

6.129

4.334

7.506

3.071

3.071

3.071

4.334

4.334

6.129

δ(%)

8.60%

21.20%

22.60%

3.2 Bulk property
3.2.1 Bulk property of TiC
Fig 2 is the bulk property of TiC. Fig 2(a) is the phonon dispersion spectrum of
TiC. It is obvious that there is no imaginary frequency in it, which proves the
structure of TiC in this paper is stable. Fig 2(b) is the bond structure of TiC, in which
a band across the Fermi level and it indicates that TiC is of metallic character. Fig
2(c) is the density of states (DOS) of TiC. The Fermi level is indicated by dashed line.
The partial density of states (PDOS) of Ti and C atoms has weak peaks at Fermi level,
which indicates that TiC has a certain number of metallic bonding. From -6eV to
Fermi level, Ti-3d and C-2p electron orbitals resonate obviously and the DOS peaks
present symmetry on both sides of the Fermi level, which suggests the formation of
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covalent bonds. Furthermore, from -12.5eV to -8.8eV, Ti-3d electron orbital interacts
with C-2s orbital, which also contributes to the formation of covalent bond. The
above analysis illustrates that the bonding of TiC is a mixture of metallic bond and
polar covalent one.

3.2.2 Bulk property of Y2O3
Fig 3 is the bulk property of Y2O3. Fig 3(a) is the phonon dispersion of Y2O3. It
is obvious, there is no imaginary frequency in it, which proves the structure of Y2O3
in the calculation is stable. Fig 3(b) is the bond structure of Y2O3, and it shows that
Y2O3 emerges some metal characteristics. Fig 3(c) is the DOS of Y2O3, and the PDOS
of Y and O atoms have weak peaks at the Fermi level, which indicates that Y2O3
contains a certain number of metallic bonding. Within the scope of -3.7 eV to the
Fermi level, Y-3d and O-2p electron orbitals are interacted. That the DOS peak
intensity in Fermi level mainly owes to the contribution of O-2p orbitals, while the
contribution of Y-3d is very little, which show that electrons are partial to O atoms
and forming strong polarity ionic bonding. Within the scope of -16.8eV to -14.4eV,
the interaction of Y-3d and O-2s orbitals also has some contribution to the formation
of ionic bond. Therefore, the bond type of Y2O3 is a mixture of ionic bond and
metallic one.

3.3 Surface convergence test
Before building the interface models, surface convergence tests of TiC and Y2O3
slabs were executed to determine the smallest atomic layers as well as to achieve the
bulk properties. 20Å vacuum layers were added in the slabs. In order to eliminate the
9

effect of dipole, the terminations of the upper and lower surfaces of the slab are the
same.
Fig 4 is the surface models of TiC and Y2O3. Fig 4(a) is the surface model of TiC
(110), which is of nonpolar surfaces. Y2O3 (111) surface models exist three kinds of
terminations, and all of them are of polarity surfaces. Fig 4(b)~(d) are Y-terminated,
O-terminated(O over Y) and O-terminated(O over O) surface models of Y2O3 (111).

3.3.1 Surface energy of TiC
The convergence of the surface energy with the increase of atomic layer N is one
of the means to prove the surface model achieved bulk like properties. The surface
energy of TiC (110) model can be calculated by the Botteger Eqs. [30]:

where σTiC (110) is the surface energy of TiC(110) model; E N and E N -2 are the total
slab
slab
energy of surface models with N and N-2 atomic layers, respectively; A is the surface
area of the surface model.
The surface energies of TiC(110) model with different atomic layer number are
listed in Table 2. When the layer number of the surface model reaches 11, TiC (110)
surface energy is converged to 3.58 J/m2 commendably. It indicates that 11-layered
TiC (110) model can achieve convergence.
Table 2 Calculated surface energies of TiC(110) models
Layer (N)

5

7

9

11

13

15

Surface energy (J/m2)

3.82

3.63

3.66

3.58

3.58

3.57
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3.3.2 Surface energy of Y2O3
Surface energy of Y2O3(111) model can be calculated by equation as follow:

where σY 2O3(111) is the surface energy of Y2O3(111) model; A is the surface area of the
model; Eslab is the total energy of surface model; NY
atom and O atom in surface model respectively;

and NO are the numbers of Y
and

are the chemical

potentials of Y atom and O atom respectively.
The Y2O3 bulk unit energy

can be calculated by equation as follow:

Combining equation (4) with equation (5), the equation of
one variable (

with only

) is as follow:

In order to simplify the calculation,

is regarded as

approximatively

is the chemical potential of O atoms in Y2O3 bulk, and put its value into
equation (6) to get
2 3

values. The surface energy of 4~19 slabs Y-terminated

Y2O3 (111) model is listed in Table 3. When the layer number of the model is more
than 13, the surface energy can converge to 5.82 J/m2, which indicates the interior of
the model reach bulk like properties. The surface energy of 3~15 slabs O-terminated
Y2O3 (111) model is listed in Table 4. When the layer number of the model is more
than 12, the surface energy can converge to 1.27 J/m2, which indicates the model
attains a stable state.
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Table 3 Calculated surface energies of Y2O3(111) Y-terminated models.
Layer(N)
4
7
10
13
16
Surface energy(J/m2)

8.87

7.18

5.63

5.82

5.81

19
5.83

Table 4 Calculated surface energies of Y2O3(111) O-terminated models.
Layer(N)

3

6

9

12

15

Surface energy(J/m2)

0.61

1.14

1.30

1.27

1.28

By the above calculations, 11-layered TiC(110) slab, 13-layered Y-terminated
Y2O3(111) slab and 12-layered O-terminated (O over Y) Y2O3(111) slab are chosen to
build interfaces. While O-terminated (O over O) Y2O3(111) slab cannot reach
convergence due to its oxygen-rich surface, so it is not taken into account in the
subsequent calculations.

3.4 Interfacial properties
Based on the lattice misfit calculation and surface convergence tests, four types
of interface models were built with the consideration of different stacking modes. In
‘OT’ interface models, the first layer atoms of TiC slab are on the top-site of Y2O3
slab. In ‘HCP’ interface models, the first layer atoms of TiC slab are on the bridgesite of Y2O3 slab, and the second layer atoms of TiC slab are on the top-site of Y2O3
slab. For the convenience of expression, the interface models’ names can be
simplified as follows: Y2O3/TiC Y-terminated OT interface is named as Y-TiC1;
Y2O3/TiC Y-terminated HCP interface named as Y-YiC2; Y2O3/TiC O-terminated OT
interface named as O-TiC1 and Y2O3/TiC O-terminated HCP interface named as OYiC2. The interface models are shown in Fig 5(a) ~ (d), and Fig 5(e) ~ (h) are the
bottom views of the interface models accordingly.

3.4.1 Interfacial electronic structures and bonding characters
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The combination of the interfacial atoms is related to the interface electronic
structure and bonding character, which can be represented by electron density and
charge density difference. Electron density can be obtained directly from the
calculation and charge density difference Kd can be obtained by Eqs. [31]:

Kd = Ktotal − KTiC (110) − KY O (111)
2 3

(7)

where Ktotal is the total charge density of the interface system; KTiC (110) and KY2O3 (111)
are the charge density of isolated TiC slab and Y2O3 slab in the same super cell
respectively.
Fig 6 is the charge density of Y2O3/TiC Y-terminated interface. Fig 6 (a) and Fig
6 (b) are the charge density of Y-TiC1 interface section 1 and section 2 respectively.
It can be seen obviously, that the bonding between O atom and Ti atom is strong,
while the bonding between C atom and Y atom as well as Ti atom and Y atom is
relatively weak, and the bonding between O atom and C atom is not obvious. Fig 6 (c)
and Fig 6 (d) are the charge density of Y-TiC2 interface section 1 and section 2
respectively. The bonding situation of Y-TiC2 interface is similar to that of Y-TiC1.
Fig 7 is the charge density of Y2O3/TiC O-terminated interface. Fig 7 (a) and Fig
7 (b) are the charge density of O-TiC1 interface section 1 and section 2 respectively.
It can be seen obviously, that the bonding between O atom and C atom as well as O
atom and Ti atom is very strong, while the distance of Y atom and C atom as well as
Y atom and Ti atom is too far to form chemical bond. Fig 7 (c) and Fig 7 (d) are the
charge density of O-TiC2 interface section 1 and section 2 respectively. It can be seen
obviously, that the bonding between O atom and C atom as well as O atom and Ti
13

atom is very strong, while the bonding between Y atom and Ti atom as well as Y
atom and C atom is fairly weak.
Fig 8 is the charge density difference of Y2O3/TiC Y-terminated interface. Fig 8
(a) and Fig 8 (b) are the charge density difference of Y-TiC1 interface after fully
relaxation. In Fig 8 (a), a charge accumulation region is appeared between C atom and
Y atom, which indicates the existence of charge sharing. In Fig 8 (b), a large charge
depletion region is appeared round Ti atom, while a large charge accumulation region
is appeared round the adjacent O atom, which implies the bonding between Ti atom
and O atom has a strong polarity. Fig 8 (c) and Fig 8 (d) are the charge density
differences of Y-TiC2 interface after fully relaxation. From the strong charge
accumulation round O atom and a charge depletion region round Ti atom in Fig 8 (c),
the bonding between O atom and Ti atom is a polar covalent bond. From the charge
accumulation region between Y atom and C atom in Fig 8 (d), the bonding between Y
atom and C atom is a covalent bond. A charge depletion region appeared in the
direction of the O-C bonding nearby the C atom, which indicates the polar covalent
bond can form between O atom and C atom.
Table 5 Muliken population analysis of Y-TiC interfaces.
Bond
Y-TiC1
Y-TiC2

O1-Ti2
0.27
0.16

C2-Y2
0.48
0.38

Ti1-Y1
0.10

C2-O2
-0.05

Table 5 lists the mulliken population of the Y-TiC interface system. The
population of O1-Ti2 bond and C2-Y2 bond in Y-TiC1 interface is 0.27 and 0.48,
which indicate that polar covalent bonds are formed between O atom and Ti atom as
well as C atom and Y atom. The population of Ti1-Y1 bond is 0.10, so it is of some
14

metallic character. The population of Y-TiC2 interface is 0.16 for O-Ti bond and 0.38
for C-Y bond. Together with the charge differences, the bonding of Y-TiC1 and YTiC2 interfaces is a mixture of polar covalent bonds and metallic ones.
Fig 9 is the charge density difference of Y2O3/TiC O-terminated interface. Fig
9(a) and Fig 9(b) are the charge density differences of O-TiC1 interface after fully
relaxation. The charge depletion regions are appeared around C atom and Ti atom,
and the charge accumulation regions are appeared around C atom and O atom. The
interatomic charge accumulation region is deflected to O atom, which indicates the
bond between them has a strong polarity. Fig 9(c) and Fig 9(d) are the charge density
differences of O-TiC2 interfaces after fully relaxation. The charge accumulation
region is appeared around O atom and the charge depletion region is appeared around
Ti atom. The charge accumulation regions and charge sharing phenomenon are
appeared between C atom and O atom as well as Y atom and C atom, which indicate
their bondings are covalent bonds.
Table 6 Muliken population analysis of O-TiC interfaces.
Bond
O-TiC1
O-TiC2

Ti1-O1
0.54
-0.19

Ti1-O2
0.40

C1-O1
-0.04
0.85

C2-Y2
0.37

Ti2-O2
-0.05
0.20

Ti2-O3

C2-O2
0.76

0.29

Table 6 lists the mulliken population of the O-TiC interface system. The
population of C2-O2 bond in O-TiC1 interface is 0.76. The population of Ti1-O1 bond
in O-TiC1 interface is 0.54. Together with the charge differences, the bonding
between O atom and Ti atom as well as C atom and O atom is polar covalent bond.
The population of C1-O1 bond in O-TiC2 interface is 0.85, which indicates the
bonding between C atom and O atom is covalent bond. The populations of the three
15

Ti-O bonds are 0.40, 0.20 and 0.29 respectively. The charge accumulated regions are
appeared around O atom and the charge depletion regions are appeared around Ti
atom, which indicates the polar covalent bonds are formed between them. The
population of Y2-C2 bond is 0.37 and the charge accumulation region deflects to C
atom, which indicates the polar covalent bond forms between them.
Fig 10 is the DOS of Y2O3/TiC interface. The DOS of the four interfaces all have
peaks at Fermi level, which indicates the metallic properties of the interfaces. It is
obvious that the peaks at Fermi level are mainly composed of d orbital and p orbital,
while the contribution of s orbital is very small. From Fig 10(a), the DOS peak of YTiC1 interface is the most sharp and its pseudogap is the widest, which indicate the
strong covalent bonding interaction in the interface. From Fig 10(b), the DOS peak of
Y-TiC2 interface is also very sharp, and the width of pseudogap is close to that of YTiC1. From Fig 10(c) and Fig 10(d), the pseudogaps of O-TiC1 interface and O-TiC2
interface are significantly lower than those of Y-TiC1 interface and Y-TiC2 interface,
so their covalency is weaker relatively. Different from Y-TiC1 and Y-TiC2 interface,
the p orbital's contribution to the peak intensity near Fermi level is greater than d
orbital in O-TiC1 and O-TiC2 interfaces obviously, which indicates that ionic bond
and polar covalent bond are formed in the two interfaces.

3.4.2 Interface stability
The interface adhesive work and interfacial energy are closely related to the
interfacial electronic structures and bond characters, which can be used to evaluate the
stability of interface system.
16

Interface adhesive work can be defined as the reversible work required in
separating an interface into two free surfaces, which can be a reflex of the bonding
strength of the interface structure [32]. The interface adhesive work Wad can be
calculated by Eqs. [33]:

where ETiC/Y Ois the total energy of the interface structure;
2 3

ETiCand EY O are the total
2

3

energies of isolated TiC(110) and Y2O3(111) surface models; A is the interface area.
Table 7 lists Wad and interfacial spacing d0. According to Wad, the stability of
the interface models is ranked as follows: Y-TiC1＜Y-TiC2＜O-TiC1＜O-TiC2.
Among them, the O-TiC2 interface has the largest Wad(6.07J/m2) and the smallest d0
(0.85Å), which indicates that its adhesive strength is the strongest among all of the
interfaces.
Table 7 Calculated adhesion work Wad and interfacial separation do of the Y-TiC and O-TiC
interfaces.
Wad (J/m2)
0.35
0.37
4.78
6.07

Mold
Y-TiC1
Y-TiC2
O-TiC1
O-TiC2

do (Å)
1.79
1.77
1.31
0.85

The interfacial energy is also an important parameter to evaluate the interface
stability. Generally, the smaller the interfacial energy is, the interface structure is
more stable [16]. The interfacial energy can be calculated by Eqs. [34]:

where σTiCand

σY O
2

3

are the surface energy of TiC(110) and Y2O3(111) models; Wadis

the adhesive work of Y2O3/TiC interface.
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Table 8 Interface energies of the Y2O3(111)/TiC(110) interfaces.
Mold
γ (J/m2)

Y-TiC1
9.05

Y-TiC2
9.03

O-TiC1
0.07

O-TiC2
-1.22

Table 8 lists of the Y2O3(111)/TiC(110) interface models. According to the
interfacial energy , the stability of the interface models is ranked as follows: OTiC2＞O-TiC1＞Y-TiC2＞Y-TiC1. Among them, the O-TiC2 interface has the
smallest (-1.22J/m2), which indicates that O-TiC2 interface is the most stable.
Furthermore, of O-TiC2 interface is lower than zero, which indicates its good
thermodynamic stability. The soild-soild interfacial energy is higher than zero [13].
From the above analysis, Y2O3 can act as the heterogeneous nucleus of TiC.

3.5 Experimental research on the interface relations of Y2O3/TiC
3.5.1 Elemental distribution analysis
Fig 11 shows the microstructure of the hypereutectic Fe-Cr-C-Ti-Y2O3 coating
and the elemental distribution mappings of elements Cr, Ti and Y. From Fig 11(a),
the microstructure of the hypereutectic Fe-Cr-C-Ti-Y2O3 coating includes gray
primary M7C3 carbides, black flower-like TiC particles and base metal. From Fig
11(b), the green polygonal region is rich in Cr, which is the primary M7C3 carbide.
The element analysis of its central nearby flower-like area is as shown in Fig 11(c),
and element Ti enriched purple area is the TiC particle precipitated before primary
M7C3 carbide. Element Y analysis of TiC particles in Fig 11(c) is as shown in Fig
11(d). The enrichment of element Y can be found in the center of Ti enriched area,
which indicates that the Y2O3 exists in the center of TiC particles.

3.5.2 TEM observation of the heterogeneous nucleation interface
Fig 12 shows the TEM images of the hypereutectic Fe-Cr-C-Ti-Y2O3 coating.
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Fig 12(a) is the bright field image of the flower-like particle in primary M7C3 carbide.
Selected area diffraction patterns (SADPs) of its "pistil" and "petal" are executed
respectively, and the corresponding dark field images are shown in Fig 12(b) and Fig
12(c). According to the SADPs in the upper right corner of Fig 12(b) and Fig 12(c),
the interior "pistil" is Y2O3 and the exterior "petal" is TiC. TiC grows dependently on
Y2O3 and they are tightly combined. The previous calculation results indicate that
Y2O3 can be the heterogeneous nucleus of TiC from a theoretical point and the
experimental results furtherly verify the calculation results.

3.6 Discussion
From the above analysis, we can find that the charge sharing phenomenon of OTiC1 and O-TiC2 interfaces is stronger than that of Y-TiC1 and Y-TiC2 interfaces
and the covalent bonding between O-TiC2 interface is the strongest, which accord
with the analysis of interface adhesive work and the interfacial energy. Based on the
thermodynamic analysis and the electronic analysis, the O-TiC2 interface is the most
stable one of all the interface models. S.X. Jin et al. [16] investigated the interface
structure, energy and electronic properties of TaN/ReB2 multilayers based on DFT.
They found that Re-N2 interface is the most stable interface with the highest Wad
(0.969 eV/Å2) and the lowest interfacial energy (-1.327 eV/Å2). In this work, O-TiC2
interface is the most stable interface with the highest Wad (6.07 J/m2) and the lowest
interfacial energy (-1.22 J/m2). And the negative value of the interfacial energy of the
O-TiC2 interface reveals its supernormal stability, because of the solid-solid
interfacial energy is higher than zero. The TEM images indicate that TiC is
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crystallized beside Y2O3 particle and they are tightly combined, which proves that
Y2O3 can act as the heterogeneous nucleus of TiC. Therefore, Y2O3 can refine TiC
and increase the number of TiC particles in hypereutectic Fe-Cr-C-Ti-Y2O3 coating.
The number of the heterogeneous nucleus of primary M7C3 carbide is increased and
its size can be refined further. S. Buytoz, A. Orhan, A.K. Gur and U. Caligulu [35]
found that the primary M7C3 carbides are non-uniformly distributed in γ-Fe, Ni
eutectic matrix. On this basis, we also hope to homogenize the non-uniformly
distribution of the primary M7C3 carbides to improve the mechanical properties of FeCr-C coatings.

4. Conclusions
1). The Bramfitt two-dimensional lattice misfit of Y2O3(111)/TiC(110) is 8.6%,
which indicates Y2O3 can be medium effective heterogeneous nucleus of TiC.
2). The bonding of TiC bulk is a mixture of covalent bond and metallic bond,
while that of Y2O3 bulk is a mixture of ionic bond and metallic bond. Four interfaces
are built based on the Bramfitt two-dimensional lattice misfit and stacking modes,
whose interface bonding is a mixture of covalent, metallic and ionic bonds (or, as a
combination of polar covalent bond and metallic bond).
3). The interface adhesive works are ranked as Wad (O-TiC2) ＞ Wad (O-TiC1)
＞ Wad (Y-TiC2) ＞ Wad (Y-TiC1) and the interfacial energies are ranked as γ (OTiC2) ＞ γ (O-TiC1) ＞ γ (Y-TiC2) ＞ γ (Y-TiC1). According to Wad and

γ, the O-TiC2 interface is the most stable with the largest interface adhesive work
(6.07 J/m2) and the smallest interfacial energy (-1.22 J/m2). The calculation results
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indicate that Y2O3 can be the heterogeneous nucleus of TiC theoretically.
4). The experimental results show that Y2O3 exists inside TiC particle and they
are tightly combined, which proves the heterogeneous nucleus role of Y2O3 on TiC. In
this way, Y2O3 can refine TiC and increase the number of it. The primary M7C3
carbides can be refined further.
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Fig. 1 Crystal structures
(a) TiC (b) Y2O3
Fig. 2 Bulk property of TiC
(a) Calculated electronic phonon dispersion (b) bond structure (c) density of states
Fig. 3 Bulk property of Y2O3
(a) Calculated electronic phonon dispersion (b) bond structure (c) density of states
Fig. 4 Surface models of TiC and Y2O3
(a) TiC(110) (b) Y2O3(111)Y-terminated
(c) Y2O3(111)O-terminated(O over Y) (d) Y2O3(111)O-termianted(O over O)
Fig. 5 Interface models
(a) Y-TiC1 (b) Y-TiC2 (c) O-TiC1 (d) O-TiC2
(e) ~ (h) top views of the interface models
Fig. 6 Charge density of Y2O3/TiC interface
(a) Y-TiC1 interface section 1 and (b) section 2, (c) Y-TiC2 interface section 1 and (d) section 2
Fig. 7 Charge density of Y2O3/TiC interface
(a) O-TiC1 interface section 1 and (b) section 2, (c) O-TiC2 interface section 1 and (d) section 2.
Fig. 8 Charge density difference of Y2O3/TiC interface
(a) Y-TiC1 interface section 1 and (b) section 2, (c) Y-TiC2 interface section 1 and (d) section 2.
Fig. 9 Charge density difference of Y2O3/TiC interface
(a) O-TiC1 interface section 1 and (b) section 2, (c) O-TiC2 interface section 1 and (d) section 2.
Fig. 10 Density of states of Y2O3/TiC interface
(a) Y-TiC1 interface (b) Y-TiC2 interface (c) O-TiC1 interface (d) O-TiC2 interface
Fig. 11 Microstructure of Fe-Cr-C-Ti-Y2O3 coating and elemental distribution mappings of
elements
(a) Microstructure (b) Cr (c) Ti (d) Y
Fig. 12 TEM images of Fe-Cr-C-Ti-Y2O3 coating
(a) bright field image of the flower-like particle (b) SADPs of "pistil" (c) SADPs of "petal"
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