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Abstract: The interface relationship between (Ti, Nb)(C, N) carbonitride and CeO2
was calculated by first-principles method. The mechanism that CeO2 as the nucleus of
(Ti, Nb)(C, N) carbonitride in Fe-Cr-C-Ti-Nb-N coating was analyzed. The
microstructure of the hypereutectic Fe-Cr-C-Ti-Nb-N-CeO2 coating was observed in
this paper. The calculated results show that, by calculating the phonon dispersion curves
and binding energy, the most stable structure of (Ti, Nb)(C, N) carbonitride is
Ti3NbCN3. The two-dimensional lattice misfit between Ti3NbCN3(111) and
Ce02(100) is 6.47 %, which indicates that CeO2 as nucleus of Ti3NbCN3 is medium-
effective. The four interface structures (O-TiNb, O-CN, Ce-TiNb and Ce-CN) were
established between Ti3NbCN3(111) plane and CeO2(100) plane, in which, the
interface adhesive work of the O-TiNb interface is the largest, which is 7.66 J/m2, and
its interfacial energy is the smallest, which is -0.82 J/m2. It indicates that this interface
is stable from a thermodynamic point of view. The bond of the O-TiNb interface is
mainly covalent. Therefore, CeO2 can be effective heterogeneous nucleus to refine
Ti3NbCN3. The experimental results show that, the coarse primary M7C3 carbides are
distributed on the matrix of hypereutectic Fe-Cr-C coating. By adding Ti, Nb, N
elements and CeO2 to the coaing, CeO2 can be used as heterogeneous nucleus to refine
Ti3NbCN3, and thus further refine the primary M7C3 carbides.

1. Introduction:

Hypereutectic Fe-Cr-C coating has been widely employed in the re-manufacturing field,
because of its excellent abrasion resistance [1]. The primary M7C3 carbides are treated
as the main strengthening phase in the hypereutectic Fe-Cr-C coating [2]. However, the
coarse primary M7C3 carbides often crack and fall off from the coating surface during
the service process, which causes the decrease of its abrasion resistance [3].
Consequently, in order to increase the service life, it is vital to refine the primary M7C3
carbides in the hypereutectic Fe-Cr-C coating. In recent years, many reports have been
found that when Ti and Nb additives were added in the hypereutectic Fe-Cr-C coating,
the dimensions of the primary M7C3 carbides were decreased, so that the abrasion
resistance of the coating can be validly improved. Zhi et al. [4] studied the influence of



Nb additive on the microstructure and properties in Fe-Cr-C coating and found that
NbC carbides formed in the molten pool can refines M7C3 carbides. Meanwhile, X.
Zhi et al. [5,6] also reported the influence of Ti additive on the microstructure and
properties in Fe-Cr-C coating, and found that TiC carbides are precipitated before
M7C3 carbides and M7C3 carbides can be refined. However, Y.F. Zhou et al. [7]
illustrated that if Ti and Nb contents in the coatings are too high, the elements Ti, Nb
are combined with C to form (Ti, Nb)C carbides, while the C content in the matrix is
significantly reduced. Subsequently, the volume fraction of the primary M7C3 carbide
is significantly reduced, and even the hypereutectic Fe-Cr-C coating can be transformed
into the hypoeutectic Fe-Cr-C one. Therefore, the abrasion resistance of the coating is
seriously decreased too. In order to solve about problem, J.B. Wang et al. [8] added N
additive in the hypereutectic Fe-Cr-C-Ti-Nb coating and concluded that the (Ti, Nb)(C,
N) carbonitrides formed in the hypereutectic Fe-Cr-C-Ti-Nb-N coating can refine
M7C3 carbides. Compared with Fe-Cr-C-Ti-NDb coating, the abrasion resistance of the
hypereutectic Fe-Cr-C-Ti-Nb-N coating is furtherly increased.

The application of rare earth (RE) oxides in Fe-based coating has been attracted
widespread attention [9,10]. H. Liu et al. [11] found that CeO2 is the nucleus of TiC
during its heterogeneous nucleation when CeQO2 is added into the hypereutectic Fe-Cr-
C-Ti coating, which causes TiC refined and uniformly distributed. In consequence, the
hypereutectic Fe-Cr-C-Ti coating with the primary M7C3 carbides can be further
improved, and the service life of the coating is further perfected. H. Liu et al. [12]
reported that when CeO2 was added into the hypereutectic Fe-Cr-C-Nb coating, CeO2
can be as the nucleus during the heterogeneous nucleation of NbC. So the NbC is
refined, and then the primary M7C3 carbide is further refined. On the basis of the above
work, we designed the hypereutectic Fe-Cr-C-Ti-Nb-N-CeO2 coating. However, does
Ce02 have a refining effect on (Ti, Nb)(C, N) carbonitrides in the coating? What is the
interface relationship between CeO2 and (Ti, Nb)(C, N) carbonitride? Because the
dimensions both CeO2 and (Ti, Nb)(C, N) carbonitrides in hypereutectic Fe-Cr-C-Ti-
NDb-N coating are very small, it is difficult to explain the refinement mechanism by
experimental.

First-principles method has been widely used in material interface calculations, which
can provide a basis for explaining the bonding properties between material interfaces.
J. Yang et al. [13] researched the interface properties of Ag/SiC interface and Ag/TiC
interface by the first principles method, and obtained the reason why Ag Cu Ti solder
has good wettability on SiC ceramics. Q.R. Tian et al. [14] researched the bonding and
electronic structures of the TiN-MnS/Fe interface structure by the first principles
method, and found that Mn and Fe atoms can be sticked to the N-terminal TiN(111)
plan in the form of face-centered cubic stacking, and an interface system can be formed
when MnS and Fe grow on the TiN plane. J. Yang et al. [15] researched that there are
both covalent and ionic bonds between Nb atoms and C, N atoms at NbC/NbN interface
by the first principles method. The interface between Nb and N is more stable. X.Y.
Jiao et al. [16] reported the y-Fe/CeO2 heterogeneous nucleation interface for interface
electronic structure, interface stability and bonding characteristics by first-principles
calculation. They found that the O1-Fe interface energy is the lowest, while the ideal
interface work of O2-Fe is the largest. An effective hetero-nucleation interface can be
formed between y-Fe and CeO2. The O1-Fe interface model is even better formed in



the beginning of hetero-nucleation. It’s high for the bonding strength of O2-Fe interface,
when two interface structures satisfy the formation conditions. However, the interface
relationship between CeO2 and (Ti, Nb)(C, N) carbonitride by the first-principles
calculation is reported rarely.

In present study, the mechanism that CeO2 as nucleus of (Ti, Nb)(C, N) carbonitride
were investigated by first-principles calculation. The stable crystal structure of
(Ti,Nb)(C,N) carbonitride was determined by calculating the phonon dispersion curves
and binding energy. By two-dimensional lattice mismatch theory, the mismatch
between CeO2 and (Ti, Nb)(C, N) carbonitride was calculated. The bulk properties,
surface energy and adhesive strength, electronic model and bonding characteristics
between CeO2 and (Ti, Nb)(C, N) carbonitrides were calculated. The bonding
characteristics of heterogeneous nucleation interfaces were analyzed by electron
localization function and partial density of states, which can theoretically express the
mechanism of CeO2 as heterogeneous nucleus of (Ti, Nb)(C, N) carbonitrides. Finally,
three kinds of hypereutectic Fe-Cr-C coatings (Fe-25Cr-4C-0.5Ti—0.5Nb, Fe-25Cr—
4C-0.5Ti-0.5Nb-0.2 N and Fe-25Cr-4C-0.5Ti-0.5Nb-0.2 N- 0.2Ce02) were
prepared and their microstructures were observed.

2. Calculational and experimental method

2.1. Calculation method In this paper, the first-principles calculation based on density
functional theory was used to study the heterogeneous nucleation mechanism between
Ce02 and (Ti, Nb)(C, N) carbonitride. The theoretical calculation was carried out by
software of Vienna Ab-initio Simulation Package (VASP). The generalized gradient
approximation (GGA-PBE) [17] exchange correlation function was used to process the
selected particles, and the projection-embedded plane wave pseudopotential method
[18] was used to deal with the interaction between the ion core and the valence electrons.

2.2. Experimental method According to the design composition of the coating, three
kinds of hypereutectic Fe-Cr-C coatings (Fe—25Cr—4C, Fe-25Cr-4C—0.5Ti-0.5Nb- 0.2
N and Fe-25Cr-4C-0.5Ti—0.5Nb-0.2 N-2Ce02) were prepared by hardfacing method.
Axiovert 200 MAT metallurgical microscope was used to observe the microstructure
of the coating. D/max-2500/PC X-ray diffractometer was used to analyze the coating.
Hitachi S3400 N field emission electron scanning electron microscope (FESEM) was
used to collect and analyze the distribution of elements in the coating.

3. Calculational results
3.1. Stability prediction and VASP parameters determination

3.1.1. Stability of (Ti, Nb)(C, N) carbonitride The structure of CeO2 is usually stable.
However, because (Ti, Nb)(C, N) carbonitride is composed of different Ti, Nb, C, N
content, its structure is extremely complex and the content is uncertain. It is difficult to
detect its true crystal structure by experimental. TiC, TiN, NbC, and NbN have the same
crystal structure and similar lattice constants. Therefore, in this paper, TiC unit cell was
taken as the basic crystal structure, in which, some Ti atoms are replaced by Nb atoms,
and some C atoms are replaced by N atoms. Therefore, 19 crystal structures of (Ti,
NDb)(C, N) carbonitride were designed and optimized by relaxation. It is one of the most
commonly methods in physics to determine the stability of a structure by calculating its



phonon dispersion curves. If any virtual frequency is found on its phonon dispersion
curves, it indicates that the structure is unstable [19]. The structural stabilities of 19
crystal structures of (Ti, Nb)(C, N) carbonitride were judged by calculating their
phonon dispersion curves.

The calculation results show that, at 0 GPa, the phonon dispersion curves of TiI3NbCN3
unit cell and Ti3NbC3N unit cell don’t show any virtual frequency, as shown in Fig. 1.
Fig. 1(a) is the phonon dispersion curves of TI3NbCN3 unit cell. Fig. 1(b) is the phonon
dispersion curves of Ti3NbC3N unit cell. It indicates that, at 0 GPa, the structures of
Ti3NbCN3 and Ti3NbC3N are stable. However, there are obvious virtual frequencies
in the phonon dispersion curves of the remaining 17 structures, which indicates these
structures are unstable. In addition, a more effective and concise method for evaluating
structural stability is to calculate the binding energy of the structure. The binding energy
is usually defined as the energy, which split a lattice structure into individual atoms.
The lower the binding energy is, the more stable the structure is. The calculation
equation is as follows [20]:
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where Ecoh is the total cell energy; X, y, z are the number of each atom contained in
the unit cell; Faon Eaon oo are the energy of x, y, z atoms in the unit cell in the isolated
state.

The binding energies of Ti3NbCN3 and Ti3NbC3N were calculated as -1.402 eV and
-1.036 eV, respectively. It can be found that the binding energy of Ti3NbCN3 is lower
than that of Ti3NbC3N, which indicates that the structure of TI3NbCN3 is more stable
than that of Ti3NbC3N. Therefore, in this paper, the structure of Ti3NbCN3 was
selected as (Ti, Nb)(C, N) carbonitride to research the heterogeneous nucleation
mechanism between CeO2 and (Ti, Nb)(C, N) carbonitride.

3.1.2. Crystal structure of CeO2 and Ti3NbCN3

The cell structures with CeO2 and Ti3NbCN3 are shown in Fig. 2. Fig. 2 (a) is the
CeO2 structure with lattice parameters a = 5.411 A Fig. 2 (b) is the Ti3NbCN3
structure with lattice parameters a = 4.366 A.

3.1.3. Determination of K-mesh and cut-off energy

Some parameters such as k-point and cut-off energy [21] in the Brillouin zone [22]
during VASP calculation process need to be determined. The larger the selected k-point
and cut-off energy values are, the more accurate of calculation result will be. However,
it will cause the calculation amount to be increased and take a long time. Therefore, on
the premise of ensuring the calculation accuracy, it is necessary to choose a value as
small as possible to optimize the structure and improve the calculation efficiency.

The cut-off energy and k-points of CeO2 are shown in Fig. 3. Fig. 3(a) is the cut-off
energy of CeO2. The system energy performed a gradually rise tendency before the cut-
off energy value is set as 480 eV. Owing to the waveform tends to be flat after the cut-



off energy value is set as 480 eV, the cut-off energy of CeO2 is 480 eV. Fig. 3(b) is the
k-points of CeO2. It can be seen that the energy of the system changes greatly before
the k-points value is set as 7 x7>7. When k-points value is set as 7 x 77, the system
energy reaches convergence, and the curve tends to be smooth. Therefore, the k-points
value of CeO2 is 7 x7x7. The cut-off energy and k-points of Ti3NbCN3 are shown in
Fig. 4. Fig. 4(a) is the cut-off energy of Ti3NbCN3. From Fig. 4(a), the system changes
greatly before the cut-off energy value of Ti3NbCN3 is set as 500 eV. Due to the
waveform tends to be flat after the cut-off energy value is set as 500 eV, the cut-off
energy of TiI3NbCN3 is 500 eV. Fig. 4(b) is the k-points of TiI3NbCNS3. It can be seen
that the energy of the system changes greatly before the k-points value is taken as 10 <
10 = 10. When the k-points value is set as 7 x 7>7, the system energy reaches
convergence, and the curve tends to be smooth. So the k-points value of Ti3NbCN3 is
10 <10 x10.

3.2. Bulk property of CeO2 and Ti3NbCN3

3.2.1. Bulk property of CeO2 The calculated bulk performance of CeO2 is shown in
Fig. 5. Fig.5(a) is the band structure of CeO2. It can be seen that the conduction band
has a long distance from the valence band. It’s difficult for electrons to transition from
the valence band to the conduction band because of the large band gap. Fig. 5(b) is the
density of states of CeO2. It can be seen that there is almost no electron at the Fermi
level, which indicates that CeO2 does not have metallic properties. From -5 eV to Fermi
level, Ce-d orbital and O-p orbital both contribute to the density of states, and O-p
orbital completely contains Ce-d orbital. The peak shapes and values of Ce-d orbital is
similar to the O-p orbital at the range of -5 eV to 10 eV, which indicates a strong orbital
hybridization exist at two atoms and forming covalent bond between them.

3.2.2. Bulk property of Ti3NbCN3

The calculated bulk performance of Ti3NbCN3 is shown in Fig. 6. Fig. 6(a) is the band
structure of Ti3NbCN3. It can be seen that there are five high symmetry points X, R,
M, G, R, and the bands that pass through the Fermi level, so the electrons easily
transitions from the valence band to the conduction band, which indicates that
Ti3NbCN3 has metallic properties. Fig. 6(b) is the density of states of TI3NbCNS3. It
can be seen that there are electrons at the Fermi level, which is consistent with band
structure. The peak shapes and values of Ti-d, Nb-d and C-p, N-p orbital are resembled
at the range of -7 eV to -2 eV, which indicates a strong orbital hybridization exist
between the two sets of atoms, then forming covalent bond between them. The bonding
type of Ti3NbCN3 crystal structure is a mixture of covalent and metallic bonds.

3.3. Lattice mismatch Bramfitt two-dimensional lattice mismatch theory [23] can be
applied to calculate the mismatch of different lattice planes of CeO2 and Ti3NbC3. The
equation is as follows:
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where (hkl)s and (hkl)n are the lattice plane of nucleation substrate and nucleation
phase; [uvw]s and [uvw]n are the direction of (hkl)s and (hkl)n ; d[uvw]s and d[uvw]n



are the interatomic spacing along [uvw]s and [uvw]n; @ is the angle between the
directions of [uvw]s and [uvw]n.

The following conclusions needs to be emphasized according to the Bramfitt two-
dimensional lattice mismatch theory: (i) as the lattice mismatch <6%, the nucleus
substrate has a great effective to nucleus phases; (ii) as the lattice mismatch at 6%~12 %,
the nucleus substrate has a moderately effective to nucleus phase; (iii) as the lattice
mismatch > 12 %, the nucleus phase cannot be formed by attaching to nucleus substrate.
Actually, when the lattice mismatch becomes smaller, the lattice of the nucleus
substrate and the nucleus phase will match more closely.

The mismatches between the different crystal planes of TI3NbCN3 and CeO2 are listed
in Table 1. It reveals the interface mismatch between Ti3NbCN3(111) and CeO2(100)
planes is the smallest, which is 6.09 %. It is moderately effective heterogeneous nucleus
in the range of 6-12 %. Therefore, CeO2 meets the geometric conditions as the nucleus
substrate of Ti3NbCNS3.

3.4. Surface convergence test

Based on the calculation of the two-dimensional lattice mismatch and the crystal
structure optimized by the bulk phase, the CeO2 (100) plane and the Ti3NbCN3 (111)
plane were selected to establish the surface model. The different thicknesses and
termination conditions of surface models are shown in Fig. 7. Fig. 7(a) is Ce-terminated
model of CeO2 (100) plane. Fig. 7(b) is O-terminated model of CeO2 (100) plane. Fig.
7(c) is CN-terminated model of Ti3NbCN3 (111) plane. Fig. 7(d) is TiNb-terminated
model of TiI3NbCN3 (111) plane. As the number of surface model layer increases, the
characteristics of the surface structure gradually approach the bulk phase, and the
calculation amount is also increased. In order to reduce the calculation amount and
ensure the accuracy of the calculation, the surface convergence tests were performed
on the surface models of CeO2 and Ti3NbCN3 to determine the minimum layer surface
model that meets the accuracy requirements.

The number of internal anions and cations in CeO2 (100) plane and Ti3NbCN3 (111)
plane are different. Therefore, the both constructed surfaces are polar surfaces, and
the surface energy calculation equation is as follows:
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where A is the surface area; Eslab is the calculated system energy of each atomic layer;
NCe and NO are the quantity of Ce atoms and O atoms; uslab Ce and uslab O are the

chemical potential of Ce atom and O atom; NTi, NNb, NC and NN are the quantity of
slab slab slab slab
Ti, Nb, C and N atoms in the surface model; 7 #no Ko™ KN are the chemical

potentials of Ti, Nb, C and N atoms.

In general, as the surface model is plenty relaxed, the particles in the system are stably
distributed and reach equilibrium with the bulk phase. Therefore, it can be considered



that the surface model and the bulk phase is identical to the chemical potential. The
equation for the chemical potential of the surface model is as follows:
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where #¢e0: means the system energy of CeO2 after phase optimization;

bulk
HTisNboNs s the system energy of Ti3NbCN3 after phase optimization.

According to the structure of TiI3NbCN3 unit cell, Nti =3Nnb, Nc = 3Nn. Calculating
through Egs. (3)—(6), the results calculated as follows:
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putting these values into Egs. (7) and (8). Surface energies of the Ce-termination and
O-termination model are listed in Table 2 and Table 3.

As listed in Table 2, for the Ce-terminated CeO2(100) surface model, when the
number(N) of atomic layer is 11, the surface energy converges to 5.429 J/m2, and the
surface model meets the convergence requirements. From Table 3, for the O-terminated
Ce02 (100) surface model, when N is 7, the surface energy converges to 3.335 J/m2,
and the surface model meets the convergence requirements. Therefore, the slabs values
of 11 layers Ce-termination and the slabs values of 7 layers O-termination are used for
the interface structure building.

The surface energies of TiNb-termination model and CN-termination model are listed
in Tables 4 and 5. As listed in Table 4, for the TiNb- terminated Ti3NbCN3 (111)
surface model, when N is 11, the surface energy converges to 0.219 J/m2, and the
surface model meets the convergence requirements. From Table 5, for the CN-
terminated Ti3NbCN3 (111) surface model, when N is 9, the surface energy converges
to 0.361 J/m2, and the surface model meets the convergence requirements. Therefore,
the slabs values of 11 layers TiNb-termination and the slabs values of 9 layers CN-
termination are used to build the interface structure.

Concerning the slabs values of 11 layers of Ce-termination and 7 layers of O-
termination are put into Eq. (7), the slabs values of 11 layers of TiNb-termination and
9 layers of CN-termination are put into Eq. (8). The simplified equation is as follows:



1 .
OCe—terminated—CeOy = A (Eslah - 24#?2(1: + 8y ‘b) 9)

1

bulk slab 1

OO terminated—Ce) :ﬁ(Es]ab 1200, — BHp ) (10)
2

Tn . e o == E 12 bulk (-% slab | 5"‘!:’] (I 1]

TiNb- terminated-TixNbCsN = =4 | Fstab — “Hrinpen, T He Hy .

1 lab
bulk slab el 4
OCN —terminated - Tiy NbC3N = A (E.xlah Bity; isNBCN; HpL T Hy ]) (12)

In practical terms, comparing the chemical potential of each atom in the bulk phase
with that in the surface structure, it can be found that the chemical potential of each
atom in the bulk phase is slightly larger than that in the surface structure. So, it can be
further obtained as follows:
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Integrating Egs. (9)—(16), it can be further obtained as follows:
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According to the above calculations, the surface energy fluctuations of the CeO2 (100)
plane and Ti3NbCN3 (111) plane are shown in Fig. 8. Fig. 8(a) is the relationship
between the surface energy of the 11 layers Ce-terminated CeO2 surface model and the

surface energy of the 7 layers O-terminated CeO2 surface model with the change of
slab bulk
Ho~ —Ho ™ chemical potential. Fig. 8(b) is the relationship between the surface energy

of the 11 layers TiNb-terminated Ti3NbCN3 surface model and the surface energy of
the 9 layers CN-terminated Ti3NbCN3 surface model with the change of

(-—s slab slab (3,&11}“& b k

SHe™ + Hn +#7") chemical potential. It can be found that unlike the surface
energy fluctuation curve of the CeO2(100) surface, in the surface energy fluctuation
curve of the Ti3NbCN3(111) surface, the difference between the surface energy of
TiNDb termination surface and CN termination surface is small, and the fluctuation range
is not changed much. Therefore, when the interface is constructed, two surface
structures of TiNb termination and CN termination should be considered.

3.5. Interfacial property

3.5.1. Interface structure Based on the mismatch between Ti3NbCN3 and CeO2 and
the surface convergence test, 11 layers of TiNb-terminated Ti3NbCN3(111) plane, 7
layers of CN-terminated Ti3NbCN3(111) plane, 11 layers of Ce-terminated CeO02(100)



plane and 7 layers O-terminated CeO2(100) plane were selected to build the interface.
The schematic diagrams of four interface structures are illustrated in Fig. 9.

Fig. 9(a) and Fig. 9(2’) are the Ce-CN interface structure and its vertical view. It can be
seen that the Ce-terminated CeO2(100) plane and the CN-terminated Ti3NbCN3 (111)
plane build the interface. Each Ce atom at the four apex angles corresponds with a N
atom, and there is a Ce atom to the left and right corresponding to a C atom. There is
an N atom in the center, a C atom above and below, and the remaining Ce atoms and C
atoms are staggered along the x axis. Fig. 9(b) and Fig. 9(b’) are the Ce-TiNDb interface
structure and its s vertical view. It can be seen that the Ce-terminated CeO2 (100) plane
and the TiNb-terminated Ti3NbCN3 (111) plane build the interface. Each Ce atom at
the four apex angles corresponds to a Nb atom, and a Ce atom both the left and right
corresponds to a Ti atom. A Nb atom locates in the center, a Ti atom at the top and
bottom, and the remaining Ce atoms and Ti atoms interlace along the x-axis
arrangement. Fig. 9(c) and Fig. 9(c’) are the O-CN interface structure and its vertical
view. It can be seen that the O-terminated CeO2(100) plane and the CN-terminated
Ti3NbCN3 (111) plane build the interface. In the four apex angles and the center, each
O atom corresponds to an N atom, and each O atom at the top, bottom, left, and right
corresponds to a C atom. The remaining O atoms and C atoms are staggered along the
x axis. Fig. 9(d) and Fig. 9(d’) are the O-CN interface structure and its vertical view. It
can be seen that the O-terminated CeO2(100) plane and the TiNb-terminated
Ti3NbCN3(111) plane build the interface. In the four apex angles and the center, each
O atom corresponds to an Nb atom, and each O atom at the top, bottom, left, and right
corresponds to a Ti atom, and the remaining O atoms and Ti atoms are staggered along
the x axis.

3.5.2. Work of adhesion The interface adhesive work (Wad) of an ideal interface is
defined as the reversible work on a unit area by separating an interface into two free
surfaces. With increase of the Wad, the interface adhesive become perfect, and the
interface stability become strong. The equation of the Wad is as follows [24]:
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where A is the interfacial area; ECeO2 is the total energy of CeO2(100) surface
structure; ETi3NbC3N is the total energy of Ti3NbCN3 (111) surface structure;
ECeO2/Ti3NbC3N is the total energy of interface structure. According to Eqg. (19), the
ideal Wad of Ce-CN interface, Ce-TiNb interface, O-CN interface and O-TiNb interface
are listed in Table 6. It can be seen from Table 6, that Wad of the four structures are as
follows: WCe-TiNb < WCe-CN < WO-CN < WO-TiNb. The Wad of O-TiNb model
is the largest, which is 7.66 J/m?.

3.5.3. Interfacial energy

The interface energy (y) is an important basis for judging the stability of the interface.
The equation of y is as follows [25]:

Y = Oceo, + Ori;npen, — Waa (20)



where 6CeO2 is surface energy of CeO2(100) surface model; cTi3NbCN3 is surface
energy of Ti3NbCN3(111) surface model. According to Eq. (20), the y of the four
interfaces are listed in Table 7. It can be seen from Table 7, that the y of the four

structures are as follows: Yo-TiNb < Yo-cn < Yee-TiNb < Yce-cN | The y of O-TiNb is the
smallest, which is -0.82 J/m?.

3.5.4. Interfacial electronic structure and bond characteristic

The charge density distributions of the (001) slices of CeO2(100)/ Ti3NbCN3 (111)
interfaces are shown in Fig.10. Fig.10 (a) is the charge density distribution of the O-
CN interface structure. After relaxation, the atomic misalignment occurs at the interface
of the O and C and N atoms, and then the distances among atoms are reduced, which
results the charge accumulation among atoms to form chemical bonds. Fig.10 (b) is the
charge density distribution of the O-TiNb interface structure. Similar to the Fig.10 (a),
after relaxation, the atoms on both sides of the interface move violently. O and Ti, Nb
atoms produce atomic misalignment, and causes the inter-atomic distance decreased.
There is a large amount of charge accumulation, and strong chemical bonds are formed.
Fig.10 (c) is the charge density distribution of the Ce-CN interface structure. It is
different from Fig.10 (a) and (b). After relaxation, as the atoms at the interface move
extremely little, the distances among the atoms are large, and a small amount of charge
accumulation appears, which make it difficult to form bonds. Fig.10 (d) is the charge
density distribution of the Ce-TiNb interface structure. The atoms on both sides of the
interface can hardly move after relaxation. The distances among the atoms are very
large, and very little charge accumulation appears, so bonds is difficult to form.

The electronic structure of the interface can be studied by calculating the electron
localization function (ELF) of the interface model. Combined with partial density of
states (PDOS) to analyze the banding types. The equation of ELF is as follows [26]:

ELF = 1/ [1 + ([?}fﬂ (21)

where D(r) means the real electron gas density; Dh(r) means the uniform electron gas
density. The ELF values from 0 to 1 has three conditions as follows: (i) ELF =1, it
corresponds to the fully localized state; (ii) ELF = 1/2, it corresponds to the uniform
electron gas state; (iii) When ELF = 0, it corresponds to a completely delocalized state.

These ELF maps are the (001) slices of CeO2(100)/Ti3NbCN3 (111) interfaces are
shown in Fig. 11. Fig. 11(a) is the ELF in the range of 0.3 to 0.8 between O atom and
C or N atom, which indicates the covalent bond and ionic bond are the main bonding
types at the interface. Figl1l(b) is the ELF between O atom and Ti or Nb atom in the
range of 0.3 to 0.4, which indicates the ionic bond is the main bonding type at the
interface. Fig. 11(c) is the ELF between Ce atom and C or N atom in the range of 0.3
to 0.5, which indicates the ionic bond is the main bonding type at the interface. Fig.
13(d) is an area with an ELF of 0.5 between the interfaces. The electron gas is evenly
distributed, and there may be metal bonds.

To further analyze the bonding types with the four interfaces, the PDOS of the four
interfaces are shown in Fig. 12, in which, the Fermi level noted by dotted line.



Compared the atoms density of states in the first layer on both sides of the interface, it
can be clearly seen that they are very different, which shows the localization
characteristics of interfacial charge redistribution. Fig. 12(a) is the PDOS of several
layers on both sides of the O-CN interface, It can be found that the similar waveforms
from - 13 eV to - 9 eV appear among the O atom and C, N atoms orbits. Similarly,
among the O atom and C, N atoms orbits, the same waveforms also appear from - 7 eV
to 2 eV, and the orbital has obvious resonance. So it can be determined that the strong
covalent, ionic and metal bonds exist in O-CN interface. Fig. 12(b) is the PDOS of
several layers on both sides of the O-TiNb interface, in which, O atom and Ti, Nb atoms
orbits have the similar waveforms from -5 eV to 2 eV, while the gravity center of the
waveform is not consistent. So the O-TiNb interface is considered to exist ionic and
metal bonds. Fig. 12(c) is the PDOS of several layers on both sides of the Ce-CN
interface, in which, Ce atom and C, N atoms orbits have similar waveforms from - 9
eV to 8 eV. Ce atom and C, N atoms orbits have the similar waveform from 5 eV to 2
eV. It can be seen that ionic and metal bonds exist in O-CN interface. Fig. 12(d) is the
PDOS of several layers on both sides of the Ce-TiNb interface. It can be seemed the
PDOS waveform at the Ce-TiNb interface does not change much compared to the inside
of the structure. There is only a small change from -2 eV to 1 eV, and there are some
electrons at the Fermi level, which indicates the existence of metallic bonds. By
comparing the PDOS of the four interface structures, it is obvious that the bond of the
O-CN interface is the strongest.

4. Experimental results

4.1. Phase structures of the three coatings The XRD patterns of the three coatings are
shown in Fig. 13, and they are calibrated and analyzed by comparing the standard PDF
cards. It can be found that the main phases in the hypereutectic Fe-Cr-C coating are
M7C3 carbide and y-Fe. A new diffraction peak appears in the Fe-Cr-C-Ti- Nb-N
coating, which is identified as the (Ti, Nb)(C, N) carbonitride. The main phase of the
Cr-C-Ti-Nb-N-CeO2 coating is basically the same as that of the Fe-Cr-C-Ti-Nb-N
coating, but the diffraction peak of CeO2 is not found, due to too little CeO2 additives.

4.2. Microstructure and element distribution maps of the three coatings

The microstructures of the coatings with three kind compositions are shown in Fig. 14.
Fig. 14(a) is the microstructure of the hypereutectic Fe- Cr-C coating. It can be found
that the coarse primary M7C3 carbides are distributed on the matrix with hexagon,
whose sizes are about 100 um. Fig. 14(b) is that of the hypereutectic Fe-Cr-C-Ti-Nb-N
coating. From Fig. 14(b), when Ti, Nb and N elements were added in hypereutectic Fe-
Cr-C coating, the primary M7C3 carbides are significantly refined, whose sizes are
about 50 pum. Fig. 14(c) is that of the hypereutectic Fe-Cr-C-Ti- Nb-N-CeO2 coating.
From Fig. 14(c), when CeO2 was added in hypereutectic Fe-Cr-C-Ti-Nb-N coating, the
primary M7C3 carbides in the coating are further refined, whose sizes are about 10 pm.

The microstructure and element distribution maps of hypereutectic Fe-Cr-C-Ti-Nb-N-
Ce02 coating are shown in Fig. 15. Fig. 15(a) is the microstructure of the coating. It
can be seen that the light-colored polygons are M7C3 carbides, and there are black areas
around them that are closely combined with it. Fig. 15(b) is the distribution map of
element Cr, and the area of accumulation is consistent with the distribution area of



M7C3 carbide in Fig. 14(a), which indicates that M7C3 carbide is a Cr-rich one. Fig.
15(c)-(f) are the distribution maps of the elements Ti, Nb, C, and N, respectively.
Elements clustered in several pictures, which are consistent with the distribution of the
black area in Fig. 15 (a). Combined with X-ray diffraction analysis, it is determined
that they are (Ti, Nb)(C, N) carbonitrides. It shows that (Ti, Nb)(C, N) carbonitrides as
heterogeneous nucleus to refine M7C3 carbide. In Fig. 15(g), the distribution of element
Ce was measured, and it is found that element Ce aggregates in (Ti, Nb)(C, N)
carbonitrides. It indicates that CeO2 as heterogeneous nucleus can refine (Ti, Nb)(C, N)
carbonitrides.

5. Conclusion

(1) By calculating the phonon dispersion curves and binding energy, the most stable
crystal structure of (Ti, Nb)(C, N) carbonitride is Ti3NbCN3. (2) The interface
mismatch between Ti3NbCN3(111) and Ce02(100) planes is the lowest, which is
6.09 %. The interface between CeO2 and Ti3NbCN3 is a semi-coherent interface,
which is a moderately effective heterogeneous nucleus in the range of 6-12 %. (3) The
surface energy of Ce-terminated converges to 11 layers with a surface energy of 5.429
J/m2. The surface energy of O-terminated converges to 7 layers with a surface energy
of 3.335 J/m2. The surface energy of TiNb-terminated converges to 11 layers with a
surface energy of 0.219 eV. The surface energy of CN-terminated converges to 7 layers
with a surface energy of 0.361 eV. (4) The Ce-CN interface structure and the Ce-TiNb
interface structure have smaller interface adhesive work and larger interfacial energy,
and the interface structures are unstable. The O-CN interface and the O-TiNDb interface
have larger interface adhesive work and smaller interfacial energy, and the interface
combination status of the two structures are better. Among them, the O-TiNb interface
structure is the most stable, and the interface bonding type is mainly covalent bonds.
(5) The experimental results show that in Fe-Cr-C-Ti-Nb-N-CeO2 coating, CeO2 can
be used as heterogeneous nucleus to refine (Ti, Nb)(C, N) carbonitride, and thus further
refine the primary M7C3 carbides.
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Fig. 1. Phonon dispersion curves of TiI3NbCN3 and Ti3NbC3N unit cell structure. (a)
Ti3NbCN3; (b) Ti3NbC3N.



Fig. 2. Structure of CeO2 and Ti3NbCNa3. (a) CeO2; (b) Ti3NbCN3
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Fig. 10. Charge density distribution of (001) slices of Ce02(100)/Ti3NbCN3 (111)
interfaces. (a) O-CN model; (b) O-TiNb model; (c) Ce-CN model; (d) Ce-TiNb
model.



Fig. 11. ELF maps of (001) slices of CeO2(100)/Ti3NbCN3 (111) interfaces. (a) O-
CN model; (b) O-TiNb model; (c) Ce-CN model; (d) Ce-TiNb model.
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Fig. 14. Microstructure of three coatings. (a) Fe-Cr-C coating; (b) Fe-Cr-C-Ti-Nb-N
coating; (c) Fe-Cr-C-Ti-Nb-N-CeO2 coating.



Fig. 15. Microstructure and element distribution maps of hypereutectic Fe-Cr-C-Ti-
Nb-N-CeO2 coating. (a) Microstructure; (b) Element distribution of Cr; (c) Ti; (d)
Nb;(e) C; (f) N; (g) Ce.



