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The low index interfacial configuration, interface energy and electronic properties of
NbC/a-Fe are calculated using the first-principles method based on density functional
theory and ab initio molecular dynamics simulation. Additionally, the NbC/a-Fe interface
with the low index interfacial configuration is calculated by two-dimensional disregistry
method. It is demonstrated that the Fe-C type has an interface energy of -1.553 J/m?, the
smallest interface energy and the most stable structure, therefore the Fe-C type is the most
stable conformation of the NbC(001) /a-Fe(001). Strong orbital resonance phenomenon
exists between Fe-3d, Nb-4d and C-2p, producing strong metallic and covalent bonds. The
results of disregistry calculation by different interfacial structures of NbC/a-Fe shows that
the disregistry of NbC(001)/a-Fe(001) crystalline surface is the smallest at 10.19%, which
corresponds to the results of interface energy calculation. It can be shown that the
a-Fe(001) is the optimal orientation surface of the NbC(001) . Herein, we have revealed
the site-oriented and stable bonding mode relationship of NbC/a-Fe interface in steel,
which provides important theoretical guidance to explore the mechanism of grain

refinement of NbC particles in shipbuilding steels.
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1. Introduction
Transition metal niobium is a strong carbon-nitrogen forming element, exhibiting a strong

tendency to form carbon-nitrides, which often precipitate as carbon-nitrides in steel!). NbC, as an
important rock salt type transition metal carbide, has high melting point, super hardness and
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excellent chemical stability ). NbC has high thermal stability and is often used in metal heat
treatment processes to prevent austenite grain boundaries from expanding by using undissolved
NbC inclusions to pin down austenite grain boundaries during heating, which can play a role in
fine grain strengthening®®*. NbC compounds have short bond lengths and ultra-hardness, and are
widely used as alloy strengthening phases in cemented carbides”. The above properties are
macroscopic properties of inclusions in steel, while their nano-scale properties have rarely been
reported.

In recent years, the first-principles method!®* have made breakthroughs in various aspects of
materials design, solving many problems that are difficult to explain experimentally, and playing
an extremely important role in the study of bulk phases, surfaces and interfaces of compounds. It
was reported that Schwarz!” conducted a systematic study of the electronic structures of NbC and
NbN and clearly resolved the energy band structure composition and charge density distribution
between Nb atoms and C atoms in the forming NbC compounds. The surface energy, surface fold
properties, charge density and density of states of NbC(001) surfaces were investigated by
Huai-Zheng Zhang!''"), and the surface energy was obtained by subtracting the bulk phase energy
from the total energy of the flat plate. Liu et al.obtained that the NbC low index (001) surface is

(2] 'yang!'¥ et al. calculated the surface energy of the

the most stable surface through simulations
NbC(111) surface and determined the minimum atomic layer thickness using the convergence of
the surface energy. Wang, Haiyan et al. have simulated the structure of the interface between NbC
particles and a-Fe in niobium-containing steel using first-principles approach!. The interface
energy, charge density, density of states and overlap Bourget number of the interfacial

[Slet al performed first-principles calculation for two

configuration are analyzed in detail. Xiong
bonding site configurations such as Fe-Nb and Fe-C at the NbC/a-Fe interface, where the results of
the interfacial energy calculations were 5.84 J/m* and 4.54 J/m? indicating that the interfacial

Fe-C bonding site configuration is more stable.

Meanwhile, the combination of first-principles calculation based on density generalized
theory and ab initio molecular dynamics simulation has been widely used in materials science
calculations. In the field of metallurgy, Johansson!'® et al. determined the energy and structure of
the Fe(001)/VN(001) interface using ab initio molecular dynamic simulation methods. Wei ' et al.
calculated the adsorption and diffusion behavior of H»S on ideal, defective and highly covered
Fe(100) surfaces at 300 K using ab initio molecular dynamics for kinetic simulations. Wang"® et
al. used ab initio molecular dynamics methods to simulate and calculate the relaxation of Fe atoms
adsorbed on the surface of TiN(001). It was found that the structural Fe atoms after relaxation all
moved above the N atoms on the TiN(001) surface. The motion trajectories of Fe atoms on the
TiN(001) surface were simulated and the charge transfer was analyzed in detail. Therefore, in
order to achieve accurate control of steel solidification, inclusions precipitation and tissue
refinement process, it is very necessary to use ab initio molecular dynamics method to conduct
in-depth research on the nano nature and behavior of steel solidification tissue lattice structure, to
obtain an accurate understanding of the solidification process change mechanism "%/,

The interfacial bonding mode and bonding ability of NbC and a-Fe have a certain influence
on the fine crystal strengthening effect. Due to the small size of the precipitated NbC particles, it is
difficult to determine the interfacial relationship between them and a-Fe. Therefore, the properties
of the NbC/a-Fe interface are investigated from a nano-view perspective using the first-principles
and ab initio molecular dynamics methods. It helps to reveal the stable bonding mode and
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site-directed relationship of NbC/a-Fe interface in steel, and provides a microstructural theoretical
basis for exploring the grain refinement mechanism of NbC particles in shipbuilding steel.

2. Method of calculation

The calculations in this work were all performed with the first-principles based on density
functional theory (DFT) and ab initio molecular dynamics simulation methods.The interface
formed by NbC(001) and a-Fe(001) surfaces was selected for the study, and the NbC/a-Fe
interface was constructed between the NbC(001) surface using a 5-layer atomic structure and the
S-layer structural o-Fe(001) surface based on the results of the previous surface property
calculations ?”). The a-Fe(001) surface layer of Fe atoms bonded to the NbC(001) surface exists in
three different positions, which are located above the Nb, bridge and C atoms, and the interface
distance is chosen as 0.2 nm. Combined with the above bulk modulus calculation results, the bulk
modulus value of NbC is 353 GPa and the bulk modulus of a-Fe is 143 GPa. a-Fe has a smaller
bulk modulus and is easily stretched. Therefore, to accommodate the periodic boundary conditions
inherent in supercell calculations, coherent interface relations are invoked by stretching the lattice
length of the a-Fe(001) surface to accommodate the lattice of the NbC(001) surface.

Since three-dimensional periodic boundary conditions are used for the surface
configuration, a vacuum layer of 1.2 nm is added above the surface along the Z-axis in order to
eliminate interactions between different surface configurations and to allow free movement of
atoms. In performing the interface calculations, the electron exchange correlation energy is
corrected using the RPBE function in the generalized gradient approximation (GGA), the plane
wave truncation energy is chosen to be 370 eV, the interaction between valence electrons and ionic
real is described by the ultra-soft pseudopotential and the spin polarization is used in the interface
calculations considering that the low-temperature ferrite is ferromagnetic.

Considering that the precipitation temperature of NbC particles is close to 1100 K, and the
first-principles can only be calculated at the default temperature value of 0 K, which is not in line
with the real situation. In order to better match the actual situation, the effect of temperature factor
must be taken into account, and thus a temperature-controlled ab initio molecular dynamics
simulation method is used to investigate in depth the interfacial configuration, bond length
changes, and electronic structure. The calculation system is NPT, the temperature is 1100 K, the
step length is 1 fs; the number of steps is 1000, and other parameters are selected with reference to
the settings in the above interface first-principles calculation.

3. Results and discussion

The bulk phase properties of NbC and a-Fe crystal structures were calculated by structural
optimization. From table 1, it can be indicated that optimized lattice constants agreed with the
experimental results very well, which proves the accuracy of first-principles calculation, and
provides a reliable theoretical basis for our calculation of the NbC/a-Fe interface.
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Table 1. Computed and experimental value of the properties of NbC and a-Fe (Lattice constants ‘a’, Bulk

modulus ‘By " and Formation energies ‘E’).

System Research A/mm B/GPa EleV
NbC This work 0.44246 353 -1.27
Ref.2! 0.44930 307 -2.83
Ref.[?2! 0.44544 — —
Ref.[?3] — — -1.45
Ref.?4 0.45280 318 -2.06
o-Fe This work 0.28377 143 —
Ref.?] 0.28664 — —

3.1. The first-principles study of NbC(001)/a-Fe(001) structural relaxations:

The NbC(001)/a-Fe(001) interface structure is shown in Fig. 1 (Fig. 1(a) as an example,
side view on the left; top view on the right), where Fig. 1(a) shows the initial NbC(001)/a-Fe(001)
interface configuration with the Fe atom at the interface located above the Nb atom (denoted as
Fe-Nb). Fig. 1(b) shows the initial configuration of the NbC(001)/a-Fe(001) interface with the Fe
atom at the interface located above the bridge position (denoted as Fe-bridge). Figure 1(c) shows
the initial configuration of the NbC(001)/a-Fe(001) interface with the Fe atom at the interface
located above the C atom (denoted as Fe-C).

(b) (c)

top top top
' } |
O Nb
“ ° C
\ © Fe

Fig. 1. Side and top views of the initial configuration of the NbC(001)/a-Fe(001) interface: (a)-Fe-Nb,
(b)-Fe-bridge; (c)-Fe-C.

Fig. 2 shows the interfacial atomic configuration of the above three NbC(001)/a-Fe(001)
after relaxed optimization. It can be seen that no surface reconfiguration occurred in any of the
three interfacial configurations. In the NbC(001)/a-Fe(001) configuration of Fe-Nb type, the Fe
atoms are located above the Nb atoms and no motion occurs in the cross section of the interface,
while the a-Fe(001) atomic layer is shifted toward the vacuum layer in the vertical interface
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direction, and the interfacial spacing increases by 0.0578 nm compared with the initial Fe-Nb
configuration. In the Fe-bridge type NbC(001)/a-Fe(001) interface configuration, the Fe atoms at
the interface slip in the cross-sectional direction and move above the C atoms, while moving
toward the NbC(001) side along the vertical interface direction, where the interface spacing
increases by 0.0133 nm compared to the initial Fe-bridge configuration. In the Fe-C type
NbC(001)/a-Fe(001) interfacial configuration, the Fe atoms at the interface are located above the
C atoms and no motion occurs in the interfacial cross section, while the a-Fe(001) atomic layer
shifts toward the NbC(001) side of the interface in the vertical interfacial direction, where the
interfacial spacing decreases by 0.0078 nm compared to the initial Fe-C configuration.

top

!
© Nb
®cC
© Fe

Fig. 2. Side and top views of the relaxation structure at the NbC(001)/a-Fe(001) interface: (a)-Fe-Nb;
(b)-Fe-bridge; (c)-Fe-C.

By comparing the changes of the interfacial spacing of the three NbC(001)/a-Fe(001)
configurations, it can be found that the interfacial spacing decreases in the other two except for the
increase in the interfacial spacing of the Fe-Nb type structure. In the NbC(001)/a-Fe(001)
conformational interface with Fe-bridge bonding mode, the Fe atom is more likely to move above
the C atom, thus indicating that the Fe atom is more likely to bond with the C atom.

To evaluate the stability of the three structures, the interface energy was calculated for the

el??". The system energies of the above surface and

structures following the equation in literatur
interface are calculated using the first- principles method for the structural single-point energy.
The interface energy of the initial interfacial configuration NbC(001)/a-Fe(001) was calculated
and the results are listed in Table 2. The minimum interface energy of Fe-C type structure is
-1.553 J/m?* and the most stable interface, the maximum interface energy of Fe-Nb type structure is
1.431 J/m? and the structure is unstable, and the magnitude of interface energy of Fe-bridge type
structure is between the former two, indicating that the chemical bonding at this position is in a

sub-stable state. This indicates that C atoms are more easily bonded to Fe atoms.
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Table 2. Interface energy of NbC(001)/0-Fe(001) conformation.

Interface Interface Interface energy
combination method /(J/m?)
NbC(001)/a-Fe(001) Fe-Nb 1.431
Fe-bridge -0.292
Fe-C -1.553

3.2. Ab initio molecular dynamics study of NbC(001)/a-Fe(001) interface:

The precipitation temperature of NbC particles is about 1100 K. The different
conformations of NbC(001)/a-Fe(001) after ab initio molecular dynamics simulation relaxation,
the structural morphology is shown in Fig. 3. It can be seen that the NbC(001)/a-Fe(001)
conformational interface after relaxation does not undergo reconstruction, and the Fe-C-type
interfacial structure quickly reaches a stable equilibrium state, while both Fe-Nb-type and
Fe-bridge-type interfacial structures undergo interfacial cross-sectional slip motion. The Fe atom
at the interface of NbC(001)/a-Fe(001) configuration eventually moves above the C atom on the
NbC(001) face, which can indicate that the Fe-C type NbC(001)/a-Fe(001) interface structure is
the most stable, and the C atom is the best bonding position for the Fe atom.

Fig. 3. Snapshot morphology of NbC(001)/0-Fe(001) interface relaxation conformation: (a)—Fe-Nb;
(b)—Fe-bridge; (c)—Fe-C.

The interfacial spacing of the different initial configurations of the NbC(001)/a-Fe(001)
interface after sufficient relaxation is listed in Table 3. The interfacial spacing of the
NbC(001)/a-Fe(001) interfacial conformation is around 0.19 nm after structural relaxation, and the
interfacial spacing is reduced compared with that of the initial conformation, which is consistent
with the result that the Fe atoms are eventually shifted above the C atoms at the interfacial part of
the conformation.
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Table 3. Interfacial spacing after relaxation of NbC(001)/a-Fe(001) conformation.

Interface spacing /nm
Fe-Nb Fe-C Fe-bridge
NbC(001)/a-Fe(001) 0.194 0.189 0.195

Interface

To further analyze the motion process of the NbC(001)/a-Fe(001) interface, the variation
of the chemical bond lengths between Fe(1) atoms and Nb(3) or C(5) atoms at the interface with
time was used to reveal the mutual motion characteristics of the NbC/a-Fe interface, where the
variation curves of the chemical bond lengths with time are shown in Fig.4.

From Fig. 4, it can be seen that the bond lengths of Fe(1)-C(5) bonds at the interface after
relaxation of all three interfacial configurations fluctuate up and down at 1.9 A and are always
smaller than those of Fe(1)-Nb(3) bonds, which indicates that the Fe(1)-C(5) bonds are stronger
and more stable. It shows that the C atom in the NbC/a-Fe interface is the best bonding position
for the Fe atom.

The bond length between Fe and Nb or N atoms (\)

"o 200 400 600 800 1000
Time (fs)

Fig. 4. Variation of bond lengths between Fe atoms and Nb and C atoms at the NbC(001)/a-Fe(001)

interface with step size.

To further clarify the variation of bond lengths in Fig. 4, the effective charge transfer
between atoms in the NbC(001)/a-Fe(001) interfacial configuration (see tables 4-6) was analyzed
using the Mulliken charge layout analysis method. Throughout tables 4 to 6 the effective charge
transfer amounts, except for the Fe-C type NbC(001)/a-Fe(001) structure, a large amount of
charge transfer occurs at the interface of Fe-bridge type and Fe-Nb type NbC(001)/a-Fe(001)
structures.
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Table 4. Effective charge transfer at the Fe-Nb type NbC(001)/a-Fe(001) interface.

Number of Atoms Electric charge /e Amount of
layers /n Unrelaxed Relaxed charge/teransfer
3 Fe -0.02 0.08 0.1
2 Fe -0.23 -0.07 0.16
1 Fe -0.06 0.14 0.2
1 Nb 1.05 0.62 0.43
C -0.64 -0.72 0.08
2 Nb 0.8 0.74 0.06
C -0.71 -0.68 0.03
3 Nb 0.73 0.73 0
C -0.71 -0.67 0.04

Table 5. Effective charge transfer at Fe-bridge type NbC(001)/0-Fe(001) interface.

Number of | Atoms Electric charge /e Amount of charge
layers /n Unrelaxed Relaxed transfer /e
3 Fe 0.04 0.05 0.01
2 Fe -0.05 -0.05 0
1 Fe 0.03 0.18 0.15
1 Nb 0.79 0.6 0.19

C -0.69 -0.7 0.01
2 Nb 0.77 0.68 0.09
C -0.7 -0.68 0.02
3 Nb 0.73 0.68 0.05
C -0.71 -0.68 0.03

Table 6. Effective charge transfer at Fe-C type NbC(001)/0-Fe(001) interface.

Number of Atoms Electric charge /e Amount of charge
layers /n Unrelaxed Relaxed transfer /e
3 Fe 0.11 0.09 0.02
2 Fe 0.02 -0.06 0.08
1 Fe 0.13 0.16 0.03
1 Nb 0.6 0.59 0.01

C -0.72 -0.69 0.03
2 Nb 0.73 0.68 0.05

C -0.7 -0.7 0
3 Nb 0.74 0.76 0.02

C -0.71 -0.7 0.01
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The analysis shows that the bond length change before and after relaxation at the
NbC(001)/a-Fe(001) interface is closely related to the charge transfer. Combining Fig. 4 with
Tables 4 to 6, it can be seen that before and after the relaxation of the NbC(001)/a-Fe(001)
interfacial configuration of Fe-Nb type, there is a large amount of charge transfer between Fe, Nb,
and C atoms at the interface, and a large electrostatic repulsion between Fe atoms and adjacent Nb
atoms, which drives a large increase in the Fe-Nb chemical bond bond length, and on the contrary,
the electrostatic gravitational force between Fe atoms and C atoms increases, which in turn reduces
the Fe-C chemical bond length. The Fe-bridge type of NbC(001)/a-Fe(001) interface has a large
charge transfer, resulting in an increase in the Fe-Nb chemical bond bond length and a decrease in
the Fe-C chemical bond length, with the transfer of the Fe atom from above the bridge to above
the C atom. Before and after the relaxation of the NbC(001)/a-Fe(001) interface of Fe-C type, the
effective charge transfer between Fe, Nb, and C atoms at the interface is smaller, which generates
less electrostatic force and has less effect on the chemical bonding, and the Fe-Nb and Fe-C
chemical bonds are more stable.

To clarify the bonding situation at the interface between NbC(001) and a-Fe(001), the
partial density of state (PDOS) properties before and after the relaxation of their interfacial
configurations were analyzed separately. The valence electron of Fe is 3d°4s?, and the subsequent
analysis of the PDOS of Fe atoms is mainly performed using the higher energy Fe-3d orbitals. For
the calculation of PDOS of Nb and C atoms, the same orbitals (Nb-4d, C-2s, C-2p) as the above
mentioned NbC low index surface density of states are used Fig. 5 to 7 show the PDOS before and
after relaxation for the three NbC(001)/a-Fe(001) configurations.
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Fig. 5. PDOS for Fe-Nb type interface configuration (a) Unrelaxed, (b) Relaxed. The dotted line

refers to the Fermi level.
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Fig. 7. PDOS for Fe-C type interface configuration (a) Unrelaxed, (b) Relaxed. The dotted line

refers to the Fermi level.

We can find that the PDOS of Fe atoms is asymmetric in the upper and lower orbitals and
exhibits extremely strong ferromagnetism, which requires consideration of the effect of spin
polarization on the calculation, while the upper and lower orbitals of the spin fractional density of
Nb and C atoms are almost symmetric, indicating that Nb and C atoms are not ferromagnetic and
do not need to consider spin polarization. The Nb-4d and C-2p orbital energies in the bonding state
after relaxation in all three configurations show a tendency to decrease and shift to the right
compared to the corresponding orbital energies before relaxation, with new peaks near -3.3 eV for
the Fe-Nb configuration, -3.5 eV for the Fe-bridge configuration, and -3.6 eV for the Fe-C
configuration. The trends of Nb-4d and C-2p orbitals are roughly similar, and the orbitals
obviously overlap, indicating a strong orbital hybridization between Nb-4d and C-2p orbitals, and
the Nb-C chemical bond is extremely stable. The number of Fe-3d orbital peaks in all three
configurations is reduced compared with that before relaxation, and there is a tendency for the
orbital energy to shift to the left, forming a peak near 3.2 eV, indicating that there are strong
orbital resonances between Fe-3d orbitals and Nb-4d and C-2p orbitals, leading to the formation of
stronger metallic and covalent bonds.
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3.3. Interfacial properties and disregistry between NbC/a-Fe low index surfaces

From the above NbC(001)/a-Fe(001) interface ab initio molecular dynamics simulation
calculations, it is clear that the best bonding positions of Fe atoms on the a-Fe surface on the
NbC(001) surface are above the C atoms. Therefore, the model constructed in this section only
considers the Fe-C configuration, and the selected low-index surfaces for NbC include the (001),
(110), and N terminatied (111) surfaces. The low index surfaces selected for a-Fe include (001),
(110), and (111) surfaces. Due to the more stable Fe-C conformation, the step length of 1 fs was
chosen for the ab initio molecular dynamics simulation and the number of steps was chosen to be
300. The model construction and calculations are all consistent with those in the
NbC(001)/0-Fe(001) interface described above.

The initial configuration (left) and the post-relaxation configuration (right) of the NbC/a-Fe
low index interfacial interface are shown in Fig.8, where the parallel crystallographic relations
formed between NbC and o-Fe low index surfaces include:  (a)NbC(001)/a-Fe(001),
(b)NbC(001)/a-Fe(110), (¢)NbC(001)/a-Fe(111), (d)NbC(110)/a-Fe(001), (¢)NbC(110)/a-Fe(110),
(HNDbC(110)/a-Fe(111), (g)NbC(111)/a-Fe(001), (h)NbC(111)/a-Fe(110),
()NbC(111)/a-Fe(111).

From Fig. 8, it can be seen that the initial configuration of the NbC/a-Fe low index surface
interface is relatively stable after relaxation, and (a)NbC(001)/a-Fe(001) interface structure is
relatively stable without interfacial deformation and reconfiguration. However the a-Fe side of the
(b)NbC(001)/a-Fe(110), (c)NbC(001)/a-Fe(111), (d)NbC(110)/a-Fe(001),
(e)NbC(110)/0-Fe(110),(H)NbC(110)/a-Fe(111),(g)NbC(111)/a-Fe(001),(h)NbC(111)/a-Fe(110),
(1) NbC(111)/a-Fe(111) interfacial configuration produces a severe reconstruction phenomenon.
As a result, it can be concluded that (a) NbC(001)/a-Fe(001) is the optimal orientation relationship
for NbC/a-Fe, which is consistent with the results of B-N orientation relationship obtained by
Baker et al [28].
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Fig. 8. Initial configuration of NbN/a-Fe low index interfacial interface (left) and post-relaxation structure
(right) morphology.

The reason for the above phenomenon may be due to the large bulk modulus of NbC, and the
a-Fe is influenced by the lattice coherence of NbC, so that the interfacial a-Fe side configuration is
subsequently genetically deformed. Therefore, it can be seen that the structures on the a-Fe side of
the interface configuration formed with the NbC(001) surface all produce a tendency to deform
toward the (001) crystal-oriented structure, and the a-Fe(001) surface is the optimal orientation
surface for the NbC(001) surface.

In order to further compare the stability of the interfacial structures between NbC/a-Fe low
index surfaces, interfacial energy calculations were performed for the structures, and the results are
listed in Table 7. We can find that the NbC(001)/a-Fe(001) interfacial energy is negative, and it is
easier to form the interface and the interface is more stable. The NbC(001)/a-Fe(001) interface has
an energy minimum of -1.553 J/m? in its system. It can be shown that the a-Fe(001) face has the
best orientation relationship with the NbC(001) face, which is consistent with the above
conformational relaxation results.

Table 7. Interface energy of NbC/o-Fe low index interfacial interface (J/im?).

NbC low index | Interface energy with Interface energy Interface energy with
surface a-Fe(001) with a-Fe(110) a-Fe(111)
(001) -1.553 -0.928 3.884
(110) 5.679 6.092 1.443
C-term(111) 3.133 3.809 0.533

According to the conclusion drawn by Bramfitt, three sets of crystallographic orientations
were selected for each set of parallel crystallographic relationships in the NbC/a-Fe low index
interfacial structure, and the specific calculation was carried out for the NbC(001)/a-Fe(001)
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parallel crystallographic relationship as an example, the lattice constants of NbC and a-Fe at 1100
K are 0.44464 nm and 0.28534 nm, respectively.

Y24, b, A1 1 a,—b,|
NbC(0o01) _ _ 2 %% |a, —V2b, | 2 D% (1)
5a-Fe(001) - 3 + +
), X3 N2b, x3 b, x3

[010]a-Fe | [010]NbC [110]a-Fe

(a)

[110]NbC

[100)a-Fe

[100]NBC

Fig. 9. Crystallographic relationship between NbC(001) and a-Fe(001) facets. (a)-Top view, (b)-Side view.

As shown in Fig. 9, the [010] crystal-oriented atomic spacing ds of the NbC(001) face is

0.3129 nm, which is equivalent to \/5 times its lattice constant ay. The atomic spacing d, in the

[010] crystal orientation of the a-Fe(001) surface is 0.2838 nm, which is equivalent to its lattice
constant d,, and the angle between the two crystal orientations is 0 degrees. The best matching
atomic spacing d in the [110] crystal orientation of the NbC(001) face is 0.4425 nm, which is
equivalent to its lattice constant ay. The atomic spacing d, in the [110] crystal orientation of the

a-Fe(001) surface is 0.4013 nm, which is equal to \/5 times its lattice constant by, and the angle

between the two crystal orientations is 0 degrees. The [100] crystal-oriented atomic spacing d of

the NbC(001) face is 0.3129 nm, which is equivalent to \/E times its lattice constant ay. The

atomic spacing d, in the [100] crystal orientation of the a-Fe(001) face is 0.2838 nm, which is
equivalent to its lattice constant by, and the angle between the two crystal orientations is 0 deg. The
disregistry 6 between the NbC(001) and a-Fe(001) crystal faces is 10.19.

Similarly, the disregistry degree of other parallel crystal surfaces between NbC and o-Fe
crystal low index surfaces can be obtained, and the calculation results of the disregistry degree of
parallel crystal surfaces are listed in Table 8.
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Table 8. Disregistry between different low index surfaces of NbC and o-Fe at 1100 K (%,).

Disregistry degree Disregistry degree

NbC low index . . Disregistry degree with
with a-Fe(001) with a-Fe(110)
surface a-Fe(111) surface
surface surface
(001) 10.19 20.33 19.89
(110) 33.01 44.95 19.15
C-term(111) 11.65 21.19 22.09

According to Table 8, the disregistry values between NbC(001)/a-Fe(001) and
NbC(111)/a-Fe(001) parallel crystalline surfaces are in the range of 6-12%, indicating that both
have certain bonding ability, while the disregistry values between other parallel crystalline
surfaces are greater than 12, and there is no mutual adhesion nucleation ability.

By analyzing the calculated results of the disregistry between the low index surfaces of
NbC/a-Fe, it can be concluded that NbC(001)/a-Fe(001) is the best orientation relationship and is
similar to the calculated results of NbC/a-Fe interfacial mismatch by Wang Yan et al *®, which
corresponds to the above interfacial relaxation results and interfacial energy calculations and
agrees well with the diffraction patterns obtained by Nayak et al '],

3.4. Experimental verification

Based on DH36 steel produced by a factory in North China, the composition design of the
test steel was carried out by adding an appropriate amount of microalloying elements. The four test
tempering chemical components are shown in Table 9.

Table 9. Chemical composition of the DH36 steels (wt %).

Samples C Mn S P N Si Al Mo Ti Mg v Nb
0.1

1 5 1.00 0.007 0.02 0.0042 0.11 0.02 0.08 0.014 0.0005 0.005 0.003
0.0

2 9 1.0 0.007 0.02 0.0042 0.10 0.01 0.06 0.0006 0.0018 0.003 0.02
0.1

3 6 1.87 0.008 0.02 0.0042 040 0.05 0.07 0.003 0.0005 0.007 0.04
0.1

4 2.03 0.008 0.02 0.0042 040 0.12 0.07 0.01 0.001 0.007  0.06
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Fig. 10. Microstructure of DH36 steels with different Nb content at 200 % magnification.(a)-0.003%,
(a)-0.02%, (a)-0.04%, (a)-0.06%.

It can be seen from Fig.10, under the same magnification, the grain size gradually
decreases with the increase of Nb content in the DH36 steel. Fig.10(a) shows the microstructure of
the DH36 steel with Nb content of 0.003%, which is mainly composed of relatively coarse ferrite
grains and pearlite grains, (b) shows the microstructure of the DH36 steel with 0.02% Nb content,
which is mainly composed of ferrite and pearlite, with a certain number of fine intracrystalline
ferrite grains, (c) shows the microstructure of the DH36 steel with Nb content of 0.04%, which is
mainly composed of massive ferrite, acicular ferrite and bainite with relatively small grain size, (d)
shows the microstructure of the DH36 steel with 0.06% Nb content, which is mainly composed of
acicular ferrite, granular bainite and a small amount of equiaemic ferrite. The results show that the
addition of Nb can refine the structure of steel matrix to a certain extent, improve the nucleation
probability of intracrystalline ferrite, increase the precipitation amount of intracrystalline acicular
ferrite, reduce the grain size, and then improve the strength and toughness of steel matrix.
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4. Conclusions

In conclusion, the NbC/a-Fe low index interfacial structure has been simulated and
optimized using first-principles calculation, ab initio molecular dynamics simulations and
two-dimensional disregistry theory. The main results are summarized as follows:

The relaxation optimization of the NbC(001)/a-Fe(001) structure was carried out using the
first-principles method, and the interface energies of Fe-Nb, Fe-bridge and Fe-C
NbC(001)/a-Fe(001) structures were calculated to be 1.431 J/m? -0.292 J/m? and -1.553 J/m?,
respectively, indicating that Fe-C type is the most stable conformation of NbC(001)/a-Fe(001).

Conformational relaxation of the NbC(001)/a-Fe(001) structures was performed using ab
initio molecular dynamics methods, and it was found that the Fe atoms at the conformational
interfaces all moved above the C atoms after relaxation. It was found that the three
NbC(001)/a-Fe(001) initial interfacial configurations were transformed into Fe-Nb-type and
Fe-bridge-type NbC(001)/a-Fe(001) interfacial structures after sufficient relaxation, indicating that
Fe-C-type is the most stable configuration. Meanwhile, the strong orbital resonance phenomenon
exists between Fe-3d orbitals and Nb-4d and C-2p orbitals, producing strong metallic and covalent
bonds.

The relaxation optimization of different interfacial structures of NbC/a-Fe using ab initio
molecular dynamics method, and it was found that the interface energy of NbC(001)/a-Fe(001)
interfacial structure was minimized to -1.553 J/m?and the interfacial configuration was the most
stable. The results of disregistry calculations for different interfacial structures of NbC/a-Fe
showed that the disregistry of NbC(001)/a-Fe(001) crystalline surface was the smallest at 10.19%,
which corresponded to the results of interfacial energy calculations. It can be shown that the
a-Fe(001) surface is the optimal orientation surface for the NbC(001) surface. This work reveals
the stable bonding mode and site-directed relationship of NbN/a-Fe interface in steel, which has
some theoretical guidance to explore the mechanism of grain refinement of NbC particles in
shipbuilding steel.

Metallographic observation was carried out on four groups of DH36 steels with different
Nb content. With the increase of Nb content in DH36 steels, the grain size gradually decreased,
indicating that the addition of Nb element can play a certain refining role on the steel matrix
structure, improve the nucleation probability of intracrystalline ferrite, increase the amount of
precipitation of intracrystalline acicular ferrite, and reduce the grain size.The strength and
toughness of the steel matrix can be improved.
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