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Non-metallic inclusions play a decisive role in the steel's performance. Therefore, their determination and
control over their formation are crucial to engineer ultra-high-strength steel. Currently, bare experimental
approaches are limited in the identification of non-metallic inclusions within microstructural phases of
complex steel matrices. Herein, we performed a density functional theory study on the characteristics of
different nitride inclusions as observed in spectro-microscopy studies. As per the simulations, TiN inclusions
preferentially formed in the austenite matrix, while the ferrite matrix generally hosts BN inclusions.
Furthermore, although the presence of both BN and TiN inclusions in the FesC matrix is possible, their
formation is impeded because of the strong inclusion—carbon interactions. The observed regularity in the
formation of nitride inclusions in different phases of steel was also confirmed by the comparison of simu-
lated and experimental K-edge XAS spectrum of nitride inclusions. Our work shed the light on the formation
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Introduction

Owing to a low-cost production along with a wide range of
strength and ductility properties, ferrite-martensite dual-phase
ultra-high-strength steel is highly desirable for automotive, civil
engineering, and automobile manufacturing applications.’™
However, during steel manufacturing, the formation of non-
metallic inclusions (NMIs) within multi-phase steel, typically in
low or very low volume fractions, is unavoidable. NMIs are
regions of non-metallic chemical compounds, such as oxides,
sulfides, and nitrides, which are formed during the different
stages of the steel production. An in-depth understanding of
NMIs, including their composition, size, shape, and amount, is
an imperative step in steel production as they can create serious
problems* such as breakage of steel wires during drawing,
hydrogen-induced cracking, fatigue failure, and surface flaws.
For example, in Al-killed steels, the AIN inclusion can precipi-
tate and induce an intergranular fracture.” The Ti-based larger
TiN inclusion, on the other hand, can deteriorate material
toughness by promoting cleavage crack propagation.® However,
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of nitride inclusions in different steel matrices and facilitates their further experimental identification.

the formation of BN inclusions is not encouraged as it can
hinder the role of boron, used as a microalloying element in
high-strength steels to improve hardenability.”
Spectro-microscopy studies on NMIs embedded in steel® indi-
cated that additional B atoms result in h-BN along with a strong
interaction with a Ca-based inclusion. These Ca-based inclusions
also stabilize with TiN. However, no interaction between TiN and
BN within the studied steel matrix was found, and the reason
behind the same could not be deciphered. Thus, although nitride
inclusions in the steel matrix are observed, it is difficult to define
their stability and to probe which phase they are in due to the
limitations of available experimental methods for such determina-
tions. In such experimental limitations due to the complex micro-
structure of steel matrix and hidden inclusions within, different
computational approaches including the atomic multiplet
theory,>® delta-self-consistent splitting and the Bethe-Salpeter
equation methods'" have been proposed to realize the physical
mechanism of inclusion formation in different systems including a
few variants of steel. For instance, these approaches can be
successfully utilized for the investigation of shape and morphology
of inclusions in metallic materials,"* prediction of the effect of
inclusions on the hydrogenation of steels,"* and differentiation of
elements via their X-ray absorption (XAS) spectral simulations."*
Despite the progress described above, investigating nitride inclu-
sions within multi-phase carbon steel is still posing challenges.
Herein, we conducted a density functional theory (DFT)-based
study, supplemented by experimental spectro-microscopic data,
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on the formation of nitride inclusions in different phases of steel
together with simulated spectroscopic evidence, i.e., K-edge XAS
spectrum. In this study, the discovered regularity in the formation
of specific inclusions depending on the type of matrix can further
shed light on the controlled formation of nitride inclusions in a
particular phase in commercial steel production.

Methods

The computational part was carried out in the framework of
DFT as implemented in the Vienna Ab initio Simulation
Package (VASP) code.'® To simulate NMIs in the steel matrix,
the supercell method was used. The geometry optimization of
iron matrices (created based on the data in ref. 16) and
inclusion-containing iron matrices was treated based on the
Perdew-Burke-Ernzerhof functional within the generalized-
gradient approximation.'” Bulk crystals of bare austenite, fer-
rite, and Fe;C were fully optimized. The optimization process
was stopped when the atomic forces and total energy values
were smaller than 0.01 eV A" and 107° eV, respectively. A
kinetic energy cutoff of 520 eV was adopted. The Brillouin zone
was sampled with a 3 x 3 x 3 k-mesh grid for the structure
optimization step. The obtained lattice parameters of austenite
were a = b = ¢ = 3.646 A, those of ferrite were a = b = ¢ = 2.839 A,
and those of Fe,;C were a = 4.491 A, b = 5.030 A, ¢ = 6.739 A,
which agreed well with previous theoretical and experimental
results.'®'® For the calculation of the XAS spectrum, the super-
cell core-hole method as implemented in the VASP code was
used.’® For the XAS spectrum calculations, the inclusion-
containing structures were created in several steps (Fig. 1). At
the first step, supercells (either austenite, ferrite or Fe;C) were
created based on the previously optimized unitcells of crystals.
Particularly, a 3 x 3 x 3 supercell (172 iron atoms) of the
unitcells of austenite was used. A ferrite supercell model
consisting of 122 iron atoms was created of 4 x 4 x 4 unitcells.
A Fe;C supercell model consisting of 144 iron atoms and
48 carbon atoms was created of 3 x 2 x 2 unitcells. At the
second step, cluster-like inclusions (BN, TiN, and AIN)

1. Steel matrix model 2. Cluster model
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Fig. 1 Schematic representation of the inclusion-containing steel matrix
model preparation.
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consisting of 10 atoms were created and preoptimized. At the
third step, the atoms located in the middle of steel matrixes
were removed, and the cluster-like inclusions were placed
instead. The final structures, which were inclusion-containing
steel matrices, were optimized. Periodic boundary conditions
were applied in all three transverse directions. To avoid the
core-hole effect from the neighboring cells, the considerably
large supercells with a size not smaller than 11 x 11 x 11 A
were considered. The structures were fully optimized until
the atomic forces and total energy values were smaller than
0.01 eV A~ and 107° eV, respectively. A kinetic energy cutoff of
520 eV was adopted. A 9 x 9 x 9 k-mesh grid in the Brillouin
zone was used. The supercell core-hole based on the representation
of a solid as a supercell using periodic boundary conditions and a
core hole was created by removing a core electron and placing it
into the conduction bands.

Formation energy Eg,m of bare and inclusion-containing
steel matrices was defined as

Eform

_ Erot = NreEpe — NNEN — N Ep — NatEai — Nri£mi — NcEc
Nre+ NN+ Np + Nai+ N1i + Nc

(1)

where E, is the total energy of the system, and Eg., Ex, Eg, Eal,
Eri, and Ec correspond to the total energy per atom (the energy
of a single atom in the bulk structure) of Fe, N, B, Al, Ti, and C
elements, respectively. The values of the formation energies of
bare matrixes well matched with the reference data."®

The sample of interest for this investigation was a commer-
cial low-alloyed carbon steel with a nominal composition of
0.15C, 0.3Si, 1.0Mn, 0.4Cr in wt%. Its structural phase, micro-
graph, and spectro-microscopic measurements were recorded
and analyzed via high energy synchrotron X-ray diffraction,
FE-SEM and X-PEEM, respectively. Incident beam of a 2 x 10~*
bandwidth and photon flux of 1-5 x 10'> ph s~ were set. A SX-
700 monochromator with Au/Si 1200-line per mm grating was
used to probe the B K-edge, N K-edge, and Ti L 2,3-edge XAS.
The incident photon energy was scanned at a 0.2 eV step for B
K-edge and N K-edge, and a step of 0.1 eV was set for L 2,3-edge.
More details of the experimental setup were presented in our
previous report.®

Results and discussion

Fig. 2 presents the SEM image of the steel matrix (Fig. 2a)
hosting BN and TiN inclusions, computational model of inclu-
sions in steel matrix (Fig. 2b) and enlarged BN and TiN
inclusions (Fig. 2b and c). According to the HE-SXRD data
(Fig. 2e), ferrite was the major phase in the studied sample, a
small amount of retained austenite and cementite phases can
also be in place.® It is known that NMIs of the ppm-level
concentration are hardly detectable through HE-SXRD,*® and
the SEM-EDS mapping analysis only provides the elemental
information. However, based on the SEM-EDS mapping analy-
sis, we found that the selected inclusions in the steel sample
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Fig. 2 Steel matrix with several inclusions (a), schematic of computational model representing steel matrix containing an inclusion (b), zoomed BN and
TiN inclusions (c and d), and the HEXRD showing three-phase content of the steel matrix (e).

were nitrides with mostly Ti and B compounds, and the
possible presence of Al-based compounds.®

To get insights into the stability of different nitride inclu-
sions in common steel matrices, DFT-based calculations were
conducted. Three nitride inclusions experimentally observed in
the studied sample, BN, TiN, and AIN, were considered in three
experimentally observed matrices, which are austenite, ferrite,
and Fe;C. Based on the formation energy, Ef,m calculations
(Table 1), the formation of BN inclusions was more energeti-
cally favourable in the ferrite matrix, while TiN inclusions were
more stable in the austenite matrix. Both BN and TiN inclu-
sions may exist in the Fe;C matrix, but their formation energy
was considerably high. In all studied matrices the formation of
AIN inclusions was found to be less energetically favourable
compared to the formation of BN and TiN inclusions. Further,
the comparison of calculated and experimental XAS spectra was
performed to elucidate the similarities and origins of nitride
inclusions in common steel matrices based on spectroscopic
features.

Proceeding from the formation energy calculations, XAS
analysis was only performed for the TiN-containing austenite,
BN-containing ferrite, and BN-containing Fe;C matrices. Pre-
viously, it has been confirmed that characteristics of XAS
spectra for the B K-edge and N K-edge in h-BN/metal interfaces
can be reasonably reproduced by DFT calculations."® Here,
experimentally measured XAS spectra for h-BN and TiN inclu-
sions in the steel sample, DFT-calculated XAS spectra for BN
and TiN inclusions in different steel matrices (computational
models) and DFT-calculated XAS spectra for bulk h-BN and TiN
were compared. Such a comparison aimed to validate our
calculations and targeted to facilitate the identification of
nitrogen-based inclusions within common steel matrixes.

The comparison of experimental and calculated XAS spectra
for the N K-edge and Ti K-edge together with the computational
model of the TiN inclusion in the austenite matrix is shown in

1458 | Phys. Chem. Chem. Phys., 2022, 24, 1456-1461

Table 1 Efom (eV) of bare and inclusion-containing steel matrices

Steel matrix Bare BN-containing TiN-containing AIN-containing
Austenite 0.15 —0.45 —0.62 —0.45
Ferrite 0.14 —0.41 —0.26 —0.19
Fe;C 0.01 —-0.13 —-0.12 —0.06

Fig. 3. According to Fig. 3a, the XAS spectrum for the N K-edge
can be divided into two regions. The first region was repre-
sented by the doublet at threshold (marked as n1 and n2), and
was formed by unoccupied N 2p states, which are hybridized
with Ti 3d states. The presented peaks are sharp with the width
of each sub-band of ~2.5 eV (experiment, red line) and
~1.5 eV (DFT, green and black lines). The second region
corresponds to more broadened bands (marked as n3 and
n4), which are unoccupied N 2p states hybridized with Ti 4sp
states. In this region, a larger dispersion of bands with a width
of ~5 eV was observed in experiment (red line), while DFT
calculations (green and black lines) depicted a smaller width of
~2.5-3 eV.

A typical K-edge XAS spectrum for Ti involves the main
absorption edge corresponding to transitions from the 1s to
4p states and the pre-edge, which covers transitions from the 1s
to 3d states. The pre-edge feature of the Ti K edge was mostly
altered by the symmetry effect of the coordination of Ti with its
surrounding atoms.>' According to Fig. 3b, the XAS spectrum of
the Ti K-edge consists of weak intensity pre-edge peaks and
edge peaks that are labeled as t1, t2, t3, and t4. Despite the
simplicity of the computational model, the calculated XAS
spectra of the N K-edge and Ti K-edge for the TiN inclusion
in the austenite matrix well repeated the experimentally
obtained one for the TiN inclusion in the steel matrix.
Therefore, it can be proposed that austenite was the most
probable host matrix for the TiN inclusion in our steel sample.
It should be noted that Ti L-edges were not discussed as DFT

This journal is © the Owner Societies 2022
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Fig. 3 Experimental and calculated XAS spectra of the N K-edge (a) and Ti K-edge (b) of the TiN inclusion in the austenite matrix. Computational model

of the TiN inclusion in the austenite matrix (c).

approaches may be unable to adequately describe the L-edges
of metals as these edges are dominated by multi-electron-
excitation effects.” More detailed discussion is presented in
Fig. S1 (ESIY).

Fig. 4 shows the comparison of experimental and calculated
XAS spectra of B K-edge and N K-edge together with the model
of the BN inclusion in the ferrite matrix. The broadened n*
states of boron, visible at the b1 region (Fig. 4a), may not be
related to the nature of B atoms but to the anisotropy of their
bonds, which can lead to the incomplete screening of the core-
hole in this structure.”?

Bond anisotropy is clearly depicted in Fig. 5 from the
asymmetry of XAS spectra of individual B and N atoms of the
BN inclusion in the ferrite matrix. Moreover, at the b2 and b3
regions, the localized o* (2py, 2p,) antibonding states between
B and N atoms were observed on both DFT (DFT, green and
black lines) and experimental XAS spectrum plots (red line) in
Fig. 4a. Considering that DFT-calculated N K-edge of the BN
inclusion in the ferrite matrix has similar characteristic
features as those of experimentally measured ones (Fig. 4b), it
can be proposed that ferrite is the host matrix for the TiN
inclusion in our sample.

According to Table 1, Ef,y of inclusions in the Fe;C matrix
is higher than that of inclusions in the austenite and ferrite
matrixes. This was also confirmed by XAS analysis; for instance,
the spectral shape of the B K-edge (Fig. 6a) and N K-edge
(Fig. 6b) of the BN inclusion in the Fe;C matrix significantly

intensity (arbit. units)

-

intensity (arbit. units)

(eV)

Fig. 5 Calculated XAS spectra of N K-edge (a) and B K-edge (b) for
individual atoms of the BN inclusion in the ferrite matrix. Inset figures
show the BN inclusion with the numeration of atoms.

broadened compared to those in other considered matrices.
Particularly, the b1 region of the B K-edge was constructed of
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Fig. 4 Experimental and calculated XAS spectra of B K-edge (a) and N K-edge (b) of the BN inclusion in the ferrite matrix. Computational model of the

BN inclusion in the ferrite matrix (c).
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the n-bonded states of individual B atoms of the BN inclusion.
Indeed, the XAS spectra of individual B and N atoms of the BN
inclusion (Fig. 7) in the Fe;C matrix are significantly asym-
metric, and the center of their peaks shifted towards each
other, which suggests that the atomic orbitals of the inclusion’s
atoms were mixed with those of the matrix’s atoms. The density
of states (DOS) analysis (Fig. S2, ESIT) of the BN inclusion’s
atoms in the Fe;C matrix reinforced this presumption as a
strong hybridization of C-p states with B-p and N-p states was
found. A similar behaviour was expected for the TiN inclusion
in the Fe;C matrix, as shown in the DOS plot in Fig. S3 (ESIT).
Therefore, the inclusions are less stable and significantly dis-
ordered in the Fe;C matrix compared to the austenite and
ferrite matrices.

As mentioned in the introduction, the formation of different
nitride inclusions, such as Al, BN, and TiN, is highly possible in
steels. These nitride inclusions play different roles in steel
performance. Therefore, the proper characterization of nitride
inclusions in steels is required to control their unwanted
formation. Based on the stability of the individual nitrides in
individual phases of the steel matrix, one can control the
formation of NMIs indirectly. This means that during the
metallurgy process, just like one can control the phases in
the steel matrix and so possibly the associated formation of
individual nitride inclusions.

A previous experimental work coupled with DFT-based
calculations® investigated the structure, local bonding struc-
ture, and electronic properties of several NMIs, and their
interaction mechanism within and the steel matrix. SEM-EDS
mapping analysis revealed that most inclusions in the steel
sample were nitrides with mostly titanium and boron com-
pounds and possible presence of aluminum-based compounds.
Although nitride inclusions in the steel matrix were observed, it
is difficult to define their stability and to probe which phase
they are in due to the complex microstructure of steel and
limitations of available experimental methods for such
determinations.

In this study, an in-depth investigation of the formation of
nitride-based NMIs in common steel matrices was performed
via experiment-supported DFT-based calculations. Particularly,
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Fig. 7 Calculated XAS spectra of the N K-edge (a) and B K-edge (b) for
individual atoms of the BN inclusion in the FezC matrix. Inset figures show
the BN inclusion with the numeration of atoms.

experimental spectromicroscopic data were implemented in a
theoretical model describing nitride-based NMIs in common
steel matrices. Further, based on this model, DFT-based simu-
lations were utilized to discover the formation of specific
nitride-based NMIs depending on the type of the steel matrix
based on their formation energies and XAS spectra. Although
the occurrence of TiN inclusions in single-phase ferrite>* and
BN inclusions in single-phase austenite®® is possible and has
been noted beforehand, our results suggested a certain pre-
ference of each inclusion in the mixed-phase steel. It was found
that TiN inclusions preferentially formed in the austenite
matrix, while the ferrite matrix generally hosted BN inclusions.
Furthermore, although the presence of both TiN and BN
inclusions in the Fe;C matrix is possible, their formation was
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Fig. 6 Experimental and calculated XAS spectra of B K-edge (a) and N K-edge (b) of the BN inclusion in the FesC matrix. Computational model of the BN

inclusion in the FesC matrix (c).
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hampered due to a strong interaction of the inclusions’ atoms
with the carbon atoms in the matrix.

Conclusions

Our recent spectro-microscopic investigations demonstrated
the formation of BN and TiN inclusion stabilized with a
Ca-based inclusion.® However, BN and TiN inclusions did not
co-exist within the same inclusion. In order to decipher the
reason behind their hatred nature for each other, we have
carried out detailed DFT studies to calculate formation energies
and XAS along with DOS, which showed that TiN inclusion
preferentially formed in the austenite matrix, while the ferrite
matrix generally hosted BN inclusions. Furthermore, although
the presence of both BN and TiN inclusions in the Fe;C matrix
is possible, their formation was hampered due to a strong
interaction of the inclusions’ atoms with the carbon atoms in
the matrix. Our experiment driven DFT investigation uncovers
the regularity in the formation of specific nitride-based NMIs
depending on the type of matrix and provides important
information on the possibility of the controlled formation of
nitride inclusions in a particular phase during commercial steel
production.
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