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ABSTRACT

Despite the common challenge of investigating non-metallic inclusions within ultra-high-
strength-steel (UHSS) at sub-micrometer scale via conventional methods, probing nitride
inclusions at elevated temperatures is vital for guiding steel’ performance. Herein, an in-
situ spectro-microscopic determination using advanced Synchrotron X-ray absorption
spectroscopy (XAS) coupled with photoelectron emission microscopy (PEEM) is employed
to explore the local structure and electronic properties of selective h-boron nitride (h-BN)
containing inclusions (Al and A2) embedded within steel matrix. While the variation in the
relative intensity of w*/c* excitonic peaks at spatially different locations refers to the po-
larization and or thickness effects. Several minute features observed in the 192—195 eV
energy range show oxygen (O) substituted nitrogen (N) defects (On 2n 3n), Which are more
dominant in A2 inclusion. The observed dominance further explains the relatively high
intense 7* peak in A2 due to increased localization. Weak shoulder on the left side of w*
peak in both room and high-temperature XAS spectra is ascribed to the interaction be-
tween h-BN and the local environment, such as Ca-based inclusion or steel matrix. Defects
are commonly found in h-BN, and precise identification of the same is vital as they affect
the overall physical, chemical, and mechanical properties. Moreover, significant changes in
high-temperature B K-edge XAS spectra, such as relative intensity of n*/c* excitonic peaks
at the same location and reduced intensity of defects, suggest the adjusting nature of BN
inclusion, complicating their precise prediction and control towards clean steel production.
© 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The high mechanical strength of ultra-high-strength-steel
(UHSS), achieved with thermomechanical treatments post-
casting, enables lighter constructions with compact design,
which further effectively controls global warming [1,2].
Although adequate emphasis has constantly been given to
the UHSS's microstructure to attain its far-reaching perfor-
mance, the influence of non-metallic inclusions (NMIs) on its
properties is comparatively unnoticed and left to researchers
interested in the comprehensive studies. In contrast, the
importance of NMIs in the steel making and their perfor-
mance has been persuasive in the industry for decades. NMIs
are non-metallic chemical compounds, such as sulfides (CaS,
MnS), oxides, such as spinel (MgAl,04) and calcium alumi-
nates (xCa0.yAl,03), and nitrides (AIN, BN, TiN) within the
steel matrix, formed during the different stages of steel
production [3]. Inclusions can significantly affect the micro-
structure and properties of the final steel product [3]. For
example, coherent phases, such as precipitates, may
enhance the overall performance of steel, whereas inco-
herent NMIs can have a more detrimental effect. Thus,
tailoring inclusions to improve properties has been a central
feature of the steel-making industry and was termed “in-
clusion engineering” in the 1980s [4], which requires an in-
depth understanding of the relationship between the type,
size, and distribution NMIs with the steel matrix. Further-
more, it is imperative to study the behaviors of these NMIs
during various processing conditions, which are employed to
enhance steel properties. Thus, although the comprehensive
mechanistic studies of NMIs' formation and their interaction
within and with steel matrix are scarcely reported but crucial
as different alternatives, such as graphene, have additionally
challenged steel.

Among the possible variety of inclusions observed, the
chemical composition of commonly formed oxide and sulfide
inclusions is associated with the total composition of the
steel, including oxygen and sulfur. On the other hand, ni-
trides (i.e., nitrogen-based NMIs) are often overlooked since
they form during solidification and usually are not among the
largest NMIs [5]. Nevertheless, steel contains some nitrogen,
which can enter the steel matrix as an impurity or an
intentional alloying addition, giving rise to various nitride
inclusions, such as TiN and BN [5]. Various non-destructive
microscopic determinations and elemental specifications
have already been employed to study NMIs [6—9]. Moreover,
partially destructive electrolytic extraction to dissolve the
steel matrix around an inclusion followed by imaging has
been performed [10]. Conventional methods, however, fail to
provide chemical information of such NMIs at the sub-
micrometer level. Thus, determining the coordination
chemistry and chemical components of such inclusions is
challenging, wherein destructive methods are ruining the
inclusions. Complications with chemical separations at the
sub-micrometer scale within inclusions are another concern.
Thus, a spectro-microscopic method with chemical sensi-
tivity and good lateral resolution [11,12] is vital for studying
the local manipulation of NMIs embedded within the steel
matrix, especially during various processing conditions.

Recently, we employed non-destructive room temperature
(RT) X-ray absorption (XAS)-photoelectron emission micro-
scopy (PEEM), referred to as X-PEEM [13], to study several
selective NMIs. X-PEEM is a spectro-microscopic full-field,
synchrotron-based surface-sensitive technique that relies on
the availability of a tunable and brilliant X-ray source. The
high sensitivity of the XAS spectrum to the chemical
composition, phase, and the local environment makes X-
PEEM a highly attractive technique. Changes in the XAS
spectrum at the spatially different position can be monitored
further to offer simultaneous microscopy and spectroscopy.
Furthermore, the in-situ XAS spectrum can probe the same
features, e.g., oxidization states, local structure, and elec-
tronic structure of selected elements.

This work focuses on the temperature-dependent in-situ
X-PEEM investigation of two BN inclusions within UHSS. Ni-
trides are known to control the grain size evolution during
thermomechanical treatments. Interestingly, although BN is
not expected in such UHSS, they can form during the steel
solidification process or secondary phases. In general, these
inclusions are usually small in size and thus, are not expected
to worsen the properties of steel. Nevertheless, so far, to our
best knowledge, there are no reports on the in-situ evolution
of the BN inclusion within the steel matrix at elevated tem-
peratures using the XAS. This work presents the first sys-
tematic in-situ spectro-microscopic manipulation and
monitoring of BN inclusions within a typical carbon steel
matrix to elucidate their formation and interaction mecha-
nism with other inclusions and the steel matrix.

2. Experimental section

The selected steel sample is commercial low-alloyed carbon
steel [13] with a nominal composition of 0.15C, 0.3Si, 1.0Mn,
0.4Cr in wt.%. The microstructural phases were recorded via
high-energy synchrotron X-ray diffraction and discussed in
the previous work [13]. Field emission scanning electron
microscopy-energy dispersive spectroscopy (FESEM-EDS) was
employed to carry out the morphological and elemental
determination via FESEM Zeiss Ultra Plus. For the present in-
situ spectro-microscopic determination, two dedicated
nitride inclusions (i.e., A1 and A2) containing BN have been
selected and probed at different temperatures. The X-PEEM
measurements on these two selected model systems were
carried out at the AC-SPELEEM end-station of MAXPEEM
Beamline at MAX IV laboratory (Lund, Sweden), using a
modified SX-700 monochromator equipped with 300 line-
s.mm ' (low-density) or 1220.9 lines.mm~* (high-density) Au/
Si grating. The beamline energy bandwidth was estimated to
be 2 x 10 with a photon flux of 1-5 x 10" ph s~* (200900 eV
range). All samples were degassed in an ultrahigh vacuum
preparation chamber prior to exposure to synchrotron radia-
tion. The photon energy was scanned across B K-absorption
edge with a 0.2 eV step. An X-PEEM image was recorded at
each energy with a TVIPS F-216 optical fiber-coupled CMOS
detector with 2 x 2 binning, which provides 1024 x 1024 pixels
in the 30 um field of view. The exposure time was set to 0.2 s
with an averaging number of 16 frames. The spatially resolved
XAS spectra were collected in partial yield at the energy of the
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highest secondary photoelectron signal, comparable with
total electron yield mode. The energy dispersion was nar-
rowed down to 0.5 eV using a slit inserted at the exit of the
energy analyzer to improve spatial resolution. All measure-
ments were carried out using linearly polarized X-rays in
conditions of normal incidence relative to the sample surface.
The high temperature (HT) data were collected in real-time
from samples annealed under ultra-high vacuum at 400 °C
via resistive heating of a filament inside the sample holder.
The temperature was monitored by means of a thermocouple
positioned at the rear face of the sample. More details
regarding the PEEM measurements can be found in the pre-
vious studies [12,14,15].

The behavior of BN inclusions was further studied by
building the spatial distribution maps (chemical signal im-
ages) towards a reliable interpretation of the maximum en-
ergy absorption under two conditions (RT and 400 °C). The
benefit of this approach is to provide the quantitative
elemental information, chemical shift, location, and nature of
inclusions. Moreover, these maps exhibited the local variation
within the inclusions, wherein the relative intensity variation
of w*/c* resonance was highlighted. The resulting chemical
images were displayed in false colors, where the color
contrast represented different X-ray absorption and the
change in inclusion content is assigned with a linear color
scale. The distribution images were obtained by averaging
signal spectra at the individual pixels in the energy range of
191.4—194.0 eV (n* resonance) and 196.4—201.6 eV (c* reso-
nance) to extract the highest energy absorption (intensity).
The false color pixel classification is a spatially resolved
spectra from a 200 x 200 pixels field of view.

3. Results

Fig. S1 depicts SEM images of two NMIs embedded in the steel
matrix. As per the elemental composition analysis ([13] and
Table 1), the selected A1 and A2 inclusions contain mainly Ca-
based compounds, whereas the presence of B-based com-
pounds and their interaction with local environments was not
clear. To get insight in the formation of BN inclusion, the B
element is investigated with chemical distinctions at micro-
regions. The analysis also includes calibrations with the
published data, for example, B K-edge [16].

(=2
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Table 1 — EDSpointanalyses forthe selected regions of two

inclusions. These compositions are shown in the wt%.

Elements Al A2
2 3 4 6 7 8 9

B 36.19 29.23 3498

N 23.16 19.08 16.67

o} 2259 1359 1152 2463 206  1.55

Mg 325  0.10

Al 346 040 051 942 103 029 0.1

Si 025 056 0.82 0.13

S 2203 259 157 1654 124 050 0.3

Cl

Ca 3428 282 176 2731 244 074 0.8

Ti 059 007 013 0.0

Cr 037 113 1.26 031 031

Mn 017 087 071 038 036 098

Fe 16.26 77.97 8171 1835 33.39 47.82 46.64
3.1. Room temperature spectro-microscopic
determination

X-PEEM image and corresponding B K-edge XAS spectra for Al
and A2 inclusions are depicted in Figs. 1 and 2. Three signifi-
cant features are resolved at the B K-edge XAS spectra,
numbered b1, b2, and b3. Feature bl (~192 eV) is the well-
known 7* (2p,) resonance of h-BN. Higher energy features b2
and b3 are assigned to o* resonance of h-BN. Although the o*
doublet feature is consistently observed in bulk, monolayer,
and or h-BN nanotubes, there is debate over its origin [16—18].
For example, theoretical calculations suggest a single o* peak
in pristine BN, whereas the asymmetric/doublet o* peak is
created by boron vacancies (Vg) passivated by H atoms [18]. On
the other hand, as per the molecular orbital perspective, the
intense double feature ~198.2 eV and ~ 199.6 €V is assigned to
the localized o* (2py, 2py) antibonding between B and N or as
per the band theory, they have been attributed to the transi-
tions to the maximum density of states at the L/M and I point
of the first Brillouin zone of h-BN, respectively [19]. Figure 1
further shows B K-edge XAS spectra at different spatial loca-
tions within the chosen inclusion. Comparative studies show
variation in intensity relation of ©* and o* peak at different
locations. It is known that h-BN nanosheets are highly
polarized. Additionally, a highly flat h-BN nanosheet should

(2]
Q

b3 r .
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200 204188 192 196 200 204188 192 196 200 204
f 9
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Fig. 1 — X-PEEM image (a) and corresponding XAS spectra (b—g) at selected locations (marked with circles) for A1 inclusion.
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Fig. 2 — X-PEEM image (a) and corresponding XAS spectra (b—g) at selected locations (marked with circles) for A2 inclusion.

have a negligible * peak for spectra acquired with the normal
beam incidence as the in-plane linearly polarized X-ray
beam's electric vector is orthogonal to it and thus, cannot
excite the ©* resonance [16]. The weakly visible ©* have been
proposed to arise from wrinkle/folding of the sheets, the lower
crystallinity of surface domains/islands, and/or a slight
misalignment of the sample with respect to the incident
beam. Whereas the sample tilted at 30° with respect to the
incident beam gives a strikingly high-intensity ©* peak [16]. In
the present case, wherein normal incidence is employed, the
intensity of ©* is either greater or comparable to that of the o*
peak. This suggests that higher intensity ©* peak observance
could also be assigned to the polarization effect, indicating
that h-BN sheets are not flat and tilted at different angles.
Furthermore, as per the previous reported work [16], a sys-
tematic TEM and XANES measurements suggest that variation
in the number of layers of h-BN, such as single layer or
different multilayered h-BN show variation in the relative
intensity of w*/c* peak, whether it is normal incidence or the
sample is tilted at 30° with respect to the incident beam. This
suggests that there can be a possibility of h-BN sheets grown
with different number of layers at spatially different locations,
that is, the thickness effect, cannot be entirely ignored.
Similar features have been noted for another chosen inclu-
sion, A2 (Fig. 2). However, comparison of the relative intensity
of w* and o* peaks suggests that mainly higher intensity =*
peak has been found. This indicates that polarization and/or
thickness effect may not be the sole factor behind the obser-
vance of higher intensity n* peak as both inclusions are
observed in the same steel matrix, processed under the same
experimental conditions.

Apart from the dominant peaks, other minute but signifi-
cant features are also noted in XAS spectra in the vicinity of
the 1s to w* peak on the high-energy side, which are not
observed for pristine h-BN [18,20]. As per literature, various
minute features have been recognized as different point de-
fects, such as B vacancy (Vg), N vacancy (Vy), C substituted for
B (Cg), C substituted for N (Cy), O substituted for B (Og), and O
substituted for N (Oy) in h-BN. Herein, a weak contaminant
feature at ~194.4 eV (denoted as C) and another feature at
~196 eV (denoted as D) hardly distinguishable from the noisy

background are noted at specific locations in Al (Fig. 1d). A2
inclusion, on the other hand, displayed peaks located at
~192.8 eV (denoted as A), ~193.3 eV (denoted as B),
~194.4 eV (C), and ~196 eV (D) (Fig. 2b). Observed small features
in the B K edge w* peak region (191-195 eV) have been un-
derstood to be related to O association [18,21]. Moreover,
multiple features in this region have been attributed to mul-
tiple substitutional O defects with the probability of stable
triangular defects with O-terminated edges in h-BN, that is, a
varied local bonding environment [21]. Furthermore, the
relative intensity of this triplet feature with respect to the
main n* peak has been found to be correlated with the O
content of the film. Therefore, these features have been hy-
pothesized as satellite peaks originating from B atoms whose
local BNj coordination is altered by the substitution of up to
three N atoms with O atoms, where the highest energy peak
(194.4 eV) corresponds to a B coordinated to three O atoms
substituted at three N sites (Osy), which is also in corrobora-
tion with the theoretical XAS calculations at near edge [21].
Thus, these three features at 192.8, 193.3, and 194.4 eV can be
attributed to excitations from B atoms to regions that have
BN,O (Oy), BNO, (O,n), and BO3 environments. The observed
feature at ~196 eV has been attributed to surface contami-
nants and defects, pronounced in the single-layer h-BN fol-
lowed by a gradual decrement in the intensity with increasing
layer number [16]. This observation further suggests the
presence of different layers of h-BN in the inclusions.

The above proposition of varied O environment can further
explain the observance of mainly higher intensity n* peak
(compared to o* peak) in A2 inclusion accompanied with these
three peaks (Fig. 2), whereas relative lower intense w* peak
(compared to o* peak) in Al inclusion is accompanied with
mainly one peak. As per XAS calculations [21], the character-
istics of the excitonic state do not change with the change in
the local O coordination of the excited boron atom and remain
a highly localized state with antibonding p orbital. The elec-
tron density is mainly localized on the excited atom and its
first and second nearest neighbor atom N. The introduction of
O atoms breaks these B—N bonds leading to enhanced locali-
zation of the excitonic state on the remaining bonds. This
increased localization further increases the overlap with the
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Table 2 — XAS spectral features and their possible origin.

Peak Spectral feature Origin

termed as (~eV)

bl 192 m* (2p,) resonance

b2 198.2 o* (2px)

b3 199.6 o* (2py)

A 192.8 BN,0 (On),

B 1933 BNO, (Ozn)

C 194.4 BO; (Oan)

D 196 surface contaminants
and defects

E 189.8 Cn

a* 191.4 Hybridization between

3d-states (transition metal)
and = band (h-BN) or
in—gap metallic state

1s core state, giving rise to increased intensity of the mw*
feature with the increment in O coordination, apart from the
polarization and thickness effect noted above.

The another observed weak shoulder (Fig. 1g) on the left
side of * peak can be assigned to 1s to mid-gap states induced
by 3d-states (transition metal) and = band (h-BN) hybridiza-
tion [17,22] or in—gap metallic states [23], indicating the
interaction between h-BN inclusion and the environment,
which can be Ca-based inclusion or steel. This further agrees
with our recently published work showing that h-BN inclusion
is only stabilized with Ca-based inclusions [13].

Another observed minor feature at ~189.8 eV (Fig. 2g) can
be attributed to C substitutional defect structures [18]. C sub-
stitution at B or N site can modify the adjoining bond lengths
while maintaining the D3y, threefold symmetry. The Cy defect
produces * peak shifts to higher energy along with splitting,
while the main o* peak has higher energy and a shoulder. H
passivation of Cg (Cp_p) results in the B K edge =* peak shifted
to higher energy without splitting. On the other hand, Cy
causes pre-edge features in the B K-edge as observed in the
current inclusions, indicating the presence of unoccupied
states in the bandgap, which are filled upon H passivation
(Cn-n). Thus, the experimental feature at ~189.8 eV can be
attributed to Cy defect (Fig. S3).

All the spectral features are tabulated in Table 2. In short,
among the various point defect generally observed in h-BN in
these inclusions, Oy, Oy, Osn, and Cy seem to be dominated.
Furthermore, O-terminated defects with the substitution of up
to three N atoms are found to be significantly more stable than
defects with N-terminated edges. To study the BN inclusion's
behavior with temperature, we further carried out in-situ
spectro-microscopic investigations in conditions comparable
to tempering stage of steel.

3.2.  High temperature in situ spectro-microscopic
determination

Figures 3 and 4 and Fig. S3, S4 display the comparative X-PEEM
thermal image (Figs. 3a,b and 4a,b) and corresponding B K-edge
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Fig. 3 — Comparison of RT (a) and HT (b: 400 °C) annealed X-PEEM image and corresponding XAS spectra (c—f) at selected
locations (marked with circles) for A1 inclusion along with changes in the minute features as shown in inset of Fig. 3d. Solid
line and dotted line represent spectra for RT and HT, respectively.
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XAS spectra (Figs. 3c-f and 4c-f) at marked positions for Al and
A2 inclusions, measured at RT and 400 °C. Significant changes
have been noted for XAS spectra collected at 400 °C, such as i)
change in the relative intensity of w*/c* peak at the same
location, ii) varied intensity of weak shoulder on the left side of
m* peak at certain locations, and iii) reduced intensity of peaks
A-D located at 192.8193.3, 194.4 and 196 €V in the vicinity of 1s
to * peak (Figs. 3d and 4c). Change in the relative intensity of
m*/c* peak at the same location can be assigned to adjusting
nature of BN inclusion within the Al and A2 inclusions. This is
evident from the X-PEEM thermal images (Figs. 3 and 4).
Following annealing in the vacuum, intensities of peaks A-D
decrease. This further supports the O association of these peaks
as proposed in the RT XAS data. This indicates that peaks A—D
originate from in-plane defects, which get reduced on vacuum
annealing. These results further emphasize that peaks A, B, and
C are associated with O substituted at N atom, two N sites, and
three N sites, respectively. The observed weak shoulder on the

left side of m* peak even after vacuum annealing (Fig. 4d)

further support that it does not arise from O-defects and indeed

can be assigned to 1s to mid-gap states induced by 3d—r orbital

mixing [17] or in—gap metallic states [23], indicating the inter-

action between h-BN inclusion and the local environment,

which can be Ca-based inclusion or steel. Thus, the observed Cy

defectin RT XAS spectra seems to have reduced intensity in the

vacuum annealed XAS spectra. Vacuum annealing has, thus,

led to the reduction in defects in the BN inclusion.

3.3. Chemical distribution maps for inclusion A1 and A2

The changes in the image intensity between RT and 400 °C for
the A1l inclusion are displayed in Fig. 5. The =* peak is obvi-
ously decreased by 5 folds (Fig. 5a & c) and decreased by 3 folds
for o* peak (Fig. 5b & d). On the other hand, for the A2 inclu-
sion (Fig. 6), the changes in the image intensity of ©* peak is
noticeably reduced by 3 times (Fig. 6a & c), and by 4 times for
o* peak (Fig. 6b & d) between RT and 400 °C, respectively.
Particularly, the change is also remarked in the ratio of rela-
tive intensity of w*/c* for the two inclusions Al and A2, and
regarding the signal-to-noise ratio. Thus, chemical distribu-
tion maps clearly emphasize the drastic variation in the en-
ergy intensity under annealing at 400 °C.

4, Discussion
4.1. Formation of h-BN

B is used as a microalloying element in high-strength steels to
improve hardenability. Therefore, the formation of BN is not
encouraged, and to prevent it, one solution is to carry out tita-
nium alloying to protect additional boron [24]. The formation of
TiNis preferred over BN to maintain boronin the steel matrix. BN
occurs in two main crystalline phases, cubic BN (c-BN) and
hexagonal BN (h-BN). It is known that BN is very difficult to
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Fig. 5 — False color distribution maps displaying the maximum energy absorption in the local spatial variation in the

200 x 200 pixels field of view for inclusion A1 at RT (a & b) and 400 °C (c & d), Top to bottom, pixels colored with the intensity
(number of counts) shown at one pixel as a function of energy. Contrast and quantitative image analysis were distributed
between blue color (lowest absorption) and red (highest absorption).

synthesize in the cubic phase, whereas the formation of h-BN is
relatively easy. h-BN possesses a graphite-like structure con-
sisting of strong B—N covalent bonds forming sp? bonded hexa-
gons (Fig. 7), with weak bonding between consecutive layers.
Moreover, defects are commonly found in h-BN in the general
field of material science, and precise identification of the same is
vital as they affect the overall physical, chemical, and mechan-
ical properties [25]. However, such determinations in steel have
notbeenpartofthestudyso far. Forexample,in material science,
scanning probe microscopy has revealed point defects in h-BN
but has not enabled accurate classification [26]. On the other
hand, secondary ion mass spectrometry revealed high C and O
content; however, it does not distinguish the local bonding [27].
Whereas transmission electron microscopy differentiated Vg
and Vy; however, beam damage is often inevitable [28]. While
microscopy has been employed to investigate defects in h-BN,
complementary methods providing element-specific bonding
information are required. X-PEEM spectro-microscopic equip-
ped with XAS, an element-specific technique, can provide local
bonding and structural information sensitive to perturbations
caused by defects. As per the literature and the formation en-
ergies of selected defect structures, the most favorable passiv-
ated point vacancy is the Vy. Furthermore, the formation

energies of the point vacancies are lowered after C and O sub-
stitution, showing that vacancy fillingis energetically favorable.
Although the formation energy of Cy defect is lower than Cy
theoretically [18], we have observed Cyin the studied inclusions.
O contaminationisdifficult to eliminate and is, thus, responsible
for the additional features observed. The observation of Oy de-
fects is supported by the fact that the Oy has lower formation
energy than Og. As per calculations, Oy is the most favorable
substitutional defect, implying any Vyy would fill with O if avail-
able, which is consistent with the in-situ XAS presented here. In
addition, it has been proposed that the formation energies of
defect structures containing two or three O atoms substituting N
sites: O.y and Oasy, respectively, are high and are proposed to be
energetically unfavorable compared with Oy. Nevertheless,
these are observable experimentally, as noted herein and in the
literature [21,22]. Moreover, the shape and energy positions of
spectral features A-C agree with the simulation carried out by
Huber et al. [21] and, thus, confirms the formation of BN; O
(1 < x < 3) O defects in h-BN. Thus, O exposure leads to partial
substitution of N atoms and hence to the three possible local
oxide configurations BN,O (A), BNO; (B), and BO5 (C) as shown in
Fig. 7. The dominance of O-terminated defects can be attributed
to enough O present during the steel-making process.
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Fig. 6 — False color distribution maps displaying the maximum energy absorption in the local spatial variation in the

200 x 200 pixels field of view for inclusion A2 at RT (a & b) and 400 °C (c & d), Top to bottom, pixels colored with the intensity
(number of counts) shown at one pixel as a function of energy. Contrast and quantitative image analysis were distributed
between blue color (lowest absorption) and red (highest absorption).
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Fig. 7 — Schematic representation of local structural changes in h-BN during vacuum annealing at 400 °C. Defect structures in a
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4.2.  Adjusting nature of h-BN, a temperature effect

Although the detailed formation mechanism of NMI is crit-
ical, knowledge of the temperature-induced local structural
changes is also essential when considering the investigation
of various processing conditions on macroscopic properties
of the complex steel system. Despite continuous advance-
ment in in-house and synchrotron methods, there is a scar-
city of either experimental techniques or research
infrastructure for materials wherein the response to the
external stimulation such as high temperature is weak and
complex [29]. Hence, the challenge is to measure these
changes non-destructively. This is also because the time-
dependence of a material system to an external effect on
atomic and micron length scales vary and has been a key to
understanding many physical and chemical properties,
especially when materials exhibit a dynamic response to
external perturbation, such as temperature, pressure, and
electric field. For instance, in a recently discovered non-
classical electrostrictors (e.g., 10% Gd doped CeO,) with
only ca. 10% of Ce ions located near O ion vacancies respond
to the modulations of the external electric field and
contribute to the observed giant electrostriction [30].
Furthermore, changes in local coordination around the B
atom due to change in surrounding environments due to an
external stimulus of high pressure [31] and gas composition
[32] have been investigated. In the current scenario, vacuum
annealing at 400 °C has led to a decrement in defects (Fig. 7)
followed by BN adjustment and possibly other phases within
A1l and A2 inclusions. This study implies that conditions at
tempering stage can manipulate various NMIs in the steel
matrix along with varied interfacial interaction between in-
clusions and steel matrix, which needs to be probed to con-
trol inclusion formation towards clean steel production.

5. Summary and conclusion

In summary, the results presented in this work depict
manipulation and monitoring of the local spectro-microscopic
behavior of chosen BN inclusion embedded within ultra-high-
strength steel via X-ray absorption (XAS)-photoelectron
emission microscopy (X-PEEM). X-PEEM investigation on two
different inclusions (A1 and A2) suggests the formation of h-
BN inclusion, although scanning electron microscopy-energy
dispersive spectroscopy (SEM-EDS) did not give reliable evi-
dence of boron in inclusion. This observation emphasizes the
application of sensitive and highly selective spectro-
microscopic methods to probe complex NMIs. Noted varia-
tion in the relative intensity of ©*/c* excitonic peaks in room
temperature XAS spectra at spatially different locations is
assigned to polarization and or thickness effects. Further-
more, the occurrence of multiple minute features above the *
peak in the energy range of 192—195 eV are ascribed to single,
double, or triple O substituted N defects (On on,3n), Which are
more dominant in A2 inclusion. The detected weak shoulder
on the left side of =* peak in both the room and high-
temperature XAS spectra is ascribed to the interaction be-
tween h-BN inclusion with Ca-based inclusion and or steel

matrix. Significant changes in the high-temperature B K-edge
XAS spectra such as relative intensity of ©*/o* excitonic peaks
at the same location and reduced intensity of defects suggest
the adjusting nature of BN inclusion with the implication of
external stimulus of temperature, a commonly used practice
to enhance the steel's performance. Addition of boron is ex-
pected to improve steel hardenability, provided boron is
evenly dissolved in the matrix. Though the TiN formation has
alleviated the nitridation of boron into BN inclusions, the ex-
istence of the micrometer-sized inclusions again affects
overall materials performances. The presented results show
that relatively low temperatures, comparable to tempering
stage, can affect chemical states of the micrometer-sized in-
clusions as well. As a result, the heat treatment at different
temperatures shall be considered to alter the formation of the
nitride inclusions and even smaller particles, such as pre-
cipitates. While the former may impact the mechanical
properties, the latter may also be beneficial thanks to precip-
itation hardening. The present spectro-microscopic elucida-
tion of the behavior of BN inclusion during conditions
comparable to tempering stage offers the possible engineering
route that are beyond understanding formation mechanism of
BN inclusion within steel matrix.
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