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a b s t r a c t 

Determining non-metallic inclusions (NMIs) are essential to engineer ultra-high-strength steel as they 

play decisive role on performance and critical to probe via conventional techniques. Herein, advanced 

Synchrotron X-ray absorption coupled with photoemission electron microscopy and first-principles calcu- 

lations are employed to provide the structure, local bonding structure and electronic properties of several 

NMI model systems and their interaction mechanism within and the steel matrix. B K-, N K-, Ca L 2,3 - and 

Ti L 2,3 -edge spectra show that the additional B prefers to result in h-BN exhibiting strong interaction with 

Ca 2 + . Such Ca 2 + -based phases also stabilize through TiN, revealing the irregular coordination of Ca 2 + . Ob- 

served intriguing no interaction between TiN and BN is further supported with the first-principles cal- 

culations, wherein unfavorable combination of TiN and h-BN and stabilization of bigger sized Ca 2 + -based 

inclusions have been found. These observations can help to optimize the interaction mechanism among 

various inclusions as well as steel matrix. 

© 2021 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc. 

This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
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Determining non-metallic inclusions (NMIs) in ultra-high- 

trength steel (UHSS) has been a crucial step for clean steel as steel 

s the most used metal in industry and civil life. However, the in- 

lusions, in particular, their composition, size, shape, and amount, 

an create serious problems like breakage of steel wires during 

rawing, hydrogen-induced cracking, fatigue failure, and surface 

aws [1–4] . NMIs are regions of non-metallic chemical compounds, 

.g., Al 2 O 3 , SiO 2 , MgAl 2 O 4 (oxides), MnS, CaS (sulfides), and AlN,

N, TiN (nitrides) within a steel matrix that are formed through 

arious physical effects during the different stages of steel pro- 

uction. These inclusions can have a significant effect on the me- 

hanical properties and quality (toughness, durability, machinabil- 

ty, fatigue, formability and corrosion resistance) of the steel prod- 

ct [ 5 , 6 ]. Therefore, identifying the critical size, shape, structure of 

MIs is important for controlling the properties of steels. 
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Studies of NMIs require experimental and theoretical dedica- 

ions. Various nondestructive characterizations have been empha- 

ized on microscopic determinations on their morphologies with 

lement specifications [1–3] . Electrolytic extraction is performed to 

issolve the steel matrix around an inclusion and perform imag- 

ng [7] . However, this method is partially destructive due to pos- 

ible dissolution of inclusions. Recently, cathodoluminescence and 

D X-ray computed tomography have also been implemented [ 8 , 9 ]. 

owever, conventional methods fail to provide chemical informa- 

ion of small-sized NMIs. Alternatives are sought within mod- 

rn characterization tools especially engaging advanced photon 

ources. Particularly, X-ray absorption (XAS)-photoemission elec- 

ron microscopy (PEEM), referred as X-PEEM, is a method to gener- 

te detailed images based on the XAS spectrum. The high sensitiv- 

ty of XAS spectrum to chemical composition, phase transition, and 

ffect of surrounding environment makes X-PEEM a highly attrac- 

ive. Changes in XAS spectrum at spatially different position can 

e monitored to offer simultaneous microscopy and spectroscopy. 

heoretically, interaction mechanisms of NMIs need clarifications 
. This is an open access article under the CC BY license 
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Fig. 1. Various inclusions identified by SEM. The corresponding elemental distribution is analyzed by EDS map of the same (Table S2, Figs. S4 and S5). 
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t quantum mechanical levels. Density functional based theory 

DFT) calculations is a powerful supporting tool, for instance, joint 

xperimental and DFT study revealed the effect of various inclu- 

ions on the performance of steel [10–13] , indicating its potential 

hen coupled with advanced spectro-microscopy (X-PEEM). 

Herein, we present a systematic spectro-microscopic determi- 

ation of commonly observed NMIs within the steel matrix along 

ith DFT to elucidate their interaction and formation mechanism. 

he combination of experimental and DFT-based computational 

ethods presented here provide better contrast for the elements 

resent within the inclusions due to the phase/work function con- 

rast giving chemical / elemental information about the inclusion, 

atrix and the boundary, or the interface. 

The sample is a commercial low-alloyed carbon steel with a 

ominal composition of 0.15C, 0.3Si, 1.0Mn, 0.4Cr in wt.%. Its phase 

nd micrograph were recorded via high energy synchrotron X-ray 

iffraction (HE-SXRD, Fig. S1), and FESEM-EDS (Figs. S2, S4 and S5). 

he X-PEEM was carried out at MAXPEEM beamline of the MAX 

V laboratory (Lund, Sweden). Incident beam has a 2 × 10 −4 band- 

idth and photon flux ≈ 1-5 × 10 12 ph/s (20 0-90 0 eV). A modified 

X-700 monochromator with Au/Si 30 0 or 120 0 -line/mm grating 

as used to probe the B K-edge, N K-edge, Ti L 2,3 -edge and Ca L 2,3 -

dge XAS. The incident photon energy was scanned at a 0.2 eV step 

or all edges except for the Ti L 2,3 at a 0.1 eV step. At each energy,

 secondary-XPEEM image was recorded with a TVIPS F-216 opti- 

al fiber-coupled CMOS detector with 2 × 2 binning, providing a 

024 × 1024 pixels resolution over the 25 μm field of view. The 

cquisition parameters were set as 0.2 s exposure and 16 frames 

veraging per image. More details can be found in our previous 

tudies [14] . The computational part was carried out in the frame- 

ork of DFT using the plane wave pseudopotential code, Vienna 

b initio Simulation Package [15] . To simulate the non-metallic in- 

lusions, clusters are modeled using the cubic super cell approach. 

he geometry optimization of all clusters was treated based on the 

erdew-Burke-Ernzerhof (PBE) functional within the generalized- 

radient approximation (GGA) [16] , to comprise accuracy and com- 

utational cost [17] . Further details are provided in the supplemen- 

ary document along with Fig. S3. 

Fig. 1 depicts SEM images of four inclusions of interests. They 

re embedded in a steel bulk whose phases and micrograph were 

rst investigated through HE-SXRD and laser microscopy (Figs. S1 

nd S2). Table S1 summarizes phases detected in these inclusions. 

n addition to the major ferrite phases, a small amount of retained 

ustenite and cementite phase can also be found. In such a steel, 

MIs of ppm-level concentration [ 18 , 19 ] can hardly be detected by

he HE-SXRD which determine microstructures of the bulk. The in- 

lusion length is noted in Fig. 1 . SEM–EDS mapping analysis, which 

nly gives elemental information is also presented (Figs. S4 and 

5, Table S2). The selected inclusions are mostly Ti, B and Ca- 

ased compounds. Particularly, inclusions A1 and A3 contain Ti- 

ased compounds, A2 and A4 on the other hand mainly contain 

a- and B-based compounds. To get insight information, the above 
2 
lements are investigated with chemical distinctions at microre- 

ions [ 14 , 20 ]. Analysis also includes calibrations with the published 

ata, e.g. Ti L 2,3 -edge [21] . 

Fig. 2 shows X-PEEM view of A1 and A3 inclusions along with 

i L 2,3 -edge XAS spectra from various selected locations. The cor- 

esponding 3D surface plot clearly shows the presence of different 

ypes of inclusions in A1, indicating one type is surrounded by the 

ther type. Ti L 2,3 -edge XAS probes the unoccupied 3d states of Ti 

ia electron transitions from spin orbit split levels 2p 3/2 to 3d (L 3 - 

dge) and 2p 1/2 to 3d (L 2 -edge). Due to crystal field splitting L 3 
nd L 2 -edges are further split into t 2g and e g levels (shown in the 

nset for both the L 2 and L 3 -edge via t1 to t4). The energy separa-

ion between the peaks in the L 3 and L 2 -edge is ~ 1.2 eV and ~1

V, respectively. Fig. 2 c and d shows similar results of TiN for in-

lusion A3. On comparing the XAS spectra including their tiny fea- 

ures with the reported Ti-based compounds, the results indicate 

hat in the present case, A1 and A3 inclusions show the character- 

stics of TiN [ 21 , 22 ], which is further confirmed with N K-edge XAS

ata discussed below. 

Fig. 3 a–d shows the X-PEEM views and the corresponding N K- 

dge XAS spectra along with the TiN reference. The N K-edge XAS 

an be divided into two regions: the doublet at threshold (n1 and 

2), and the broader structure (n3 and n4). The first region is at- 

ributed to unoccupied N 2p states which are hybridized with Ti 

d bands. These bands further split by crystal field effects into the 

 2g and e g sub-bands (shown in pairs via n1 to n4). The second 

egion at higher energies is attributed to unoccupied N2p states 

hich are hybridized with Ti 4sp bands. The first region presents 

eak dispersion effects; the width of each sub-band is of the order 

f 2.5 eV. The second region presents larger dispersion effects (4.5 

V) and is more sensitive to long range order, suggesting that the 

bserved N K-edge XAS spectra match with that of TiN [ 21 , 22 ]. 

Fig. 4 depicts the X-PEEM image and corresponding Ca L 2,3 -edge 

AS spectra for inclusions A1, A2 and A4, along with various refer- 

nces. Absence of XAS signal for inclusion A3 indicates that there 

re no Ca-containing phases (Table S1). Two sharp peaks in the en- 

rgy range 345-255 eV essentially show Ca 2 + characteristics, while 

 peak at ~356 eV is probably an experimental artifact (second har- 

onics of Fe). A typical Ca L 2,3 -edge XAS spectrum contains sev- 

ral features which are a result of the combination of spin–orbit 

nd crystal-field splitting [ 23 , 24 ] . The two major peaks, L 3 ~350.2

V (a2) and L 2 ~ 353.6 eV (b2) are the result of the spin–orbit 

oupling. These peaks further crystal-field split into a triplet (t 2g ) 

nd a doublet (e g ), denoted as minor peaks (a1 ~ 349 eV and b1 

352.5 eV) and a few leading peaks (1, 2, 3: Fig. 4 g). Since the

ause of crystal field splitting is the ligand (e.g., O and S) interac- 

ion with the central atom (i.e., Ca here), the intensity and posi- 

ion of these crystal-field split features are highly correlated to the 

oordination/symmetry. For instances, in case of perfect/closely oc- 

ahedral symmetry, two major peaks are strongly split so that the 

ntensities of the minor peaks are comparable to those of the ma- 

or peaks (see the case of Ca(OH) 2 , CaO, CaCO 3 in Fig. 4 g) [ 25 , 26 ].
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Fig. 2. (a and c) X- PEEM image, (b and d) Ti L 2,3 -edge XAS spectra at various spatial positions as marked in a and c. Corresponding tiny features of Ti L 2,3 -edge XAS spectra 

and 3D surface plot of a and b is also shown for clarity. Fig. 2 c and d include Ti L 2,3 -edge XAS spectra along with the TiN ref [ 21 , 22 ]. 

Fig. 3. (a and c) X-PEEM image, (b and d) N K-edge XAS spectra at selected positions marked in a and c. Fig. 3 b and d also contain N K-edge XAS spectra along with the 

TiN reference. 
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esides, significant energy differences between major and minor 

eaks are visible. These two behaviors jointly indicate strong crys- 

al field effect, which also allows strong minor peaks with en- 

rgy difference from adjacent major peaks of about 1.2–1.4 eV. The 

ame features in the case of irregular coordination result in a weak 

rystal field. In this case, 3d orbital is less degenerated and minor 
3 
eaks decrease in intensity and shift to higher energy. The latter 

ffect makes the minor peaks less distinguishable, as the later ef- 

ect also shortens the distance between major and minor peaks. 

uch observation has been used for the interpretation of Ca coor- 

ination status and the strength of the crystal field in various Ca- 

ased compounds [ 25 , 26 ]. Therefore, the two sharp calcium peaks 
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Fig. 4. (a, c and e) X-PEEM images of inclusions A1, A2 and A4. (b, d and f) Corresponding Ca L 2,3 -edge XAS spectra at various spatial positions marked in a, c, e; and (g) 

reproduced Ca L 2,3 -edge XAS spectra of various references along with a typical observed data. 
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ssentially show Ca 2 + with a relatively small crystal field, indicat- 

ng poor symmetry of Ca 2 + . It’s worth pointing out that the ma- 

or peaks are consistent among all spectra. Changes in chemical 

nvironment seems to be solely indexed by intensity and energy 

alues of minor peaks. As seen from the analysis and previously 

ublished work, Ca can be stabilized in several possible coordina- 

ion/phases. Nevertheless, the result of current analysis indicates 

hat the observed divalent Ca-based inclusions stabilize in multi- 

hase structure as well as via interaction with TiN or BN together 

ith irregular coordination and a weak crystal field [ 23 , 24 , 27 ]. 

X-PEEM image and corresponding B K-edge XAS spectra are de- 

icted in Fig. 5 for inclusions A1, A2 and A4. No B K-edge XAS sig-

al appears in A1. However, A2 and A4 show significant signal of 

 K-edge XAS, corresponding to characteristics of h-BN. Three sig- 

ificant features are clearly resolved at the B K-edge XAS ( Fig. 5 d

nd f) numbered as b1, b2 and b3. Feature b1 (~193 eV) is the 

ell-known π ∗(2pz) resonance of h-BN. Higher energy b2 and b3 

eatures are assigned to σ ∗ resonance of h-BN. From the molecu- 

ar orbital perspective, the intense double feature ~ 199.5 eV and 

201 eV are due to localized σ ∗(2px, 2py) antibonding between B 

nd N. Furthermore, based on the band theory, they could be as- 

igned to the transitions to the maximum density of states at the 
4 
/M and � point of the first Brillouin zone (BZ) of h-BN, respec- 

ively [28–30] . 

From the DFT-based analysis (Fig. S6, Table S3 and S4), NMIs 

ith higher concentrations of Ti possess lower binding energy. This 

uggests formation of pristine BN inclusion or BN with a low con- 

ent of Ti is more favorable, in consistent with the experimental 

ata where most of the inclusions is either BN or TiN but not a 

ombination of both. In addition, with increasing the Ti concentra- 

ion the shape of the BN inclusion changes from spherical to el- 

ipsoidal, the same result from binding energy perspective. Impor- 

antly, the volume of the pristine BN (323.83 Å 

3 ) is ~2.2 times less 

han that of the pure TiN inclusion (727.76 Å 

3 ). This agrees with 

he experimental results where the small spherical inclusions are 

ainly composed of BN while the large inclusions angular shape 

ay include Ti. The similar tendency has also been noticed for CaS 

nclusion doped with Al i.e., with increasing Al concentration, the 

inding energy significantly decreases suggesting that the forma- 

ion of pure CaAl or CaS with a low content of Al is more favor-

ble. Comparing to the BN and BNTi, CaS, CaSAl, and CaAl inclu- 

ions possess much lower binding energy. Hence, the existence of 

aS, CaSAl, and CaAl inclusion is more favorable. It should be noted 

he size of Ca-based NMIs is about 2 times larger than that of B- 
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Fig. 5. (a, c and e) X-PEEM images for inclusions A1, A2 and A4. (b, d and f) Corresponding B K-edge XAS spectra marked in a, c, e. Fig 5 c and d, f also show the corresponding 

3D surface plot and h-BN. 
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ased NMIs. These observations are also well consistent with our 

xperimental data. 

The complication of NMIs is elucidated in this dedicated work. 

ypical NMI phases in aluminum killed, calcium treated steels 

31] can be various calcium aluminate phases (xCaO.yAl 2 O 3 ), 

l 2 O 3 , MgO, magnesium aluminate spinel MgO.Al 2 O 3 , sulfides CaS, 

nS, and nitrides TiN, and BN. Particularly, the detection of ni- 

rides is important because they degrade various properties of 

teels. For example, TiN inclusions with several microns in size 

end to trigger cleavage fracture [8] . Although B addition to heat- 

esistant steels significantly enhances their creep strength, BN pre- 
5 
ipitation prevents the enhancement of creep strength in steels 

ontaining N, such as ferritic heat-resistant steels with a high 

hromium content, because of the reduction in the amount of B 

issolved in the steel [8] . Moreover, B is a known as a micro- 

lloying element for enhancing the hardenability of steels [32] . 

owever, the effect is only noticed if B is solute in the steel matrix, 

ather than in precipitates or inclusions, e.g. h-BN. Detecting BN 

ith SEM-EDS is challenging as both B and N are light elements. 

herefore, the successfulness of the B micro-alloying could be left 

ndetected in traditional inclusion analyses, where analysis time 

er particle is in the range of seconds [33] . These challenges re- 
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uire advanced characterizations with local probe in order to ma- 

ipulate them towards clean steel. 

Spectro-microscopically, the first observation is that the ad- 

itional B may result in more BN which shows strong interac- 

ion with a few Ca 2 + . These Ca 2 + -based inclusions also stabilize 

ith TiN. Such interactions of Ca 2 + -containing phases with BN and 

iN also evidence the favorable irregular coordination of Ca 2 + , ob- 

erved by Ca L 2,3 -edge XAS. However, no interaction between TiN 

nd BN within the studied steel matrix has been found. As shown 

n PEEM images and calculated by DFT, pure BN inclusions or BN 

nclusions containing small amount of Ti are mainly sphere-shaped 

avoring minimum energy configuration. These observations are 

lso in line with recent experimental observations that inclusions 

n steels with low concentration of Ti are mostly spherical [34] . 

FT simulations facilitate the experimental conclusion on the com- 

osition of the inclusions of various sizes. Ca-based NMIs are found 

o be of a bigger size and most likely to form compared to B-based

MIs. Such observations may help to investigate the optimized in- 

erfacial interaction among various inclusions as well as steel ma- 

rix. 

In summary, the results presented in this work localize, iden- 

ify and characterize (shape, size, distribution, local spectro- 

icroscopic behavior) several NMIs embedded within ultra-high- 

trength steels via X-PEEM and first-principles calculations. X- 

EEM investigation on four different inclusions suggests the forma- 

ion of both the Boron nitride and titanium nitride, however with- 

ut any interaction in the two. The observed irregular coordination 

f central Ca through Ca L 2,3 -edge XAS spectra also matches the 

bservation that Ca 2 + -based phases stabilizes with either via TiN 

r BN but not with both together. The first-principle calculations 

urther facilitate these experimental observations on the composi- 

ion of the inclusions of various sizes. A few include the prediction 

f stable bigger size Ca 2 + -based phases and an unfavorable combi- 

ation of h-BN and TiN. This study provides a pathway to optimize 

nteraction mechanism among various inclusions and steel matrix 

owards cleaner steel production. 
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