metals

Article

Identifying Oxide and CaS Non-Metallic Inclusions in Steel
with Raman Spectroscopy

Francis Gyakwaa *{*, Tuomas Alatarvas

check for
updates

Citation: Gyakwaa, F,; Alatarvas, T.;

Shu, Q.; Fabritius, T. Identifying
Oxide and CaS Non-Metallic
Inclusions in Steel with Raman
Spectroscopy. Metals 2023, 13, 43.
https:/ /doi.org/10.3390/
met13010043

Academic Editors: Lijun Wang

and Alexander Ivanovich Zaitsev

Received: 16 November 2022
Revised: 17 December 2022

Accepted: 20 December 2022
Published: 24 December 2022

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://

creativecommons.org/licenses /by /
4.0/).

, Qifeng Shu © and Timo Fabritius

Process Metallurgy Research Unit, University of Oulu, P.O. Box 4300, FI-90014 Oulu, Finland
* Correspondence: francis.gyakwaa@oulu.fi

Abstract: Identification and characterization play an essential role in the study of non-metallic
inclusions (NMIs) in monitoring the steel casting process and product quality. This study uses Raman
spectroscopy, a versatile, relatively fast, and non-destructive technique for characterizing oxide and
sulfide-based inclusion phases in steel samples. The relative Raman peak intensities and positions
were used to qualitatively estimate the inclusion phases of Al,O3, CA, C12A7, C3A, MgO-Al,O3,
and CaS. For a quantitative estimation, FESEM-EDS (field emission scanning electron microscope
with energy dispersive X-ray spectroscopy) was used to evaluate the inclusion phases in the samples.
This study demonstrates that Raman spectroscopy can be used to rapidly estimate the content of
Al,O3, magnesium aluminate spinel (MgO-Al,O3), and the calcium aluminate phases of CA, C3A,
and C12A7 in steel samples to complement established characterization techniques for NMIs analysis
such as FESEM-EDS.

Keywords: Raman spectroscopy; non-metallic inclusions; MgO-Al,O3 spinel; calcium aluminate;
characterization; FESEM-EDS

1. Introduction

Non-metallic inclusions (NMIs) could be considered essential for assessing steel’s
cleanliness, affecting both the process control during steelmaking and the mechanical
properties [1,2]. Therefore, various studies [3-5] concerning the formation, modification,
and impact of non-metallic inclusions have been conducted to further enhance the process
control during steelmaking and for the assessment of steel cleanliness. The conventional
deoxidation process is carried out by introducing aluminum into the molten steel. This
is usually followed by a calcium treatment, mainly used to transform detrimental solid
aluminum oxide (Al,O3) inclusions into low-melting calcium aluminate phases such as
mayenite, 12Ca0O-7Al,03 (C12A7), and tricalcium aluminate, 3CaO-Al,O3 (C3A) [6-8].
However, features such as the effectiveness of the deoxidation [9], the type of refractory
materials used [10,11], and the content of elements such as sulfur (S) and magnesium (Mg)
in the melt could contribute to the formation of potentially detrimental inclusions [12].
These could include solid calcium aluminate, alumina, solid calcium sulfide (CaS), and
magnesium aluminate spinel (MgO-Al,O3) and can result in processing challenges such as
clogging of the submerged entry nozzle (SEN) [1,13].

Various analytical characterization techniques [3,4,14] have contributed to understanding
the formation, identification, and classification of non-metallic inclusions. Zhang et al. [14]
have outlined various analytical techniques for inclusion studies. Despite the utilization
of these conventional analytical techniques outlined by Zhang et al. [14], the potential
challenge limiting their use includes time-consuming sample preparation or analyses, and
some methods are destructive. On the other hand, the advantages of Raman spectroscopy
include a shorter time for sample preparation, measurement, and analysis of the results.
Furthermore, Raman spectroscopy has been proven to be a potential technique for both the
qualitative and quantitative characterization of Raman active materials, including different
calcium aluminates, magnesium aluminate spinel, and CaS phases.
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The present authors previously conducted studies [15-17] demonstrating the use of
Raman spectroscopy to characterize synthetic inclusions phases such as calcium-aluminate
(such as CA, C12A7, and C3A), CaS, and MgO-Al,O3 in the binary or multi-component
system; however, previous studies on the application of Raman spectroscopy for oxide
inclusions in steel samples by Li and Hihara [18] mainly focused on calcium aluminate
inclusion phases such as CA2 and CA in steel samples. Despite previous studies’ [15-17]
ability to identify relatively complex multiphase inclusion systems consisting of phases
such as calcium aluminates (such as CA, C12A7, and C3A), CaS, and MgO-Al,O3 spinel
using Raman spectroscopy, these works were limited to the use of only prepared synthetic
samples. To enhance the utilization of Raman spectroscopy for assessing steel’s cleanliness
through non-metallic inclusion characterization, it is essential to conduct a further study
using actual steel samples, such as laboratory or industrial steel samples. Consequently,
in this work, we supplemented these results by using actual steel samples since the steel
matrix is Raman inactive. Also, this work compared Raman spectral analysis for relatively
complex multiphase non-metallic inclusion and FESEM-EDS (field emission scanning
electron microscope with energy dispersive X-ray spectroscopy) results from the steel
samples measured.

This study examines the applicability of Raman spectroscopy to the identification of
multiphase inclusions consisting of calcium aluminates, CaS, Al;O3, MgO, and MgO-Al,O3
spinel in low-carbon aluminum-killed steel samples. Additionally, the use of Raman spec-
troscopy as a complementary technique to FESEM-EDS is explored to provide a relatively
fast assessment of the phase composition in the steel sample.

2. Materials and Methods

Three industrial steel samples of low-carbon Al-killed steels were investigated for
non-metallic inclusions with Raman spectroscopy and scanning electron microscopy. The
samples were obtained from the melt during the steelmaking processes. The target compo-
sition for the steels studied was <0.15 wt% C, and 0.37 wt% Si. Sample #1 and Sample #3
contained 1.0 wt% Al and 2.0 wt% Mn, Sample #2 contained 1.0 wt% Al and 1.7 wt% Mn.

The TimeGated® Raman spectrometer (TG532 M1) obtained from Timegate instru-
ments limited, Oulu, Finland, was used for this study, with detailed spectroscopic features
already presented in previous works [15,16]. The Raman spectroscopy measurements were
carried out within a Raman shift region between 100 and 1000 cm~!, with a resolution of
10 cm ! laser power (545 nm) and under ambient conditions. Two experimental situations
were carried out for spectra acquisition during the Raman measurement. First, the sample
holder for Raman spectroscopy was equipped with a rotating stage, in which an average
Raman spectrum at the different sites of each sample was measured. Second, different spot
measurements (with a spot size of 1 mm) of the samples were acquired, with at least three
replicates collected (spectra) on various spots for each sample.

The spectra acquisition duration was between 5 and 10 min, with five spectra repli-
cates collected for each measurement. The pre-processing software (from the Timegate
instrument) was used for the initial Raman spectra data treatment such as basic background
subtraction. A statistical software program (Origin 2022b SR1) by OriginLab Corporation
(distributor; DoubleClick AB, Gullbergsvassgatan 8, 411 04 Géteborg, Sweden) was then
used for subsequent Raman spectra pre-processing and peak fitting. A Gaussian peak shape
was used for the Raman peak fitting because it is generally shown for Raman spectral data.

The NMI contents were analyzed with a Zeiss Ultra Plus FESEM-EDS on the polished
cross-sections of steel samples. The composition of particles larger than 1 um in an equiv-
alent circle diameter was analyzed with the Inca Feature. The scanned section in each
sample covered an area of 48 mm?.

Particles containing less than 25 wt.% of Al, Ca, Mg, and S in total were discarded
from the dataset. For each remaining NMI, the fractions of Al,O3, CaO, MgO, and CaS
components were calculated from the EDS analyses. The NMIs were classified as oxides
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(Al,O3 + CaO + MgO > 10 wt.%, CaS < 10 wt.%), oxides with CaS (Al,O3 + CaO + MgO >
10 wt.%, CaS > 10 wt.%), and CaS (Al,O3 + CaO + MgO < 10 wt.%, CaS > 10 wt.%).

3. Results
3.1. Inclusion Phase Identification Based on Raman Spectra Analysis

Table 1 presents the main reference Raman peaks associated with each phase relevant
to this study. Figure 1 shows the reference Raman spectra for synthetic inclusion phases of
CA, C3A, C12A7, CaS, and MgO-Al, O3, previously studied by the authors. Table 1 and
Figure 1 are therefore used as references to identify the phases in the samples measured
for this study for both Raman measurements, using spot and rotating sample holders. In
addition, details concerning the bonding structure for the Raman band (peak) characteristic
and identification of each phase’s component are presented in a previous work [17].
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Figure 1. The Raman spectra for CA, Al,O3, MgO-Al,O3, C3A, CaS, and C12A7 obtained from
synthetic phases prepared in previous studies [15-21].

Table 1. Raman peak positions were used to identify the inclusion phases in samples measured with
Raman spectroscopy in this study (where s denotes strong, m is medium, and w is weak).

Phase Measured Peaks [Raman Shift, cm—1] Reference
C3A 140-150 w, 506 508, 756 757, [15-17,19]
C12A7 312-333, 516-520, 772 m, 779 [15-17,19]
AlL,O3 422,383, 760, [20]
CaS 155-160 s, 193-200 m, 215 (£15), 485 (+10) [15,21]
MgO-AlL,O3 312-313, 410415, 767-772 m, 666—674, [22]
CA 520-521 s, 547-550, 790-793 [15-17,19]

3.2. Qualitative Identification of Inclusion Phases based on Raman Spectra

Figures 2—4 show Raman spectra obtained from the measurement conducted in two
measuring situations, first using a rotating sample holder stage and different spot measure-
ments. Previous studies [15-17] using synthetic phases demonstrated that variation in the
phase fraction in samples measured with Raman spectroscopy had a corresponding effect
on the relative intensity of the peak’s characteristic of a specified phase that constituted the
sample. Consequently, from the Raman spectra obtained, the peak’s positions and intensity
could be used to qualitatively predict the inclusion phases in the sample. To further explore
the applicability of Raman spectroscopy for NMI characterization, spot measurements were
conducted at different points on the samples. The spectra obtained from the three sets of
samples with the measurement conducted at various sites demonstrate a relative variation
in peak intensity associated with specific inclusion phases acquired from other locations
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within the sample. In addition, the prominent peak positions from the Raman spectra
presented in the illustrative figures below correspond relatively well with the reference
Raman peak positions reported in Table 1 for each specific inclusion phase.
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Figure 2. Raman spectra for Sample #1 were measured using (a) spot measurements and (b) sample
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Figure 3. This Raman spectra for Sample #2 were measured using (a) spot measurements and
(b) sample rotation (using the rotating stage).
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Figure 4. Raman spectra for Sample #3 were measured using (a) spot measurements and (b) sample

rotation (using the rotating stage).
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3.3. Raman Spectra from the Samples

Figure 2 shows Raman spectra for Sample #1 spot measurements and sample rotation
(using the rotating stage) during measurements. The spectra obtained from the sample
illustrated in Figure 2 show the intense peaks located at 412 em 1,520 em ™1, and 760 em ™~ 1;
and 148, 382 cm 1, 661 cm™!, and 545 cm~! can be regarded as the medium peaks. A
similar trend was observed for the spectra obtained for measurements conducted using
a rotating sample holder to indicate the presence of NMI phases such as CaS, calcium
aluminates, and MgO-Al,O3, based on the most intense and medium peaks identified.

Figure 3 illustrates the Raman spectrum for Sample #2 obtained from the measure-
ments. The Raman spectral presented in Figure 3a (spot measurements) shows the dom-
inant peaks at 154 cm !, 514 em ™!, 754 ecm ™!, and 771 ecm~!, with medium peaks at
195 cm~!, 312 cm ™!, and 543 cm . Figure 3b illustrates measurements conducted using a
rotating sample holder, with peaks locating at 156 em1,195cm 1, 515em L, 754 em !, and
779 cm~! as the most relative intense peaks positions, and with 312 cm !, 549 cm !, and
679 cm~! observed as medium peaks. Consequently, using Raman spectra demonstrates
the potential to qualitatively identify the NMI phases in the sample using the Raman peak
position attributable to a specific phase.

Similarly, Figure 4 shows Raman spectra obtained from Sample #3, illustrating the
presence of calcium aluminates, MgO-Al,O3, and CaS. In Figure 4a, Raman peaks at
149 ecm~1, 316 em 1, 520 ecm !, and 771 ecm ! could be observed as dominant peaks.
Furthermore, 386 cm~—!, 545 cm~!, and 669 cm~! are considered medium peaks. A similar
trend was observed for the spectra obtained from measurements conducted using a rotating
sample holder to estimate the presence of inclusions such as CaS, calcium aluminate-based
phases, and MgO-Al,O3, based on the peaks identified.

3.4. Non-Metallic Inclusion Characterization with FESEM-EDS

Ternary diagrams in the Al;O3-CaO-MgO system were constructed, and the com-
position of each oxide-containing NMI is plotted in the diagrams presented in Figure 5.
Secondary electron images of typical NMlIs in the samples are presented in Figure 6, and
corresponding EDS analyses in Table 2. It is observed that Sample #1 contains mostly MgO-
rich NMlIs (Figure 6a). Some oxide inclusions are located between Al,O3 and MgO-Al,O;3,
and a single calcium aluminate-rich inclusion is found near the C12A7-CA line. Oxides
with CaS are a minority; however, in Sample #2, the majority of inclusions are oxides
with CaS, as observed in Figure 5b. The oxide compositions are scattered but centered
between calcium aluminates C3A and CA. Sample #3 shows a distinct line between calcium
aluminates (C12A7, CA) and spinel (MgO-Al,O3). In this case, oxides with CaS are a
minority. Typical calcium aluminate and calcium aluminate—CaS inclusions are presented
in Figure 6b,c.

o Oxides (n =235)
o Oxides with CaS (n = 23) b)

MgO-Al,0,

o Oxides (n=70)
o Oxides with CaS (n = 400) C) CA6 4,

o Oxides (n = 244)
o Oxides with CaS (n = 43)

MgO-Al,0, MgO-Al,0,

MgO Ca0 ~\ MgOo Ca0 \ MgO

Figure 5. Oxide compositions of NMIs observed in (a) Sample #1, (b) Sample #2, and (c) Sample #3.
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70 pm Electron Image 1 70 pm Electron Image 1 g Electron Image 1

Figure 6. Secondary electron images of (a) MgO, (b) calcium aluminate, (c) calcium aluminate—CaS-
type NMlIs.

Table 2. EDS analyses (in wt%) for the NMlIs presented in Figure 6.

Figure Point # (0] Mg Al S Ca
Figure 6a 1 41.59 57.74 0.52 0.00 0.15
Figure 6b 1 43.44 3.36 29.15 0.36 23.69

2 44.01 2.51 25.25 0.42 27.81
Figure 6¢ 1 2.78 0.04 0.13 42.22 54.83
2 42.18 222 22.64 418 28.78

To estimate the NMI phase fractions in the samples, the observed area of each NMI
was allocated to CaS and the phases occurring in the Al,O3-CaO-MgO system according to
their calculated fractions. For the oxides, it was assumed that the composition location in
the Al,O3-CaO-MgO system determined the three oxide phases present in an NMIL. The
resulting estimate of NMI phase fractions in the samples is presented in Figure 7. The bar
graph underlines the observations of the ternary diagrams: Sample #1 contains plenty of
MgO with minor calcium aluminates, Al,O3, MgO-AL, O3, and CaS content. In Sample
#2, most of the observed NMI area are CaS and the calcium aluminates C12A7 and CA.
Finally, in Sample #3, the major phases observed are MgO-Al,O3, and calcium aluminates

CA and C12A7.
100 1 po— I
80 - Bl cas
MgO
s MgO-Al,O,
S 60| LZN,0,
S B A6
hi B ca2
& 40 CA
J C12A7
o C3A
20 L CaO
0
Sample #1 Sample #2 Sample #3

Figure 7. NMI phase fractions in the steel samples.
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4. Discussion
Identification of Inclusion Phases Using Peak Position and Relative Intensity

Figures 2—4 have demonstrated the prospect of using Raman spectra to qualitatively
identify the inclusion phases present in the steel samples based on the Raman peak positions
associated with a specific phase. The identifiable Raman peak positions from the study
suggest the presence of calcium aluminates (such as CA, C12A7, or C3A), MgO-Al,O3, and
CaS NMI phases with varying content.

For example, the Raman measurement conducted for Sample #1 shows peaks at
approximately 412415 cm ™! for MgO-Al,03, 520 cm !, 548 cm ! associated with CA, and
383 cm ! for Al,O3 could be reported as relatively intense peaks and considered the most
prominent NMI phases found in Sample #1. These observations were observed for Sample
#1, measured in both different spots and when rotating the sample during measurement
conditions. Additionally, the appearance of a medium peak around 313 cm ! is attributable
to the C12A7 phase, and 754 cm ! is associated with the C3A inclusion phases in Sample
#1. The FESEM-EDS analysis for Sample #1 verified the presence of oxide phases such
as Al,O3 CA, MgO-Al;O3, and MgO. The phases estimated qualitatively for Sample #1
generally, therefore, correspond to those reported in the SEM-EDS analysis (Figures 5 and 6).
It is noteworthy that the Raman spectra obtained from Sample #1, the MgO could not be
clearly predicted compared with FESEM-EDS analysis, showing relatively dominant MgO;
however, the Raman spectra in Figure 2b had a relatively medium/weak peak around
447 ecm 1, attributed to MgO [23].

Sample #2, based on the Raman spectra obtained from the measurements, shows
the dominant inclusion phases to be C12A7 (at peak positions 312, 514-516 cm ™!, and
771 cm~1), C3A attributable to its most intense peak at 754 cm~!. Other candidate inclusions
phases for Sample #2 may be CaS (for a peak at 155-160 cm ') and CA (at a shoulder peak
at 549 cm~!). The average Raman spectra obtained in the two measurement conditions
were generally similar. A comparison between the phases qualitatively estimated from
the Raman spectroscopy measurements and FESEM-EDS for Sample #2 therefore typically
shows the presence of aluminate-based calcium (C12A7, C3A, and CA) and CaS.

Similarly, the most abundant phase in Sample #3 based on spectra observation also
demonstrates the presence of oxide phases, mainly MgO-Al,O3 (414 cm 1, 669 cm 1), CA
(520cm~!, 545 cm 1), and C12A7 (316 cm ™!, 771 cm~1!). Additionally, less dominant phases
include CaS (at 149 cm~!) and Al,O3 (386 cm™!). Further detailed studies using FESEM-
EDS also estimated the inclusion phases of calcium aluminates (such as CA, C12A7, or C3A)
and MgO-ALO3. A slight variation between these two techniques for Sample #3 was the
observation of CaS and Al,Os phases with relatively weaker peaks that were not present in
the FESEM-EDS results. However, the most prominent inclusion phases identified from the
Raman spectra analysis correspond very well with the FESEM-EDS results.

Qualitative estimation of inclusion phases in steel samples based on the assignments
of peak phases corresponds very well with previous work [15-17] conducted on synthetic
sample phases. Therefore, Raman spectroscopy has the potential to provide a qualitative
estimation of inclusion phases, which could further be examined using more quantitative
techniques such as FESEM-EDS.

The current study demonstrates the applicability of Raman spectroscopy to identify
CaS and various oxide phases presented as non-metallic inclusions in the steel. However,
it is essential to mention some potential effects associated with the slight instrumental
variation—for example, the frequency of scattered radiation and incident laser power that
could affect the intensity of the Raman peaks (band). Another challenge with using Raman
spectroscopy could be the potential fluorescence effect on the spectrum obtained from
the measurements. However, the instrument used for this study is time-gated Raman
spectroscopy (TimeGated®), which may be effective in fluorescence effect suppression on
the obtained Raman spectra compared to conventional Raman spectroscopy [24]. Raman
spectroscopy is generally regarded as a surface characterization technique. Although
considered surface characterization, it offers an opportunity to estimate the phases in a
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sample based on the distinct peak positions. Other techniques such as FESEM-EDS may
require further analysis to quantify the phase composition of a sample.

This study shows the future application of Raman spectroscopy to the identification
of inclusion types of Al;O3, CaS, and calcium aluminates such as CA, C12A7, and C3A in
steel samples. Given that inclusions in the steel matrix could potentially be heterogenous
or a mixture of phases, this study indicates satisfactory results that estimate the phases’
presence in the samples using Raman spectral data.

Consequently, combining previous studies concerning synthetic [15-17] and actual [18]
inclusions presents a broader scope for using Raman spectroscopy to characterize inclu-
sions, as the steel matrix is Raman-inactive. Furthermore, the present study shows that
relatively rapid Raman measurements can be used to complement established NMI charac-
terization methods such as FESEM-EDS analyses. Raman spectroscopy has been shown
as a potential technique for both the qualitative and quantitative analysis of Raman active
materials [25,26]. It is therefore noteworthy that future studies use Raman spectroscopy for
a multiphase inclusion in steel analysis consisting of phases such as calcium aluminates
CaS and MgO-Al,Os3 spinel.

5. Conclusions

In this study, Raman spectroscopy, combined with field emission scanning electron
microscope with energy dispersive X-ray spectroscopy demonstrates its suitability for
qualitative and quantitative analysis to estimate the inclusion phases in three sets of steel
samples. The main findings obtained from this work are summarized as follows:

e  The relative intensities and Raman peak positions were used to qualitatively estimate
the sample phases of Al,O3;, CA, C12A7, C3A, MgO-Al;Os, and CaS in the steel
samples using Raman peaks at:

@) 383 cm ! for Al,O3, 149 cm ™! for CaS, and 412415 and 669 cm ! for MgO-Al,Oj.
O For calcium aluminates; at 520 and 548 cm ! for CA; 754 cm ! for C3A; and
312, 514-516, and 771 cm~1! for C12A7.

e  The inclusion phases identified based on the Raman spectra obtained from the sample
generally correspond with those evaluated using FESEM-EDS analyses.

e  This demonstrates the prospect of using Raman spectroscopy for quickly character-
izing qualitatively oxides such as calcium aluminates, magnesium aluminate, spinel
(MgO-AlyO3), and calcium sulfide-based inclusions in steel samples, followed by
using FESEM-EDS for detailed studies.
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