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Abstract: The presence of non-metallic inclusions (NMI) such as sulphides and oxides may be detrimental
to the control of the steel casting process and product quality. The need for their identification
and characterization is, therefore, urgent. This study uses time-gated Raman spectroscopy for the
characterization of synthetic duplex oxide-sulphide phases that contain CaS and the oxide phases
of Al2O3, CA, C12A7, C3A, and MgO·Al2O3 (MA). Binary phase samples of CaS–MA, C3A–CaS,
C12A7–CaS, Al2O3–CaS, and MA–CaS were prepared with varying phase contents. The relative
intensities of the Raman peaks were used to estimate the samples’ phase content. For a quantitative
estimation, linear regression calibration models were used to evaluate the change in phase content in
the samples. The most suitable Raman peak ratios had mean absolute error (MAE) values ranging from
3 to 7 wt. % for the external validation error, and coefficients of determination (R2) values between
0.94 and 0.98. This study demonstrated the use of Raman spectroscopy for the characterization of the
calcium sulphide, magnesium aluminate spinel, Al2O3, and calcium aluminate phases of CA, C3A,
and C12A7 in a duplex oxide-sulphide system, and it offers potential for inclusion characterization
in steel.
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1. Introduction

The calcium treatment for aluminum-killed steels is commonly used to modify non-metallic
inclusion (NMI) such as Al2O3 to less detrimental inclusions [1,2]. The main aim of the modification
of inclusions is the control and transformation of the solid inclusions into fully or partially liquid
inclusions by changing their chemical or phase composition. Calcium treatment of Al-killed steels
can be used to obtain calcium aluminate inclusions with lower liquidus temperature compared to the
steel melt. The use of calcium treatment to achieve more liquid inclusions has the potential to control
castability challenges such as submerged entry nozzle (SEN) clogging [3,4] at casting temperatures.
The preferred inclusions are either low-melting calcium aluminate inclusions such as C12A7 or C3A
and CA, which may be present in partial liquid inclusions [5,6]. However, the occurrence of solid CA2
and CA6 phases should be avoided [5].

Although calcium treatment plays a role in modifying high melting point inclusions, with low
Al2O3 activity in the inclusions, elemental sulphur can react with calcium to form CaS inclusions. They
are solid at casting temperatures and can be very detrimental to the steel quality [7,8]. For example,
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studies conducted by researchers [7–9] have demonstrated that CaS can be found in steel samples
from billet [8] and hot-rolled plates [7]. Additionally, Abdelaziz et al. in 2009 [9] suggested that the
formation of CaS may be largely associated with the addition of Ca to liquid steel.

The amount of calcium aluminate phases, such as C12A7, CA, C3A, and calcium sulphides,
generally depends on the calcium and sulphur contents, the activity of the aluminum, and the
temperature of the molten steel [6]. Therefore, the study of calcium aluminate and sulphide
inclusions has received much attention, with various characterization techniques, such as SEM-EDS
(scanning electron microscopy-energy dispersive X-ray spectroscopy [7,8], confocal scanning laser
microscopy (CSLM) [10], and others [3], used to understand the transformation and control measures
for inclusions. Using Raman spectroscopy presents a potential characterization technique for inclusion
studies. The utilization of Raman spectroscopy as a characterization technique may perform better
than conventional methods when comparing the duration for sample preparation and the acquisition
of measurement results.

Additionally, phases such as Al2O3, MgO·Al2O3, C12A7, CA, C3A, and CaS have been measured
and demonstrated to be Raman active [11–15]. Furthermore, Raman spectroscopy is found to
be applicable in various research fields for quantitative and qualitative analysis [16], including
some studies already done on synthetic [17,18] and actual [19] inclusion phase studies. However,
spectroscopic techniques like Raman spectroscopy have not been used in detail to study duplex
oxide-sulphide inclusions like C12A7-CaS, C3A-CaS, and CA-CaS. These duplex oxide-sulphides have
been demonstrated by researchers [20–22] to be present in some steel samples. Other inclusions could
also be possible, for example, Al2O3–CaS and MgAl2O4–CaS, which could be the intermediate product
during calcium treatment [23,24].

The authors’ previous studies focused on the use of Raman spectroscopy for characterizing
calcium-aluminate (CaO-Al2O3) inclusions [17] and calcium aluminate–spinel (MgAl2O4) [18] in a
binary system. However, these studies were limited to only oxides, and the application of Raman
spectroscopy for characterizing potential detrimental sulphide inclusions such as CaS associated
with oxides were not studied. Furthermore, the literature [25] has suggested that free CaS is rarely
observed compared with CaS associated with modified calcium aluminate inclusions that may be partly
liquid by characterizing steel samples from plant trials with varying calcium additions. The above
studies [20–25] show the need to characterize duplex oxide-sulphide inclusions.

This study examined the applicability of Raman spectroscopy to characterize synthetic duplex
oxide-sulphide inclusions consisting of calcium aluminate, the sulphide binary phases of CA–CaS,
C12A7–CaS, and C3A–CaS. Additionally, characterization of Al2O3–CaS and MgO·Al2O3–CaS samples
was studied.

2. Materials and Methods

2.1. Material

The chemicals used for this study were aluminum oxide (Al2O3), calcium oxide (CaO),
monocalcium aluminate CaO·Al2O3 (CA), calcium sulphide (CaS), and aluminate spinel, MgO·Al2O3

(MA). The chemical powders had a purity that ranged from 99.7% to 99.9% and were all obtained from
Alfa Aesar.

2.2. Methods

Sample Preparation

C3A and C12A7 phases were prepared from aluminum oxide (Al2O3) and calcium oxide (CaO)
powders, based on the CaO/Al2O3 ratios within a CaO–Al2O3 binary system. Sample pellets were
prepared and sintered in a chamber furnace at a temperature of 1350 ◦C, and the process was repeated
to achieve C3A and C12A7 phase samples.
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The required proportions of the phases (C12A7, CA, C3A, Al2O3, CaS, and MgO·Al2O3) were used
to prepare the synthetic binary phase samples. Thorough mixing was carried out to ensure that the
binary phase samples were homogenous. Sintering at a higher temperature is unsuitable for preparing
the synthetic phase samples because CaS is very sensitive to heat. Careful mixing was therefore carried
out several times to achieve homogenous samples. The homogeneity of the prepared binary samples
was verified using both X-ray diffraction (XRD) and X-ray fluorescence (XRF) analysis by measuring
replicates of the same sample.

2.3. Analytical Techniques

XRD and XRF were both used to verify the prepared samples to estimate the phase weight
percentage and for elemental composition analysis.

2.3.1. X-ray Diffraction (XRD)

The XRD instrument used for the sample phase identification in this study was the Rigaku
SmartLab 9 KW model. The instrument setup included a Cu source lamp with 45 kV and 200 mA
settings (9 kW rotating anode) and Bragg–Brentano para-focusing geometry (300 mm goniometer) and
had an acquisition speed of 3 degrees per min with 0.02 degrees per step. Other features were 5-degree
Soller slits used on both sources and a 10-mm limiting slit located at the source side of the samples in
standard glass holders and on the analyser side.

2.3.2. X-ray Fluorescence (XRF)

The University of Oulu’s Centre for Material Analysis provided XRF to conduct an elemental
analysis on the prepared samples to estimate the elemental composition. The XRF instrument used for
this study is Panalytical, with a maximum power of 4 kW, Axios Max model, with a setup consisting of
an X-ray generator Rh tube. SuperQ was the analysis software used for elemental analysis.

2.3.3. Raman Spectroscopy

Raman spectroscopy is a vibrational spectroscopic analytical technique that operates on a principle
based on an inelastic scattering of monochromatic light which creates a change in energy to study the
vibrational and rotational modes of the excited molecules of a sample [26,27]. This change in energy in
a sample during Raman spectroscopy measurement is considered a characteristic of the vibrational
modes of the molecule in the material. The Raman spectrum thus acquired from a sample is regarded
as the fingerprint of the individual component present in the sample.

The Raman spectrum obtained from a sample has some features, such as peak intensity, peak or
shift (band) position, and full width at half maximum (FWHM), which provide information concerning
the components in the material measured with Raman spectroscopy. For example, the Raman shift
(band) position illustrates the material’s phase or stoichiometric content, while the peak intensity (I)
or area shows the sample’s phase component concentration. The use of Raman spectroscopy as a
characterization technique has also gained application in various fields, such as medicine, steelmaking
for slag studies [16], and other research sectors.

A TimeGated® Raman spectrometer (TG532 M1) supplied by TimeGated Instruments Ltd., Oulu,
Finland was used in this study. Some of the device’s features include a spectrometer equipped with
a pulsed laser of 532 nm, with a pulse width of 150 picosecond (ps) and a fiber-coupled frequency
range from 40 to 100 kHz. The instrument setup also had a probe head made of 200 µm collection fibre
with a spot size of 1 mm, a laser with a spectral width of less than 0.1 nm, a complementary metal
oxide semiconductor (CMOS) single-photon avalanche diode (SPAD) CMOS-SPAD array detector,
a Photonics RPB532 w/105 µm excitation fibre, a fibre-coupled spectrograph, and delay electronics.

The Raman spectroscopy measurements were made at ambient conditions with a wavenumbers
range of 100–1100 cm−1, a spectra acquisition time of 1–3 min, and a resolution of 10 cm−1. Each sample
was measured five times with the Raman spectroscopy, with mixing done (for homogeneity) on the
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same after each measurement. A rotating sample holder stage to obtain an average spectrum for each
batch of the measured sample was used. These steps were considered to ensure good repeatability
and to reduce the effect of sample inhomogeneity. The Raman data used for this study was obtained
from the averaged signal of five measurements per sample. The Raman spectra obtained from each
sample were relatively stable; therefore, the variability of the Raman signal in the Raman data within
each sample measured was found insignificant. The pre-processing software package provided by
TimeGated Instrument treated the signal with the background subtraction. The time-gated Raman
spectroscopy (TimeGated®) used for this study was designed for effective fluorescence suppression
compared to conventional Raman spectroscopy.

2.4. Calibration Model

The study used a calibration model to establish a relationship between different Raman peak
ratios and the samples’ phase content. The calibration model was used to examine variance in the
phase content in a sample by using the total Raman spectrum to describe the relative intensities of the
peaks present in the Raman spectrum. A calibration feature candidate for this study is expressed as:

xc =
Ik

(In + Ik)
, (1)

where Ik is the intensity for the Raman shift k, xc is the calibration feature candidate, and In represents
the intensity corresponding to the Raman shift n. The use of relative intensities treats the signal similarly
as does the unit normalization, and thus additional normalization was not carried out. The average
mean absolute error (MAE) was calculated using 4N repetitions for the cross-validation and a detailed
description of how the calibration model identification and the selection process were conducted can
be found in [18].

3. Results and Discussion

3.1. Reference Data

Figures 1 and 2 illustrate some examples of XRD spectra for binary samples of MA–CaS and
CaS–Al2O3, prepared for phase identification and measured with an XRD instrument. Figure 1
represents XRD spectra for selected samples for CaS–MA, where (i), (ii), and (iii) correspond to the
20%, 60%, and 80% phase fractions of CaS in the sample. Similarly, Figure 2 also shows Al2O3–CaS,
where (a), (b), and (c) correspond to the 20%, 60%, and 80% phase fractions of CaS in the sample.
To further examine and verify the samples’ component, XRF measurements were made for elemental
compositional analysis.

These two analytical techniques were considered in this study as complementary methods, where
XRD provided information concerning individual phase weight percentage in the sample, and XRF
for estimating the elemental composition of the prepared samples [28]. Tables 1 and 2 illustrate some
examples of binary samples (MA–CaS and CaS–Al2O3) used to establish a relationship between the
initial sample composition and composition by XRD and XRF analysis. The XRD and XRF data were
obtained from the samples where the phases estimated based on elemental analysis from XRF were
compared with the phase weight percentages for the samples’ XRD composition. Table 1 shows the
values for the initial sample composition, XRD, and XRF analysis for MA–CaS, and Table 2 represents
a binary sample for Al2O3–CaS, which served as a comparison for initial sample composition and XRD
and XRF results.
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Figure 1. XRD spectra for the binary sample of MgO·Al2O3 (MA)–CaS: (i) 20% of CaS, (ii) 60% of CaS,
and (iii) 80% of the CaS phase component.

Appl. Sci. 2020, 10, x FOR PEER REVIEW 5 of 19 

 
Figure 1. XRD spectra for the binary sample of MgO·Al2O3 (MA)–CaS: (i) 20% of CaS, (ii) 60% of CaS, 
and (iii) 80% of the CaS phase component. 

 

Figure 2. XRD spectra for the binary sample of CaS-Al2O3: (i) 20% of CaS, (ii) 60% of CaS, and (iii) 80% 
of the CaS phase component. 

Table 1. Initial sample composition, XRD and XRF analyses for binary calcium sulphide-aluminate 
spinel phases of MgO·Al2O3 (MA)–CaS. 

Initial Phase Composition 
(wt%) 

XRD Phase Composition 
(wt%) 

XRF Calculated Phase Composition (wt%) and Elemental 
Data 

MgO·Al2O3 CaS MgO·Al2O3 CaS MgO·Al2O3 CaS Ca S Al Mg 

90 10 91 9 87 13 7.27 7.03 33.27 12.68 

80 20 84 16 76 24 13.29 12.63 27.77 11.22 

30 70 34 66 31 69 43.78 35.02 7.97 3.70 

20 80 25 75 21 79 38.48 30.86 11.63 5.17 

Figure 2. XRD spectra for the binary sample of CaS-Al2O3: (i) 20% of CaS, (ii) 60% of CaS, and (iii) 80%
of the CaS phase component.

Table 1. Initial sample composition, XRD and XRF analyses for binary calcium sulphide-aluminate
spinel phases of MgO·Al2O3 (MA)–CaS.

Initial Phase
Composition (wt%)

XRD Phase
Composition (wt%) XRF Calculated Phase Composition (wt%) and Elemental Data

MgO·Al2O3 CaS MgO·Al2O3 CaS MgO·Al2O3 CaS Ca S Al Mg
90 10 91 9 87 13 7.27 7.03 33.27 12.68
80 20 84 16 76 24 13.29 12.63 27.77 11.22
30 70 34 66 31 69 43.78 35.02 7.97 3.70
20 80 25 75 21 79 38.48 30.86 11.63 5.17
10 90 12 88 7 93 51.94 41.55 2.31 1.30
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Table 2. Initial sample composition, XRD and XRF analyses for binary aluminum oxide-calcium
sulphide phases of Al2O3–CaS.

Initial Phase
Composition (wt%)

XRD Phase
Composition (wt%) XRF Calculated Phase Composition (wt%) and Elemental Data

Al2O3 CaS Al2O3 CaS Al2O3 CaS Ca S Al
10 90 8 92 15 85 46.81 37.44 8.16
20 80 18 82 24 76 42.08 33.66 12.66
30 70 28 72 34 66 36.26 29.01 18.23
60 40 58 42 57 43 23.55 18.83 30.41
70 30 72 28 69 31 17.28 13.82 36.38
90 10 91 9 89 11 6.28 5.02 46.95

3.2. Analysis of Phase Content Based on Raman Spectra

The main Raman band (shift) identified from the Raman spectroscopy measurements for each
specified phase used to prepare the samples was compared with previous studies [11–15]. Table 3 shows
the Raman shift or band (cm−1) for measured samples in this work and the published reference materials.
Figure 3 illustrates the Raman spectra for the initial phases used to prepare the binary samples.

Table 3. Reference and measured Raman shift (cm−1) for starting phases of CA, CaS, C12A7, C3A,
Al2O3, and MgO·Al2O3 (where s is strong, m is medium, and w is weak).

Phase Measured Peaks [Raman Shift, cm−1] Reference [Raman Shift, cm−1] Reference

CaS 156–160 s, 190–200 m, 478 w 160 s, 185 m, 215 (±15), 485 (±10) w [12]
C12A7 517 s, 781 m, 314 m 312–333 m, 516–517 m, 772 m, 779 m [13,15]

C3A 766 s, 512 m, 756–760 s, 506–508 m [13,15]
Al2O3 420 s, 386 m, 760 m 413–420 s, 375–382 m, 748–751 m [11]

MgO·Al2O3 412 s, 674 m, 773 m 409–412 s, 767–772 m, 666–674 m [14]
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The observations made for the samples measured with Raman spectroscopy show that a change
in phase content in the binary samples system may have a corresponding effect on the relative intensity
of the peaks. They are presented in Figures 4–8. Section 2.3.3 briefly describes the information that can
be obtained from the intensity of a Raman peak for Raman spectroscopy measurements. Figures 4–8 are,
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therefore, used to qualitatively explain how the relative intensity of the peaks associated with a specific
phase can be used to estimate the particular phase content present in the samples.
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3.2.1. CA–CaS and MgO·Al2O3 (MA)–CaS Samples

The Raman spectra shown in Figure 4 are for samples containing CaS and magnesium aluminate
(MA) spinel, and are used to explain how a change in a sample’s phase content can affect the relative
Raman intensity. Figure 4 shows that an increment in the CaS phase fraction in the MA–CaS samples
showed a corresponding rise in the Raman shift (band) within a region of 157–162 cm−1. This increase
in intensity within this Raman shift region relates to when the phase content for CaS increased, because
the most intense peak for this phase was around 157 cm−1. Additionally, for the MA–CaS samples,
an increase in the MA phase content showed a corresponding increase in the Raman shift in the region
of 410–420 cm−1 and can be attributed to this phase, because the most intense Raman shift located at
412 cm−1 was a Raman peak feature associated with the MA phase.

Figure 5 presents the Raman spectra obtained from the binary samples consisting of CA and CaS,
where it can be observed that an increase in the CA phase fraction had Raman spectra, illustrating
an increase in peak intensity in the region of 520–524 cm−1. CA’s most intense Raman shift (band)
was observed at approximately 524 cm−1, and the Raman peak within the range of 520–524 cm−1

only increased with a corresponding increase in the phase fraction of CA in the CA–CaS samples.
Furthermore, an increase in the CA phase content illustrated a characteristic feature, with the appearance
of a peak shoulder in the 545–549 cm−1 region. Varying the phase content in the CA–CaS samples
provided a similar observation to the one made in Figure 4, where an increment in the phase fraction
of CaS demonstrated a rising peak intensity in the Raman shift in the region of 157–162 cm−1.

3.2.2. C12A7–CaS and C3A–CaS Samples

Figures 6 and 7 show the Raman spectra for binary samples for the calcium aluminate phases of
C12A7, C3A, and calcium sulphide (CaS). Figure 6 presents the samples that contain CaS and C12A7,
showing that when the phase fraction of C12A7 in the sample increased, a corresponding increase in
the Raman shift in the region of 517–520 cm−1 was observed. This rise in intensity may be associated
with the increasing phase fraction of C12A7, because the most intense Raman peak for this phase was
located around 517 cm−1.

For the samples comprising C3A and CaS, an increase in the peak intensity within the Raman
shift in the region of 756–765 cm−1 could also be observed. This may be related to the increase in the
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phase content of C3A. The peak within the Raman shift in the region of 756–766 cm−1 also increased
when the phase fraction of C3A in the sample increased. These phenomena can also be observed in
Figure 7 for the C3A–CaS samples. Additionally, the most intense peak for C3A in this study was
located at approximately 766 cm−1. The comparison between the change in phase fraction for CaS
and relative Raman intensity for the spectra presented in Figure 6 for C12A7–CaS and Figure 7 for
C3A–CaS all showed that an increase in CaS content corresponded to an increase in the Raman shift in
the region of 157–162 cm−1.

For the CaS–Al2O3 samples, the Raman spectra shown in Figure 8 demonstrate that a change in the
phase fraction of Al2O3 resulted in a relative Raman shift in the region of 420–425 cm−1. A similar trend
in the effect of change on CaS for CaS–Al2O3 can be observed in the Raman spectra shown in Figure 8
compared with Figures 4–7. Therefore, based on Figures 4–8, the Raman spectroscopy measurements
made for the binary samples of MA–CaS, CA–CaS, CaS–C12A7, CaS–C3A, and CaS–Al3O3 provided
qualitative information for estimating the individual phase content for a given binary sample.

3.3. Calibration Model for Quantitative Estimation

The individual phases present in the binary samples system were estimated using linear calibration
models to establish the relationship between the relative intensities of the Raman shift (band) and the
phase fractions. The sample phase content or fraction analyzed using XRD for phase identification
and XRF for elemental evaluation were used as the dependent variable for the calibration model.
Furthermore, the average values of the coefficient of determination, the mean absolute error values
(MAE) and the relative stabilities of the calibration variable candidates were estimated as presented in
Tables 4–8. The relationship between the relative stabilities of the calibration variable and the mean
absolute error values (MAE) is shown in Figures 9, 11, 13, 15 and 17. Section 2.3 provides a detailed
description of how these parameters were evaluated.

Table 4. Evaluation of the coefficient of determination (R2) and mean absolute error (MAE) for the
prediction and validation between the phase content and relative intensity of the Raman peaks and
phase content for CaS–CA.

Training Data Validation

Phases Relative Intensity Mean (R2) Mean (MAE) Mean (R2) Mean (MAE) Sum MAE Relative Stability

CaS-CA 157/524 0.97 3.49 0.98 3.71 7.20 0.48
CaS-CA 157/790 0.92 6.08 0.93 6.12 12.20 0.15
CaS-CA 200/524 0.94 5.30 0.94 5.50 10.80 0.17
CaS-CA 200/790 0.83 9.27 0.84 9.49 18.76 0.07
CaS-CA 478/524 0.75 11.72 0.76 12.12 23.84 0.05
CaS-CA 478/790 0.84 9.22 0.84 9.36 18.58 0.07

Table 5. Evaluation of the coefficient of determination (R2) and mean absolute error (MAE) for the
prediction and validation between the phase content and relative intensity of the Raman peaks and
phase content for MA–CaS.

Training Data Validation

Phases Relative Intensity Mean (R2) Mean (MAE) Mean (R2) Mean (MAE) Sum MAE Relative Stability

MA-CaS 412//157 0.96 4.35 0.96 4.52 8.87 0.56
MA-CaS 776/157 0.72 11.00 0.72 11.92 22.92 0.06
MA-CaS 412//200 0.87 7.53 0.87 7.84 15.37 0.14
MA-CaS 412//478 0.76 11.01 0.77 11.47 22.48 0.13
MA-CaS 776//478 0.75 10.65 0.74 11.29 21.94 0.07
MA-CaS 776//200 0.63 12.68 0.62 13.57 26.26 0.04
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Table 6. Evaluation of the coefficient of determination (R2) and mean absolute error (MAE) for the
prediction and validation between the phase content and relative intensity of the Raman peaks and
phase content for C12A7–CaS.

Training Data Validation

Phases Relative Intensity Mean (R2) Mean (MAE) Mean (R2) Mean (MAE) Sum MAE Relative Stability

C12A7-CaS 517/157 0.98 2.76 0.98 2.96 5.72 0.98
C12A7-CaS 517/200 0.84 8.03 0.84 8.72 16.75 4.44
C12A7-CaS 781/157 0.90 6.06 0.90 6.43 12.49 1.54
C12A7-CaS 781/200 0.75 10.49 0.72 11.31 21.80 3.78
C12A7-CaS 774/157 0.76 10.30 0.80 11.10 21.40 4.78
C12A7-CaS 774/200 0.77 9.55 0.77 11.16 20.71 5.73

Table 7. Evaluation of the coefficient of determination (R2) and mean absolute error (MAE) for the
prediction and validation between the phase content and relative intensity of the Raman peaks and
phase content for C3A-CaS.

Training Data Validation

Phases Relative Intensity Mean (R2) Mean (MAE) Mean (R2) Mean (MAE) Sum MAE Relative Stability

C3A-CaS 510/157 0.96 4.03 0.97 4.07 8.10 0.67
C3A-CaS 766/157 0.88 6.50 0.88 6.92 13.42 0.09
C3A-CaS 510/190 0.87 7.72 0.86 8.74 16.46 0.16
C3A-CaS 766/190 0.85 8.07 0.82 8.97 17.04 0.08

Table 8. Evaluation of the coefficient of determination (R2) and mean absolute error (MAE) for the
prediction and validation between the phase content and relative intensity of the Raman peaks and
phase content for CaS- Al2O3.

Training Data Validation

Phases Relative Intensity Mean (R2) Mean (MAE) Mean (R2) Mean (MAE) Sum MAE Relative Stability

CaS- Al2O3 157/420 0.94 5.65 0.95 6.23 11.88 0.46
CaS- Al2O3 157/386 0.58 14.68 0.59 15.49 30.17 0.06
CaS-Al2O3 157/760 0.82 9.72 0.83 10.86 20.58 0.17
CaS-Al2O3 198/420 0.91 5.49 0.90 5.84 11.33 0.14
CaS-Al2O3 198/386 0.38 18.50 0.40 19.99 38.49 0.03
CaS-Al2O3 198/760 0.80 9.88 0.82 11.10 20.98 0.14

3.3.1. CA–CaS Sample

Table 4 shows the results for CA–CaS samples, where the relative intensity ratio for CaS at 157 cm−1

and at 524 cm−1 for CA gave the highest linear regression coefficient of determination value and the
lowest mean absolute error value was better than the other peak ratios. The peak ratio of 157/524 also
provided generally better relative stability estimated values, as illustrated in Figure 9. A calibration
curve constructed between the relative intensity ratios of the measured phase fractions for CaS in the
CA–CaS samples is presented in Figure 10. Therefore, based on the evaluations for CA–CaS shown
in Figures 9 and 10 and Table 4, the relative intensity ratio, between 157 cm−1 for CaS and 524 cm−1

for CA, demonstrated the most suitable Raman peaks for a phase content analysis of binary CA–CaS
samples. Additionally, these peaks, according to Figure 5, were the phases’ most intense peaks.
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3.3.2. MgO·Al2O3 (MA)–CaS Samples

Table 5 shows estimated values for the coefficient of determination and mean absolute error (MAE)
relative stability for samples of MA–CaS. The ratio of the intensities for Raman shifts at 412 cm−1 for
MA, and at 157 cm−1 for CaS, showed a better coefficient of determination (R2), and the lowest MAE
value. Figure 11 also demonstrates from the relative stability analysis that a relative intensity ratio
between 157 cm−1 and 412 cm−1 performed better than the other peaks used in this study. A linear
regression constructed between a relative intensity of 412/157 cm−1 and a phase fraction for MA in the
MA–CaS system is presented in Figure 12. In this study, the most intense Raman peaks at 416 cm−1 for
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MA and 157 cm−1 for CaS were the most suitable peaks for Raman spectroscopy quantitative analysis
for samples containing only MA–CaS.
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3.3.3. C12A7–CaS Samples

According to the analysis presented in Table 6, C12A7–CaS binary samples that indicated a peak
intensity ratio for the Raman peak at 517 cm−1 for C12A7 and 416 cm−1 for MA were the most suitable
selection in this study, compared to the other identified peaks ratios. The coefficient of determination
values and the MAE for a peak ratio of 517/157 were the best values. Additionally, the ratio of the
suggested peaks (517/157) with better values in Table 6 can be observed as the most intense Raman
peaks for C12A7 and CaS, as illustrated in the previous figure (Figure 6), showing the Raman spectra
for C12A7–CaS samples. Furthermore, Figure 13 may explain how the stability of the Raman shift ratio
517/157 performed, compared to other Raman peaks ratios.
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Therefore, using a relative intensity ratio of 517/157 for the C12A7–CaS samples provided a
potential indicator for the analysis phase fraction changes in C12A7–CaS samples, based on the
C12A7/CaS ratio. Figure 14 shows a linear regression plot between the phase content for C12A7 as a
function of the relative intensities of 517/157 for C12A7–CaS samples.Appl. Sci. 2020, 10, x FOR PEER REVIEW 14 of 19 
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3.3.4. C3A–CaS and Al2O3–CaS

Tables 7 and 8 provide estimated values for binary samples of C3A–CaS and Al2O3–CaS,
respectively. In Table 7, the ratio of the intensities of Raman shifts at 756 cm−1 for C3A, and 416 cm−1
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for MA, for samples of C3A–CaS had the best coefficient of determination, and better MAE values.
Similarly, Table 8 shows that the intensities for a Raman shift at 157 cm−1 for CaS, and 420 cm−1 for
Al2O3, had the best value for the coefficient of determination values, with the lowest MAE compared
to the other peaks’ ratios for these phases. Figures 15 and 16 also indicate that for all the Raman
shift (peaks) identified for CaS, C3A, and Al2O3, the relative stability of the peak ratios for the most
intense peaks performed better. Therefore, based on this study, the most intense Raman peaks ratio for
C3A–CaS and CaS–Al2O3 with a Raman peak at 756 cm−1 for C3A, Al2O3 at 416 cm−1, and CaS at
157 cm−1 was shown to be most suitable for the quantitative parameters for these samples. Figures 17
and 18 illustrate a linear regression constructed between the relative intensity and phase fraction for
C3A in C3A–CaS and the relative intensity and phase fraction for CaS in CaS–Al2O3, respectively.
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3.4. Potential Limitations of the Study

The use of Raman spectroscopy as a characterization technique potentially has0020some
disadvantages. For example, the delay in response to the detection system and variation in incident
laser power may induce measurement noise and decrease the repeatability of the measurements.
In addition, the effect of fluorescence could affect the quality of the measured Raman spectra for
sensitive samples. However, the samples used for this study were not fluorescence sensitive. Sample
inhomogeneity could also contribute to the total error.
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3.5. Potential Practical Applications

Depending on the total composition of molten steel, deoxidation regime, and inclusion modification
procedure, for example, via calcium treatment, duplex oxide-sulphide inclusions such as CaS–CA,
CaS–C12A7, and CaS–Al2O3, can be formed in the steel melt. This study contributes to the applicability
of Raman spectroscopy to non-metallic inclusion characterization with a current focus on how to
quantify duplex oxide-sulphide inclusions. The most suitable Raman peak ratios for the study exhibited
values for a mean absolute error (MAE) for the full data set ranging between 6.23 and 8.87 wt. % and
that of the coefficient of determination (R2) between 0.94 and 0.98 for synthetic phases of C12A7, Al2O3,
CA, C3A, and MgO·Al2O3.

This study, therefore, offers the prospect of applying Raman spectroscopy to estimate duplex
oxide-sulphide, and combined with previous studies [15,16], to characterize inclusions found in
steel samples, because the steel matrix is known to be Raman inactive. Additionally, the potential
use of Raman spectroscopy will lead to reduced sample preparation and characterization times and
can complement existing steel cleanliness analysis techniques. It is noteworthy that future studies
could consider using Raman spectroscopy for a multiphase analysis consisting of three or more
phases such as CaS, calcium aluminates, and spinel, because industrial steel samples can contain
multiphase inclusions.

4. Conclusions

This study showed that Raman spectroscopy can be used as an analytical technique to estimate
phase fractions for a mixture of duplex oxide-sulphide phases. The study can, therefore, be summarized
as follows:

1. Raman intensity peak ratios between the values of 157 cm−1 for CaS, 412 cm−1 for MgO·Al2O3

(MA), 766 cm−1 for C3A, 517 cm−1 for C12A7, and 420 cm−1 for Al2O3 were identified as most
suitable for quantifying the binary samples in this study.

2. The linear regression constructed between the relative intensity and phase fraction provided a
relatively good coefficient of determination (R2) value, approximately averaged at R2 = 0.96.

3. The calibration model error was assessed in terms of mean absolute error (MAE) with an average
value of 7.22 wt. % determined for the full data, and relatively good stability for the most intense
Raman peaks for the phases for the set of the studied binary samples.

4. This study presented the prospect of using Raman spectroscopy to characterize inclusions
containing CaS.
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