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Abstract  

Raman spectroscopy has features such as its relatively easy sample preparation. Therefore, its 

application could play a role in non-metallic inclusion studies. This study assessed the use of 

Raman spectroscopy to quantify multiphase synthetic inclusion mixtures consisting of C12A7, 

CA, C3A, CaS and MgO.Al2O3. Partial least squares (PLS) regression was used to obtain a 

calibration model, and the enhancement of the model performance was done using standard 

normal variate (SNV). From the calibration model, the root mean standard error in cross-

validation (RMSECV) values ranged between 3.82–6.13 wt%, the root mean square error of 

prediction (RMSEP) was within 2.0–4.04 wt%, and the R2 value was between 0.93–0.99 for 

estimating the phases based on SNV Raman data. The raw Raman spectra data had RMSECV 

values between 9.83–16.46 wt%, the RMSEP ranged between 9.41–15.33 wt% and the R2 was 

estimated within 0.71–0.95. The PLS regression had a satisfactory prediction performance with 

high range error ratio (RER) and ratio of prediction to deviation (RPD) values for SNV Raman 

data. The study demonstrates the use of Raman spectroscopy and a calibration model to quantify 

the specific phase in a multiphase synthetic inclusion mixture in CaO–Al2O3–MgO–CaS 

system.  

KEYWORDS: Raman spectroscopy; MgO·Al2O3 spinel; calcium aluminate; non-metallic 

inclusion; CaS. 
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1. Introduction 

The need to ensure steel cleanliness continues to gain the attention of steelmakers and steel 

product end-users. Non-metallic inclusions form an essential parameter for assessing steel 

cleanliness and for process control during the steelmaking process[1 ,2]. For aluminium killed 

steels, calcium treatment is mostly used for transforming solid Al2O3 inclusions into low 

melting calcium aluminate inclusions of C12A7 or phases close to C12A7 such as CA and C3A, 

and also to reduce the total oxygen content [2,3]. However, the presence and high content of 

elements such as Mg and S in the molten steel, as well as the effectiveness of the deoxidation 

and Ca treatment processes, could result in the formation of potentially detrimental inclusions 

such as magnesium aluminate spinel (MgO.Al2O3 or MA) and solid CaS and could cause 

process issues such as submerged entry nozzle (SEN) clogging[1]. 

Numerous works[4–12] in the literature had been dedicated to the study of inclusion formation, 

evolution, and modification for Al-killed calcium treated steels with the aim to ensure steel 

cleanliness and process control. Studies by Gollapalli et al.[4] demonstrated that for high-sulphur 

Al-killed steel samples, ineffective calcium treatment could generate oxy-sulphide non-metallic 

inclusions containing CaS. Some possible ways that CaS could be distributed or interact with 

oxides (such as calcium aluminates and MA spinel) include possible collision with the oxides 

surrounding the oxide phases or uniformly distributed within the oxide inclusion[5,12]. Zhang et 

al.[5] further suggest that CaS collision with oxides is usually generated after the addition of Ca, 

CaS surrounds or envelops oxides during the evolution process when Al2O3 transforms into 

calcium aluminates, while the uniform distribution of CaS and oxides is a result of the 

precipitation of CaS dissolved in the calcium aluminate as the casting temperature reduces. 

Studies[4, 5, 8, 12] conducted on steel samples have also demonstrated that oxy-sulphide, non-

metallic inclusions types could be formed within CaO–Al2O3–CaS and CaO–Al2O3–MgO–CaS 
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systems. At steelmaking temperatures, a composition near C12A7 is fully liquid, whereas 

C12A7–C3A and C12A7–CA ranges also contain partially liquid regions.  

The use of various analytical characterisation techniques for the identification and classification 

of inclusions have been outlined by Zhang et al.[13]. Despite the use of these conventional 

analytical methods, some of them are time consuming regarding the sample preparation or the 

analyses, and some are sample destructive, potentially limiting their use. The utilisation of 

Raman spectroscopy performs better and requires less effort and requires a shorter time for the 

sample preparation and acquisition and analysis of the measurement results. Additionally, 

calcium aluminate phases,[14–16] magnesium aluminate spinel[17] and some sulphides such as 

CaS[18,19] have been demonstrated to be Raman active. Furthermore, Li and Hihara[20] have used 

Raman spectroscopy techniques to characterise some calcium aluminate inclusion phases such 

as CA2 and CA in steel samples. 

The present authors previously conducted studies concerning the use of Raman spectroscopy 

that were focused on characterising calcium-aluminate (CaO–Al2O3) phases around the liquidus 

region in the CaO–Al2O3 binary system[14], as well as in the magnesium aluminate spinel 

(MgO.Al2O3)–calcium aluminate binary system[17], and also for duplex oxide-sulphide 

synthetic inclusions[19]. It has been suggested[21, 22] that inclusions could occur as a multi-

component system consisting of CaO–Al2O3 (such as CA, C12A7 and C3A), CaS and 

MgAl2O4. Figure 1 connects our most recent studies[14, 17, 19, 23] conducted using Raman 

spectroscopy for characterising the synthetic inclusions and this current study, and also shows 

inclusion classification conducted by Thunman and Sichen[11]. They suggested that inclusions 

studied in Figure 1 a) in are mostly found during ladle treatment (after tapping, through to after 

degassing). They also point out that the inclusions indicated in Fig1. b) and d) could be formed 

in the ladle glaze (after tapping and degassing), while the inclusion types in Figure 1 c) are 
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generally noticed at later stages in the ladle treatment, and finally the inclusions in Figure 1 e) 

are formed after degassing and before casting is done.  

 Furthermore, Guo et al.[21] have shown that the route of inclusion modification and also the 

calcium content in the steel melt might affect the final inclusion composition. However, 

previous studies concerning the application of Raman spectroscopy for synthetic[14, 17, 19, 23], or 

steel samples[20] and non-metallic inclusion studies have been limited to characterising only 

binary system between (CaO–Al2O3) and the (CaS, Al2O3 or MgAl2O4) or MgO–CaO–Al2O3 

systems. Consequently, further studies regarding the use of Raman spectroscopy for 

characterising a mixture of phases found in CaO–Al2O3–CaS and CaO–Al2O3–MgO–CaS 

systems will contribute to expanding the potential use of this technique for non-metallic 

inclusions analysis. 

This work examines the application of Raman spectroscopy for the identification and 

quantification using a multivariate technique for evaluating the phase content of CA, C12A7 

and C3A, CaS and MgAl2O4 spinel (MA) in the ternary system of C12A7–CaS–CA, MA–C3A–

CaS, MA–CA–CaS, C12A7–CaS–C3A and MA–C12A7–CaS. Additionally, the prospective 

use of this work for inclusions in the steel matrix in future studies was examined.  

 

Figure 1. Schematic chart illustrating how this current study is associated with the authors’ previous studies and 

basic inclusion formation classification. 
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2.0. Experimental  
 

2.1. Sample preparation  

Chemical powders that consist of aluminium oxide (Al2O3), calcium sulphide (CaS), calcium 

oxide (CaO), aluminate spinel, MgO.Al2O3 (MA) and monocalcium aluminate CaO∙Al2O3 (CA) 

used for this study were obtained from Alfa Aesar and had a purity that ranged from 99.7% to 

99.9%.  

2.1.1. Preparation of synthetic multiphase samples  

C3A and C12A7 phases were not commercially available; therefore, these were prepared by 

weighing a required ratio of CaO/Al2O3 of calcium oxide (CaO) and aluminium oxide (Al2O3). 

The weighed components were pressed into pellets and sintered at a temperature of 1,350 °C in 

a chamber furnace and then the sintered samples were milled. The process was repeated until a 

purity of approximately 99% was achieved for C12A7 and C3A phase samples. Other phases 

[CaO∙Al2O3 (CA), MgO.Al2O3 (MA) and (CaS)] used for this study were directly from Alfa 

Aesar with relatively good purity.     

The synthetic multi-component samples were prepared by weighing the required proportions of 

the phases, which were CaS, C12A7, MgO.Al2O3, CA, and C3A. The prepared multiphase 

synthetic (binary and ternary) samples were not further sintered at a higher temperature since 

the synthetic phase of CaS is considered very sensitive to heat as recommended by the supplier 

(Alfa Aesar) and as suggested by Avril et al. [18]. The sample mixtures were milled to 

approximately the same grain size, with careful and thorough mixing of the samples carried out 

several times to ensure that homogenous sample mixtures were obtained. The samples were 

milled to small grain size and mixed to get multiphase inclusions samples with small particles 

of the phases as possible and also ensures that inside each laser shot there will be multiple 

phases during the Raman spectroscopy measurements. The homogeneity of the samples was 

verified using both X-ray fluorescence (XRF), and X-ray diffraction (XRD). 
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2.1.2. Multiphase sample design 

The five sets of multiphase synthetic inclusion samples (C12A7–CaS–CA, MA–C3A–CaS, 

MA–CA–CaS, C12A7–CaS–C3A and MA–C12A7–CaS) used for this study were prepared 

based on a full factorial experimental design. The complete design matrix was carried out using 

𝑘𝑛compositions, with n denoting the design variables or a number of phases and k shows the 

number of design levels. The sample matrix was structured such that each set of the multiphase 

sample had a specific phase content (weight percentage, wt%) ranging between 0 wt% to 90 

wt%. Furthermore, the samples matrix was designed to reflect a general oxy-sulphide non-

metallic inclusion composition. As demonstrated by researchers[4, 5, 8, 12], inclusions could be 

generated to consist of a multiphase (binary or ternary) from a relatively complex system of 

MgO–CaO–Al2O3 and MgO–CaO–Al2O3–CaS during inclusion formation and evolution 

processes. Examples of this include studies conducted on the evolution of inclusions for slab 

hot rolled plates[8] and studies of the types of inclusions at different stages of casting[11, 12]. 

Therefore, the sample matrix which we designed in this study could contribute to characterising 

inclusion mixtures formed after degassing during casting, and in cast steel products.  

The total number of samples for the multiphase system were 43 for C12A7–CaS–CA, 43 for 

C12A7–CaS–C3A, 32 for MA–C12A7–CaS and with MA–C3A–CaS and MA–CA–CaS each 

with 35 samples. Table 1 shows the details concerning the multiphase system and the number 

of samples split (binary and ternary). In Table 1 the numbering i–v is further classified into 

potential systems from which the set of synthetic inclusions samples were prepared. The labels 

i - ii in Table 1 are samples prepared from the CaO–Al2O3–CaS system and iii–v are sample 

mixtures obtained from the MgO–CaO–Al2O3–CaS system.  
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Table 1. The sample matrix used for this study   

  Number of samples 

No. Sample system Binary Ternary Total 

i C12A7–CaS–CA 22 23 45 

ii C12A7–CaS–C3A 18 25 43 

iii MA–C12A7–CaS 12 20 32 

iv MA–C3A–CaS 15 20 35 

v MA–CA–CaS 10 25 35 

 

 

2.3. Characterisation Techniques  

XRD and XRF instruments were used to evaluate and verify the phase content and elemental 

composition in the samples. The XRD was used for estimating the sample weight percentage 

for each specific phase present in the sample. The XRF was used to assess the elemental 

composition of the samples prepared. The XRD and XRF instruments’ setup parameters can be 

found in other studies [14].  

2.3.1. Raman spectroscopy 

Raman spectroscopy is a type of vibrational spectroscopic technique that operates using an 

inelastic scattering of monochromatic light from a laser source, which results in a change in 

energy which can be used to analyse the vibrational and rotational modes of the excited 

molecules in a material[24]. Changes in the energy in a sample are characteristic of the 

vibrational modes of the molecule in the material[24]. The Raman spectrum, thus acquired from 

a sample is considered to be a fingerprint of the individual component present in the sample. 

The use of Raman spectroscopy for metallurgical slag studies[25, 26] and others[27, 28] has been 

demonstrated to be applicable for the identification and characterisation of materials. 

A TimeGated® Raman spectrometer (TG532 M1) supplied by TimeGated instruments Ltd., 

Oulu, Finland was used in this study. Details concerning the features of Raman spectroscopy 

can be found in other literature [14]. The same analytical parameters associated with the Raman 
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spectroscopy such as laser power (intensity), spectra acquisition and resolution were used 

during the sample measurements. The Raman spectroscopy measurements were carried out in 

ambient conditions. Raman shift region or wavenumbers of 100 -1,100 cm-1 were used for this 

study. A spectra acquisition time of 1-3 minutes, a resolution of 10 cm-1 and total spectra with 

at least four replicates were collected for each sample. A rotating sample holder stage was used 

to obtain an average Raman spectrum for each batch of the multiphase sample measured. These 

procedures were used during the Raman spectroscopy measurements to ensure relatively good 

repeatability and reduce the potential effects of sample inhomogeneity during the multi-

component preparation stage.  

The Raman spectra acquired from each sample were shown to be relatively stable; therefore, 

the variability of the Raman signal within each sample measured in the Raman data is 

considered to be relatively insignificant. The pre-processing software supplied by TimeGated 

instrument Ltd. was used to treat the signal using a background subtraction. Additionally, the 

samples used for this study are not known to be affected by the fluorescence effect. However, 

the presence of any potential fluorescence effect on the acquired spectra could be effectively 

controlled by the use of time-gated Raman spectroscopy (TimeGated®). This type of Raman 

spectroscopy was designed for effective fluorescence suppression compared to the use of 

conventional Raman spectroscopy[29]. 

2.4. Multivariate Data analysis 

Previous studies have demonstrated the use of linear regression based on the relative intensity 

of the Raman peak and the phase content in binary samples can be used for estimating a specific 

phase[14]. However, for sample mixtures containing more than two components such as a ternary 

phase system, more elaborated mathematical tools should be used for treating the Raman 

spectra data for a better quantitative analysis of multiphase samples[27, 30, 31]. Additionally, our 

previous studies[23] also showed that the utilisation of advanced modelling methods was 
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required for more than two phases in a sample to estimate the specific phase present. For 

multiphase (more than two phases) Raman spectra analysis, peak overlapping can be a problem 

due to the increased number of Raman peaks. Additionally, according to Grinberg et al.[30] and 

Wold et al.[31], the use of multiple linear regression (MLR) methods for treating original Raman 

data could potentially be very unstable or give inaccurate estimates of the individual phases in 

the samples.  

This challenges associated with MLR could be linked to potential high variable collinearity 

found in some of the Raman spectra data as the number of phases in the samples increases[30, 

31]. These challenges can be mitigated with the use of a robust multivariate technique such as 

principal component analysis (PCA), with partial least squares (PLS) regression to extract 

quantitative information from the Raman spectra data obtained from the samples[28, 32, 33]. The 

PLS regression technique makes it possible to simultaneously analyse and quantify a specific 

phase in a sample mixture in a situation where there is a potential peak overlap.  

Preliminary, PCA was used to reveal the Raman spectral data structure and for data reduction. 

The PLS regression method was applied to both the raw Raman spectral data and pre-processed 

Raman spectra data using an algorithm known as standard normal variate (SNV). SNV was 

employed to eliminate potential sources of non-linearity or reduced features uncorrelated with 

the concentrations of the analyses from the measured Raman spectra[34]. Additionally, SNV can 

be used to correct potential baseline shifting or background effects[34]. This study also examines 

the performance of a PLS regression based on using the raw Raman spectra data and pre-treated 

Raman spectra data measured from the samples. 

The original Raman spectral data were randomly split into a calibration set for creating the 

quantification model, and the prediction set used to test the model. The calibration set or 

training set was made up of 75% of the samples and 25% of the remaining samples as the 

prediction or testing (external validation) set. In carrying out the PLS analysis, the covariance 
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between the Raman spectra data (X variables - spectra intensities) and concentration of the 

different phases (as Y variables) was calculated. In the calibration procedure, the Raman spectra 

acquired from the samples had X variables marked as an independent or instrumental response 

where n represents the number of samples, and w represents the variable number. Additionally, 

the predicted variables Y, (corresponding to the phase of interest), n the number of the samples 

for the and z is the number of constituents. Equation 1 shows the matrix used for the X variables 

(independent) and the dependent variables Y are represented by equation 1 and 2 to explain the 

PLS regression[35]. Therefore, briefly PLS the X and Y variables are expressed as[35]: 

𝑋 = TPT + 𝐸𝑋 ,       1 

𝑌 = 𝑈𝑄′ + 𝐸𝑌,      2 

where T is the score matrix for X variables, EX is the residue for X, PT is the loading for the X 

variables. Additionally, U is the score matrix for the Y variables, EY is the residue for Y, 𝑄′ is 

the loading for the Y variables.  

The cross-validation process was carried out by using the leave-one-out cross-validation 

technique to assess the accuracy of the model. Additionally, the leave-one-out cross-validation 

technique was used to evaluate the optimal latent variables or PLS factors. The Raman spectral 

range of 100–1000 cm-1 was found to be suitable for acquiring a Raman spectrum that contained 

the main Raman peaks (bands) for the prepared samples and was also used for the PLS model 

for this study.  

The performance for the calibration model was assessed by using the coefficient of 

determination (R2), root mean standard error in calibration (RMSEC), and  the root mean 

standard error in cross-validation (RMSECV) for the calibration set[ 27, 36]. The RMSECV can 

be explained as a relation between the spectral data and reference values in a cross-validation 
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sample set based on the standard deviation of differences. The root mean standard error (RMSE) 

is expressed as[37]: 

𝑅𝑀𝑆𝐸 = √
∑ (𝑦𝑖+ŷ𝑖)2𝑛

𝑖=1

𝑛
 ,       3 

Where 𝑦𝑖 represents the reference value, and the number of samples marked as 𝑛 and ŷ denote 

the calculated value. 

For the test set (external validation) or prediction set, the root mean square error of prediction 

(RMSEP), determination coefficient, the ratio of prediction to deviation (RPD) and the range 

error ratio (RER)[27, 37–39] were used to assess the external validation (prediction) performance. 

Table 2 summarises the model performance assessment that shows the suitability of the 

calibrations, as suggested by other studies[36]. According to some research studies[ 36–38], 

calibration performance ranking could be done with RPD value where  < 1.5 is unsatisfactory, 

3–4.9 is generally satisfactory and > 5 considered as excellent. Similarly, these researchers[ 36–

38] demonstrated that an RER value < 4 is unsatisfactory, ≥ 10 is satisfactory, and ≥ 15 is 

excellent for calibration performance ranking. The range error ratio (RER) and the ratio of 

prediction to deviation (RPD) according to Teixeira dos Santos et al.,[ 36]. can be expressed as: 

𝑅𝐸𝑅 =
(𝑀𝑎𝑥−𝑀𝑖𝑛)𝑟𝑒𝑓𝑣

𝑅𝑀𝑆𝐸𝑃
,       4 

Where 𝑀𝑎𝑥 is maximum, 𝑀𝑖𝑛 is minimum, and 𝑟𝑒𝑓𝑣 denotes reference value. 

𝑅𝑃𝐷𝑝𝑟𝑒𝑑 =
𝑆𝐷𝑃𝑅𝐷

𝑅𝑀𝑆𝐸𝑃
,        5 

Where 𝑆𝐷𝑃𝑅𝐷 is the standard deviation for the prediction set. 

The Raman spectra pre-processing and multivariate analysis (PCA and PLS regression) were 

performed by using UNSCRAMBLER (version 11.0), which is a statistical software package 
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made by Camo Software, Oslo, Norway. This statistical software has been demonstrated to be 

a highly promising spectroscopic multivariate analysis by other researchers[33, 39]. 

3.0. Results and Discussion 

3.1. Raman spectra analysis based on phase content 

The Raman shift (bands) assigned to each phase used for preparing the multiphase samples and 

the referenced literature studies are shown in Table 2. Details concerning the bonding structure 

for the Raman band (peak) characteristic and identified for each phase’s component are 

presented in previous work[23]. The selection of Raman peaks candidates for distinguishing the 

phases present in a sample mixture was carried out such that to reduce the effect of peak 

overlapping by utilising peaks in a different region. For example, within 500 – 600 cm-1 both 

CA and C12A7 have some Raman peaks associated these phases within this region, however 

previous work[ 14] had shown that it is possible to use different Raman peaks such as at 312 – 

333 cm-1, 772 – 781 cm-1  (assigned to C12A7) for distinguishing these phases.  

    

Table 2. Measurement Raman bands for the synthetic phase used for this study.  

 

Phase 

Measured peaks 

[Raman shift, cm-1] 

 

 Reference  

[Raman shift, cm-1] 

 

Reference 

CaS 160 s, 200 m, 478 w 

 

160 s, 185 m, 215 (±15), 485 (±10) w [15] 

CA 525 s, 549 m, 790 w 520–521 s, 545–547 m, 790–793 w 

 

[12], [13] 

C12A7 522 s, 781 m, 314 m 312–333 m, 516–517 m, 772 m, 779 m 

 

[12], [13] 

C3A 756 s, 508 m, 756 –757 s, 140 –150 w, 506 –508 m  

 

[12], [13] 

MgO.Al2O3 416 s, 674 m, 773 m 409–412 s, 767–772 m, 666–674 m, 312– 313 m [40] 

Note: s denotes a strong Raman band, m is medium, and w shows a weak Raman band. 
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3.2. Observations based on variation in the phase content from the Raman measurements 

The Raman spectra obtained from the samples were observed to have a characteristic Raman 

band with relatively good Raman peak intensity. Consequently, they could be used to estimate 

constituent (phase) variation in the samples. Figure 2 (i) and (ii) illustrates examples of the 

Raman spectra measured from the ternary samples, where the effect of Raman peak intensities 

ratios could be related to the change in phase content (wt%) in the samples. A variation in the 

phase content (wt%) in the samples measured using Raman spectroscopy had a corresponding 

change in the relative intensity of the peaks which were characteristic of a specified phase that 

made up the sample, thus, offering the opportunity to estimate sample phases qualitatively.  

The C12A7–CaS–C3A samples matrix values the composition for the Raman spectra in Figure 

2(i) (in wt%), are 70C12A7–10CaS–20C3A for a), 10C12A7–70CaS–20C3A for b), 20C12A7–

10CaS–70C3A for c). Similarly, Figure 2 (ii) shows the Raman spectra for MA–C12A7–CaS 

samples with the phase content (wt%) as 70MA–20C12A7–10CaS for d), 35MA–45C12A7–

20CaS for e, and 45MA–10C12A7–45CaS for f.    

 For the C12A7 phase content in the ternary sample presented in Figure 2 (i), it could be 

observed from spectra label a (70 wt% C12A7) that when a relative Raman band intensity in 

the region of 517–522 cm-1 decreased toward c (20 wt% C12A7), there was a corresponding 

effect when the phase for C12A7 in the samples was reduced. The is because the most intense 

Raman peak which is also a characteristic feature of the C12A7 phase is located at 517 cm-1. A 

similar trend can be seen between the relative Raman band intensity and phase content for 

C12A7 in Figure 2 (ii) in the Raman spectra e and f. 

Additionally, Raman spectra a and b in Figure 2 (i) illustrate how a change in the CaS phase 

content in the C12A7–CaS–C3A samples affected the relative Raman intensity. Furthermore, 

Figure 2 (i) a and b show that an increment in the CaS phase content in the C12A7–CaS–C3A 

samples demonstrated a corresponding rise in the relative Raman band intensity within a region 
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of 157–162 cm-1. Thus, it could be attributable to CaS since its most intense Raman peak was 

approximately 157 cm -1.  

 

Figure 2. Raman spectra for i) C12A7–CaS–C3A and ii) MA–C12A7–CaS ternary samples. The phase 

composition for C12A7–CaS–C3A samples are  70C12A7–10CaS–20C3A for a), 10C12A7–70CaS–20C3A for 

b), 20C12A7–10CaS–70C3A for c), and for MA–C12A7–CaS samples; 70MA–20C12A7–10CaS for d, 35MA–

45C12A7–20CaS for e, and 45MA–10C12A7–45CaS for f phase composition.    

 

Another illustrative example for qualitative analysis relates MgO.Al2O3 spinel (MA) phase 

contents to the relative Raman intensity to estimate the MA amount in MA–C12A7–CaS 

samples. This phenomenon could be noticed in the Raman spectra labelled d and e, as shown 

in Figure 2 (ii). MA has its most intense Raman shift (band) in the region of 410–420 cm-1, 

hence, in Figure 2 (ii) the Raman peak intensity increases relatively higher for spectra d (with 

75 wt% of MA) compared to spectra e (with 30 wt% of MA). Consequently, these observations 

were made for the other ternary samples of C12A7–CaS–CA, MA–C3A–CaS and MA–CA–

CaS in this study, and these a followed similar phase content and relative Raman band intensity. 

Therefore, based on the examples presented in Figure 2 (i and ii), a qualitative observation 

could be made based on the change in the phase content in the context of the ternary samples 

with the corresponding variation with the relative Raman shift (band) intensity. 

 

 

i ii 
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3.3. Sample phase content estimation using a calibration model  

Evaluation of the phases contained in the multiphase samples was carried out using a PLS 

regression model to predict the phase content (wt%) based on their Raman spectra data. The 

PLS regression model was used to establish the relationship between the Raman signals and the 

phase concentration (wt%) in the samples prepared. A detailed description of the multivariate 

technique is found in section 2.4. The (PLS) regression model was performed on both the raw 

Raman spectral data and pre-processed Raman spectra for quantification of the phases present 

in the samples.  

Tables 3 and 4 show the estimated values for the coefficient of determination R2 (for 

calibration, validation, and prediction), the root mean square of calibration (RMSEC), the root 

mean square of cross-validation (RMSECV), and the root mean square error of prediction 

(RMSEP). These are model performance or statistical parameters for the raw Raman spectra 

data and Raman spectra treated with SNV. Additionally, Figures 3 and 4 are the calibration 

graphs showing the relation between the weight percentage, wt% (concentration) and weight 

percentage predicted in the multiphase system, consisting of two or three phases of C12A7, 

CA, CaS, C3A and MA.  

3.3.1. CaO–Al2O3–CaS system 

Ternary samples presented in this section consist of C12A7, CaS, CA and C3A phases, and 

Figure 3 (i - iv) illustrates the model performance values based on a PLS regression for C12A7–

CaS–C3A and C12A7–CaS–CA analysis. The estimated phase content for C12A7 in C12A7–

CaS–C3A samples is shown in Figure 3 (i and ii), where i is calibration graph for the raw 

Raman spectral data and ii denotes the pre-processed Raman spectral data using SNV. 

Similarly, Figure 3 (iii) is a calibration graph for the raw Raman, and iv) represents that of SNV 

treated Raman data for C12A7–CaS–CA samples. The estimated coefficient of determination 

for the calibration (R2
CAL) and for the cross-validation (R2

CV) values ranged from as low as 0.33 
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and less than 0.95 for the raw Raman spectra data. For the Raman data pre-processed with SNV 

method, the evaluated values for R2
CAL and R2

CV ranged between 0.95–0.99.  

The figure of merit (coefficient of determination, R2) presented in Tables 3 (i and ii)    

corresponds to the quality of the calibration graphs for the raw Raman spectra data and the pre-

treated (SNV) Raman data. The model performance assessments for estimating the phase 

content in C12A7–CaS–CA samples are given in Table 3 i) and for C12A7–CaS–C3A samples 

they are presented in Table 3 ii). Table 3 provides the evaluated RMSEC values ranging 

between 6.14–14.94 (wt%) and RMSECV values between 9.09–19.50 (wt%) for the raw Raman 

spectral data. The PLS regression model analysis carried out based on the SNV Raman data had 

narrower values that ranged between 1.19–2.87 (wt%) for the RMSEC values and varied 

between 2.50–5.16 (wt%) for the RMSECV values, which demonstrates that the deviation in 

the model accuracy was relatively sound compared to the raw Raman data analysed.  

Furthermore, the external validation carried out for the calibration model, demonstrated in 

Table 3 (i and ii) that the values for the coefficient determination of prediction (R2
pred) and 

RMSEP associated with SNV performed much better than Raw Raman spectral data for 

analysing the individual phase content in C12A7–CaS–CA and C12A7–CaS–C3A samples. 

Therefore, the overall model performance based on these parameters for the phase 

quantification using the SNV method was better than the raw Raman spectral data using the 

PLS regression model. 

Table 3. Parameters and figures of merit for calibration and validation based on the PLS models for  i) C12A7–

CaS–CA and ii) C12A7–CaS–C3A 

   Phase Method PLS 

factor 

R2
CAL R2

CV R2
PRED. RMSEC, 

(wt%) 

RMSECV

, (wt%) 

RMSEP, 

(wt%) 

i) C12A7–CaS–CA C12A7 Raw Data 7 0.72 0.49 0.55 13.13 18.25 16.85 

    SNV 5 0.99 0.97 0.99 2.49 3.75 2.48 

   CA Raw Data 7 0.58 0.33 0.49 14.94 19.50 16.75 

    SNV 5 0.98 0.95 0.97 2.87 5.16 3.40 

   CaS Raw Data 7 0.72 0.59 0.64 13.88 17.03 15.78 

    SNV 5 0.99 0.96 0.99 2.64 4.62 2.63 
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ii) C12A7–CaS–C3A C12A7 Raw Data 7 0.94 0.87 0.87 6.14 9.09 8.75 

   SNV 5 0.99 0.98 0.99 1.47 2.90 2.37 

  C3A Raw Data 7 0.93 0.83 0.71 6.18 11.46 13.17 

   SNV 5 0.99 0.98 0.99 1.19 2.50 2.91 

  CaS Raw Data 7 0.84 0.78 0.78 9.06 12.13 10.69 

   SNV 7 0.99 0.98 0.99 1.45 2.91 1.98 

 

 

 

Figure 3. Comparison between weighted and estimated phase contents of ternary mixtures using PLS regression, 

where i) is the C12A7 content in C12A7–C3A–CaS and iii) is the C3A content in C12A7–C3A–CaS analysed 

using the raw Raman data, ii) is the C12A7 content in C12A7–C3A–CaS and iv) is the C3A content in C12A7–

C3A–CaS using SNV Raman spectra data.  

 

3.3.2. (CaO–Al2O3)–MgO.Al2O3–CaS system 

Table 4 (a-c) show the figures of merit for the model assessment. Table 4 a) shows the figures 

for MA–C12A7–CaS, Table 4 b) shows the figures for MA–C3A–CaS and Table 4 c) shows 
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the figures for MA–CA–CaS. It can be observed from the estimated values in Table 4 (a-c) that 

the (R2
CAL and R2

CV), RMSEC and RMSECV values for the SNV were better than the raw 

Raman data in terms of evaluating the individual phase content in the MA–C12A7–CaS, MA–

C3A–CaS and MA–CA–CaS ternary samples.  

For example, the MA phase content based on Table 4 (a-c) could be evaluated in all three sets 

of samples prepared from a (CaO–Al2O3)–MgO.Al2O3–CaS system. All the R2 values for the 

raw Raman spectral data ranged between 0.70–0.97 and the Raman data pre-processed with 

SNV had R2 values between 0.93–0.99 when quantifying the MA content from the samples 

prepared of the (CaO–Al2O3)–MgO.Al2O3–CaS system. Furthermore, based on the RMSEC 

(1.23–3.57), RMSECV (3.9–5.96) and RMSEP (2.75–4.66) values, the SNV method performs 

better compared to the RMSEC (3.10–9.12), RMSECV (6.48–15.69) and RMSEP (7.62–15.13) 

values obtained from raw Raman spectral analysis for evaluating the MA phase content (wt%).   

The analysis results for specific calcium aluminate phases of C12A7, C3A and CA contained 

in the MA–C12A7–CaS, MA–C3A–CaS and MA–CA–CaS samples generally had a very 

impressive figure of merit as shown in Table 4. All the R2 (R2
CAL, R2

CV and R2
PRED) values for 

quantifying the individual phases of C12A7, C3A and CA were estimated to range between 

0.78–0.98 for the raw Raman data and 0.87–0.99 for the SNV treated Raman data used for the 

PLS regression model. The root mean standard error (RMSE) for the calibration, internal and 

external validation also varied between 1.57–13.90 for the raw Raman data and for the SNV 

Raman data between 1.14–7.09. The raw Raman data had a broader range of values for the root 

mean standard error which was a less accurate model analysis compared to the SNV Raman 

data. In evaluating the performance for individual calcium aluminates phases in the (CaO–

Al2O3)–MgO.Al2O3–CaS system, the C12A7 and C3A components had a better figure of merit 

which is shown in Table 4 compared to CA, particularly for the raw Raman data. This 

phenomenon associated with the CA values could be related to the potentially high variable 
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collinearity of the Raman spectra data [31]. However, this effect was mitigated when the raw 

data was pre-processed using the SNV method.     

For estimating the CaS phase content in the sample mixtures prepared from the (CaO–Al2O3)–

MgO.Al2O3–CaS system, the analysed data shows that all three sets of samples (MA–C12A7–

CaS, MA–C3A–CaS and MA–CA–CaS) provided similar figures of merit for both the raw and 

SNV Raman data. For instance, MA–C12A7–CaS (Table 4 a) had the values R2
CAL = 0.98 (for 

raw Raman data), R2
CAL = 0.99 (for SNV Raman data) and R2

CV = 0.95 (for raw Raman data) 

and R2
CV = 0.95 (for SNV Raman data). Additionally, the PLS regression model performed on 

the raw, and SNV Raman data evaluated respective values such as the R2, and root mean 

standard error features (RMSEC, RMSECV and RMSEP) very close to each other. For 

example, sample mixtures of MA–C12A7–CaS (Table 4a) had values such as R2
CAL = 0.98 and 

MA–C3A–CaS (Table 4b) had R2
CAL = 0.97 for the raw Raman data, and for SNV Raman data 

the values were R2
CAL = 0.99 for MA–C12A7–CaS and R2

CAL = 0.98 for MA–C3A–CaS.  

Table 4. Parameters and figures of merit for calibration and validation based on the PLS models for a) MA–

C12A7–CaS, b) MA–C3A–CaS and c) MA–CA–CaS. 

   Phase Method PLS 

factor 

R2
CAL R2

CV R2
PRED. RMSEC, 

(wt%) 

RMSECV, 

(wt%) 

RMSEP, 

(wt%) 

a) MA–C12A7–CaS MA Raw Data 7 0.97 0.90 0.84 3.10 6.93 8.11 

    SNV 6 0.98 0.96 0.98 1.23 3.9 2.75 

   C12A7 Raw Data 7 0.98 0.83 0.90 1.57 6.01 4.35 

    SNV 6 0.99 0.89 0.99 1.14 4.80 1.14 

   CaS Raw Data 7 0.98 0.95 0.88 2.58 5.70 8.14 

    SNV 6 0.99 0.95 0.98 2.25 5.71 3.10 

b) MA–C3A–CaS MA Raw Data 7 0.97 0.92 0.88 3.34 6.48 7.62 

    SNV 6 0.99 0.93 0.95 2.25 5.96 4.66 

   CaS Raw Data 7 0.97 0.83 0.90 2.90 9.01 5.65 

    SNV 6 0.99 0.94 0.98 2.27 6.43 2.93 

   C3A Raw Data 7 0.97 0.83 0.91 2.90 8.20 5.64 

    SNV 6 0.98 0.87 0.95 2.38 7.57 4.04 

c) MA–CA–CaS MA Raw Data 7 0.89 0.70 0.71 9.12 15.69 15.13 

    SNV 6 0.98 0.97 0.97 3.57 5.09 4.58 

   CA Raw Data 7 0.83 0.78 0.83 11.58 13.41 13.90 

    SNV 6 0.99 0.94 0.99 3.24 7.09 4.64 
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   CaS Raw Data 7 0.81 0.58 0.67 11.68 17.87 15.70 

    SNV 6 0.98 0.93 0.96 3.24 6.87 4.89 

 

Figure 4 shows the plot of reference against the predicted values of calibration and cross-

validation for specific component estimation in the ternary system. In Figure 4, label i is for 

the raw Raman data and ii is for the SNV Raman data, and the calibration curve estimates the 

MA content in the MA–C12A7–CaS. Additionally, in Figure 4, the CaS content is evaluated 

in MA–CA–CaS based on the calibration curve. Figure 4 iii) shows the Raw Raman data and 

iv shows the SNV Raman data.  

 

 

Figure 4. Comparison between weighted and estimated phase content of ternary mixtures using PLS regression, 

where (i) is for analysis based the raw Raman data and (ii) is for analysis using SNV Raman spectra data for MA 

content in MA–CA–CaS; (iii) is for analysis using the raw Raman data and (iv) is for analysis using SNV Raman 

spectra data for CaS content in MA–CA–CaS samples.  
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Figures 3 and 4 show how the scattering effect in the calibration model between raw and pre-

processed Raman data can be observed. Consequently, based on the figures of merit in Tables 

3–4 and Figures 3 and 4, the use of a pre-processing method such as SNV gives enhanced 

results which can be used to estimate constituents found in the ternary samples of C12A7–CaS–

C3A, C12A7–CaS–CA, MA–C12A7–CaS, MA–C3A–CaS and MA–CA–CaS. 

The prediction performance for the calibration model was further assessed using statistical 

parameters such as the ratio of prediction to deviation (RPD) and range error ratio (RER). Table 

5 shows the constituents or the individual phase performances for the ternary samples based on 

the RPD and RER. Figure 5 (i – x) is a graphical representation of the RPD and RER values 

for five sets of ternary samples demonstrating the performance of estimating each phase present 

in the sample. Figure 5 (i and ii) denotes C12A7–CaS–CA, Figure 5 (iii – iv) for MA–CA–

CaS and Figure 5 (v and vi) for C12A7–CaS–C3A sample set. It can be observed that the RPD 

and RER values are below the satisfactory mark for the raw Raman data. Figure 5 (vii and viii) 

associated with MA–C12A7–CaS and Figure 5 (ix and x) for MA–C3A–CaS generally had a 

satisfactory score for the raw Raman data. However, for the SNV Raman data, predicting the 

individual constituent that makes up the samples gave had good RPD and RER values, for all 

the five sample sets as shown in Figure 5 and, this corresponds to the merits of the pre-

processing spectra data before analysis model using a PLS regression. This could be attributable 

to the pre-processing technique (SNV) used and for an improved Raman spectra data analysis, 

as well as correcting the potential baseline shift and background effect[31, 34].  
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Table 5. Figures of merit estimated from the calibration model using RDP and RER.   

Ternary 

samples  

  RDP RER 

Phase Raw SNV Raw SNV 

C12A7–CaS–CA  C12A7 1.50 10.16 4.75 32.25 

 CaS 1.70 10.17 5.07 30.42 

 CA 1.40 6.89 4.18 20.59 

MA–C12A7–CaS MA 2.64 7.79 9.86 29.09 

 C12A7 3.29 7.79 18.39 44.44 

 CaS 3.06 8.03 9.83 25.80 

C12A7–CaS–C3A C12A7 2.91 10.73 9.14 33.76 

 CaS 2.19 11.85 7.48 40.40 

 C3A 1.88 8.54 6.07 27.49 

MA–C3A–CaS MA 4.95 4.93 14.16 15.02 

 C3A 3.38 4.72 12.41 17.32 

 CaS 4.95 9.55 14.16 27.30 

MA–CA–CaS MA 1.88 6.20 5.95 19.65 

 CA 2.07 6.16 6.48 19.40 

 CaS 1.78 5.66 5.7 18.41 
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Figure 5. Graphical illustration for the performance of raw Raman data (black columns) and SNV Raman data 

(grey columns) using RDP and RER; where i–ii denotes C12A7–CaS–CA, iii–iv for  MA–CA–CaS,  v–vi are for 

C12A7–CaS–C3A, vii–viii for MA–C12A7–CaS and ix–x for MA–C3A–CaS samples. 

   

As explained in section 2.4., if the RPD value evaluated exceeds three (3) or the estimated RER 

exceeds ten, then the calibration model can be considered successful in predicting the 

constituent content used for preparing the sample. Consequently, it can be concluded that based 

on the calibration model and the performance parameters, the individual phases present in the 

ternary synthetic inclusion system can be estimated using Raman spectroscopy and give very 

good results when the Raman spectra data is pre-processed. However, It is important to note 

the accuracy for estimating the phase content of C12A7, C3A, CA, CaS and MgO.Al2O3 had 

weight percent deviations that ranged between 1.5 – 5 wt% for Raman data pre-processed using 

SNV. For the raw Raman data, the individual phase content could be estimated from the sample 

mixture with weight percent deviations between 3 – 10 wt%.   
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3.4. Potential Limitations of the Study 

Potential limitations of this work associated with the use of Raman spectroscopy for 

characterising the samples could cause some slight instrumental variation such as incident laser 

power and frequency of scattered radiation could potentially have an effect on the intensity of 

the Raman band. These demerits associated with Raman spectroscopy could be attributed 

relatively not very satisfactory results obtained from the calibration model in estimating the 

phase content in the sample mixtures using the raw Raman data and will require pre-processed 

for enhanced results. It is also important to note that Raman spectroscopic characterisation is 

generally surface analysis technique, consequently provides an estimation of areal distribution 

of phases and could be limited in extrapolating analysis results to evaluate the bulk composition 

or volumetric distribution of phases present in the inclusion based on the sample depth.  

Additionally, inclusions found in steel matrix could potentially heterogenous compared 

synthetic inclusion sample mixtures that are well mixed and homogenous used for this study, 

therefore could affect the result obtained from the Raman measurement. However, the issue of 

sample heterogeneity could be mitigated with the used of relatively a wide laser spot size and 

rotating sample holder stage for a wider surface area for Raman spectroscopy measurements.    

  

3.5. Prospect for practical application 

The routes concerning the formation and evolution of inclusions such as Al2O3→MgO.Al2O3, 

(MA)→MA–xCaO∙yAl2O3→MA–CaS–CaO∙Al2O3 had been demonstrated by various 

researchers [4, 5, 8, 12, 21,] as a potential pattern associated with Al-killed calcium treated steels 

products. This study shows the application of Raman spectroscopy to identify and estimate the 
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specific phases present in CaO–Al2O3–CaS and CaO–Al2O3–MgO–CaS systems using a 

multivariate technique. 

The predictability of the individual phase contents (such as C12A7, CA, CaS, MA or C3A) in 

ternary samples was satisfactory for raw Raman spectral data and the ratio of prediction to 

deviation (RPD) was on average estimated to be close to 3, while the range error ratio (RER) 

varied between 5–18. It was also noted that the use of a pre-processing method, such as the 

standard normal variate (SNV) method performed better. Furthermore, the method used in this 

study has shown to be very promising for quantifying synthetic phases as the coefficient 

determination ranged between 0.93–0.99 and with both RPD and RER showing high values. 

This is an indication that the calibration model used for the study is fit for purpose based on the 

figures of merit and as recommended by other researchers[27, 38, 39].  

This study demonstrates the prospect of Raman spectroscopy to identify and quantify inclusion 

types of calcium aluminate, (CA, C12A7 and C3A), CaS and MgO.Al2O3 in steel samples since 

the steel matrix is Raman-inactive. Consequently, combining previous studies[14, 17,  19, 23] and 

this study presents a potential reference database and is applicable for future inclusion 

characterisation of steel samples using Raman spectroscopy. Furthermore, future studies could 

consider the application of Raman spectroscopy for characterising both laboratory and 

industrial steel samples, since typical phases in non-metallic inclusions have been demonstrated 

to be Raman active materials. 

4.0. Conclusion 

This work demonstrates Raman spectroscopy, combined with PLS regression, as a suitable 

technique to quantify five different sets of ternary samples consisting of synthetic phases of 

CA, C12A7, C3A, CaS and MgO.Al2O3. The findings of this study are summarised as follows: 

• Pre-processed Raman spectral data using the SNV method gave the best figures of merit 

when estimating the phase contents compared to the raw Raman spectra data. 
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• The calibration model can be used to predict individual phases with good statistical 

performance regarding the RMSECV, RMSEP, R2, RPD and RER values. 

• This study, combined with previous studies presents the prospect of characterising 

xCaO∙yAl2O3– MgO·Al2O3–CaS inclusions in steel samples. 
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