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The modification of MgO-Al,O3 spinel inclusions into less detrimental mixture phases of CaO-MgO-
Al,O3 plays an essential role in refining calcium-treated aluminium killed steels. This study uses Raman
spectroscopy for the characterisation of binary phase samples that contain MgO-Al,O3 spinel and calcium
aluminate (CaO)—(Al,O3), phases. Samples were synthesised from MgO-Al,O3 spinel (MA), Al,O3 and cal-
cium aluminate phases to achieve binary samples of CA-MA, C3A-MA, C12A7-MA and Al,0s-MA with
varying phase fractions. The study also examined the possibility of a slight variation for non-stoichiometric
spinel samples below the 1 600°C region in an MgO-Al,O3 binary system. The relative intensities of the
Raman band were used for the quantification of the phase fractions. For a quantitative prediction, linear
regression calibration models were identified for each of the studied systems. This work demonstrates
the use of Raman spectroscopy for the characterisation of calcium aluminate phases of CA, C3A, C12A7
and magnesium aluminate spinel phases along with Al,O3 and its potential application in inclusion charac-
terisation.
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1. Introduction

The production of high-quality steels with low amounts of
inclusions is of great importance for both the producer and
product user. In aluminium-killed steels, MgO-Al,O; spinel
is an example of a potential inclusion that could be formed
during the steelmaking process, and its existence could
affect steel cleanliness.” MgO-Al,Oj3 spinel inclusions have
some properties such as their high melting temperature,
low deformability, irregular shape, which result in a high
tendency to clog submerged entry nozzles in casting.>?
These features can also be very harmful and could cause
defects or fatigue fractures in the final products, signifi-
cantly reducing the product quality.” Depending on the form
of interaction between liquid steel and the refractory*> or
slag,” the potential sources of MgO could be associated
with the type of refractory materials used or with the slag
composition. Many studies on spinel inclusions that concern
their formation,””® and modification mechanisms®'" have
been conducted.

Calcium treatment has been reported'>'? to effectively
modify the MgO-AL,Os spinel inclusions in Al-killed steels.
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The mechanism has been attributed to the formation of
MgO-Al,0;—CaO inclusions, which could contain two or
three phases. Additionally, the modification of spinel with
calcium may lead to the formation of AL,O;—CaO-MgO
inclusions that fall within the liquid region at steelmaking
temperatures. Furthermore, the slag absorption process'*!'>
and other studies summarised by Park et al (2010)'®
demonstrate the development of control technologies for
MgO-Al,Oj; spinel inclusions.

Various characterisation techniques'>'"2? for the quan-
tification of MgO-Al,O; spinel and calcium aluminate
inclusions have been studied. For example, the cathodolu-
minescence (CL) technique has been used to characterise
both spinel'” and calcium aluminate inclusions.'® The use
of Raman spectroscopy as an analytical technique makes it
possible to obtain information such as the chemical com-
position and phase of the sample measured.’ ** Previous
work?2% has demonstrated that Raman spectroscopy tech-
niques could be used for both the qualitative and quantita-
tive characterisation of Raman active materials. However,
the use of Raman spectroscopy as a characterisation tech-
nique for MgO-Al,O; spinel, and how this spinel associates
with other oxide inclusions such as calcium aluminate have
not been studied in much detail.

Although previous research work has used Raman spec-
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troscopy to characterise spinel’’>? and different calcium
aluminate oxide phases,”*~% the focus has mainly been on
the characterisation of specific or individual phases. Addi-
tionally, Raman spectroscopy has also been used for char-
acterising specific non-metallic inclusions.>” However, mix-
tures containing both calcium aluminate and spinel phases
have not been characterised or quantified in detail. Studies
conducted on inclusions both on laboratory prepared and
industrial steel samples demonstrate that inclusions mostly
occur as a mixture of phases. Therefore, for Raman spec-
troscopy to be used as a potential characterisation technique
for inclusion studies, further work on multiphase inclusion
analysis relevant to steelmaking is required.

The purpose of this study is to demonstrate the applica-
tion of Raman spectroscopy in the identification and charac-
terisation of binary phase samples consisting of MgO-Al,O;
spinel (MA), monocalcium aluminate, CaO-Al,O3 (CA),
mayenite 12Ca0O-7A1,0; (C12A7), tricalcium aluminate,
3Ca0-ALLO; (C3A) and AlLO;. Additionally, this work
will examine the effect of non-stoichiometric spinel on the
Raman band (shift) position within a given range in the
MgO — ALL,Os system measured with Raman spectroscopy.

2. Experimental

2.1. Preparation of Samples

Four sets of binary phase samples were prepared
for this study. The binary phases included CaO-AlOs—
MgO-ALO3(CA-MA), 3Ca0O-Al,0;-MgO-Al,O3 (C3A—
MA), 12Ca0-7A1,05-MgO-Al,O; (C12A7-MA) and
ALO5s-MgO-ALO; (A-MA). The spinel (MgO.Al,Os3),
monocalcium aluminate (CaO-Al,Os3) and aluminium oxide
(AL,O3) were obtained from Alfa Aesar with a purity of
approximately 99.9%. Calcium aluminate phase samples for
C12A7 and C3A were prepared using calcium oxide (CaO)
and aluminium oxide (ALOs) powders obtained from Alfa
Aesar (purity in the range of 99.7% to 99.9%) by varying
the CaO/ALO;5 (C/A) ratio between 1.70 to 3.0 and sintered
at a temperature of 1 350°C for 24 hours in a chamber fur-
nace to achieve C12A7 and C3A phase samples.

A required proportion of MA, CA, C3A, C12A7 and
Al,O3 were weighed for preparing the sample, then pressed
into pellets, placed in crucibles and sintered in a chamber
furnace. The samples were sintered at a temperature of
400°C for 24 hours to remove any moisture during the mix-
ing process, which could potentially affect the subsequent
analysis. This temperature was found suitable to prepare the
samples since the phases remained unchanged based on the
X-ray diffraction (XRD) analysis before and after this sinter-
ing process. The phase fraction of MA was varied between
10% and 90% for each binary phase sample (MA—CA,
MA-C3A, MA-C12A7 and MA—AL,O3) prepared.

Samples of a non-stoichiometric spinel range within the
MgO-Al,Os binary system were prepared by adding of an
excess amount (2, 5 and 10 wt-%) of magnesia (MgO) and
alumina (Al,O;) to the reference spinel (obtained from Alfa
Aesar, with a purity of 99.9%), and sintered in the chamber
furnace at a high temperature of 1 600°C for 24 hours. The
pellets were milled into a powder, characterised by XRD
X-ray fluorescence (XRF) and followed with a Raman spec-
troscopy measurement.
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2.2. Characterisation of the Samples

The prepared samples were identified, and the weight
percent of the phases was estimated using XRD. The XRD
set-up consisted of Bragg-Brentano para-focusing geometry
(300 mm goniometer) with an acquisition speed of 3 degrees
per minute with 0.02 degrees per step. It had a Cu source
lamp with 45 kV and 200 mA settings with a 9-kW rotating
anode and used a 10 mm length limiting slit for the source
side of the samples in standard glass holders with 5 degree
Soller slits used on both sources, and the analyser side.
Further verification of the samples’ chemical composition
was evaluated by conducting an elemental analysis with the
use of XRF. The XRF instrument used was an Axios Max
model from Panalytical which consisted of an X-ray genera-
tor Rh tube, a maximum power of 4 kW and with SuperQ
as its analysis software.

2.3. Raman Spectroscopy

Raman spectroscopy as an analytical technique uses
an inelastic scattering of monochromatic light to cause a
change in the bond, which is a characteristic function of
the vibrational modes of the molecules in the material.2"*
Based on the interaction between the laser beam and the
molecular vibration in the sample, it is possible to identify
a specific composition from the Raman spectrum measured
as a fingerprint of the individual component present in the
sample. Figure 1 shows a schematic diagram that indicates
the information that can be obtained from a Raman spectrum
from a sample measured with Raman spectroscopy.”'* The
a) intensity (I) indicates the component concentration in the
material, b) band (shift) position shows the structure, phase
or stoichiometric content, ¢) the full width at half maximum
(FWHM) illustrates the crystallinity, doping or the defects
of the sample and band (shift) direction attributable to the
effect of stress, pressure and temperature.

The Raman spectroscopy measurements were carried
out in ambient conditions by using a TimeGated® Raman
spectrometer (TG532 M1) obtained from TimeGated instru-
ments Ltd., Finland. The spectrometer was equipped with
a pulsed laser of 532 nm, fibre-coupled, with a shot length
of 150 ps and a frequency range from 40 to 100 kHz. The
laser had a spectral width of less than 0.1 nm, and a power
range from 30 to 60 mW. The probe head was made of 200
um collection fibre with a spot size of 1 mm, with Photonics
RPB532 w/105 pm excitation fibre. The TG532 M1 spec-
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Fig. 1. Anexample of a Raman spectrum and corresponding mea-
sured material information.
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trometer component also included a CMOS-SPAD array
detector, a fibre-coupled spectrograph, and delay electron-
ics. The spectra acquisition time of 3—5 minutes and Raman
spectra range of 1001200 cm ™' with a resolution of 10
cm ! were used in this work for the sample measurements.
The samples were measured several times, and a good
reproducibility was observed between the Raman spectra
acquired. A rotating sample holder stage was used during
the measurement to obtain the average spectra.

2.4. Calibration Model

The relation between different Raman peak ratios and the
phase content in the samples were analysed using a calibra-
tion model. The variance in the phase content in the sample
was estimated by using the summed Raman spectrum to
define the relative intensities of the peaks present in the
Raman spectrum. The calibration candidate was given by:

where x. is the calibration feature candidate, [, is the
intensity for the Raman shift £, and 7, is the intensity corre-
sponding to the Raman shift n. The evaluation of the model
performance for each of the calibration feature candidates
was carried out using a leave-multiple-out cross-validation
procedure.’®*? For cross-validation, the data was split so
that 20% was used for validation and 80% for training. The
calibration parameters were identified using the method of
least-squares. The model performance and distribution of
the calibration parameters were assessed by repeating the
cross-validation 4N times. The final selection was carried
out choosing the relative intensity and a model parameter
distribution that minimised the average mean absolute error
for the training and validation sets for 4N repetitions. The
stability of the calibration feature candidates were evaluated
by calculating the ratio of the mean and the standard devia-
tion for a standardised regression coefficient, as well as the
mean absolute error for training and validation sets for 4NV
repetitions. A more detailed description of this procedure is
presented in our earlier work.*”

3. Results and Discussion

3.1. Characterisation and Phase Analysis

The sample phase identification was conducted using
XRD, as illustrated in Figs. 2—4, that show an example of
the XRD spectra for some selected samples for CA-MA
(Fig. 2), C12A7-MA (Fig. 3) and C3A-MA (Fig. 4), where
i, ii and iii correspond to 20%, 60% and 80% phase fractions
of MA in each sample. The elemental composition for the
samples was analysed with XRF.

Both XRF and XRD were used to verify the sample
composition since these measurement techniques provide
different information about the same sample measured. XRF
gives the weight percentage of the identified elements while
XRD measures the intensity of the crystal diffraction peaks
due to the individual chemical compounds and for phase
identification in the sample. Therefore, the two serve as
complementary techniques to assist in verifying the initial
sample composition.

Tables 1 and 2 show the phase weight percentages for
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Fig. 2. XRD spectra for binary samples of MA and CA: i) 20% of
MA, ii) 60% of MA and iii) 80% of the MA phase compo-
nent.
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Fig. 3. XRD spectra for a binary sample of MA and C3A: i) 20%
of MA, ii) 60% of MA and iii) 80% of the MA phase com-
ponent.
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Fig. 4. XRD spectra for a binary sample of MA and CI2A7: i)
20% of MA, ii) 60% of MA and iii) 80% of the MA phase
component.
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Table 1.
CI2A7-MA and CA-MA.

Initial sample composition and XRF analyses for binary aluminates spinel-calcium aluminates phases of

Initial phase

composition (Wt%) composition (Wt%)

XRF results and calculated phase

Initial phase
composition (wt%)

XRF results and calculated phase
composition (Wt%)

CI2A7 MA Ca Al Mg CI12A7 MA CA MA Ca Al Mg CA MA
1 85 15 324 264 2.9 85 15 90 10 267 318 1.5 87 13
2 81 19 3.2 268 35 82 18 80 20 23.6 334 23 79 21
3 76 24 29.8 278 34 81 19 70 30 20.6 337 45 68 32
4 67 34 241 293 6.6 64 36 60 40 182 345 56 55 45
5 43 57 17.5 325 8.5 50 50 50 50 154 353 7.0 45 55
6 38 62 153 332 9.6 44 56 40 60 13.0 369 73 37 63
7 29 72 9.6 352 121 28 72 30 70 103 36.8 97 29 71
8 19 81 8.0 363 122 24 76 20 80 76 378 108 21 79
9 10 90 45 378 134 13 87 10 90 46 389 121 13 87
10 5 95 24 390 138 7 93 5 95 2.5 393 133 7 93
Table 2. Initial sample composition and XRF analyses for binary aluminates spinel, calcium aluminates phase and
Al,O; of C3A-MA and A-MA.
Initial phase XRF results and calculated Initial phase XRF results and calculated
composition (Wt%) phasecomposition (wt%) composition (Wt%) phase composition (wt%)
C3A MA Ca Al Mg C3A MA A MA Al Mg A MA
1 88 12 43.2 18.9 2.3 88 12 85 15 51.6 1.5 86 14
2 78 22 394 21.0 3.1 83 17 70 30 50.7 2.6 73 27
3 69 31 32.7 23.0 6.5 66 34 60 40 49.8 3.6 64 36
4 59 41 313 247 5.8 52 48 55 45 494 4.0 60 40
5 54 46 23.0 28.8 8.1 47 53 50 50 49.0 4.5 55 45
6 49 51 22.1 28.0 9.7 43 57 45 55 48.5 5.0 50 50
7 39 61 19.4 30.0 9.7 26 74 40 60 479 5.7 46 54
8 29 71 12.8 32.8 12.2 20 80 30 70 474 6.3 37 63
9 10 90 5.3 372 134 12 88 20 80 44.8 9.3 25 75
10 5 95 3.6 38.4 134 7 93 10 90 42.7 11.6 13 87

the initial composition for the samples prepared and the
XRF phases estimated based on elemental analysis. The
XRF results were normalised to phase compositions to
enable easier comparison to XRD assuming stoichiometric
phases and that the samples contained only XRD analysed
phases. Table 3 shows the measurements carried out with
XREF for the non-stoichiometry spinel samples and this was
also evaluated by assuming an unlimited supply of oxygen
to achieve the oxide compounds (Al,O3; and MgO) for the
excess amount of Al,Os; and MgO added to reference spinel
samples.

Table 4 shows the main Raman shift (peaks) identified
for each phase in the samples measured and the published
reference Raman shift. The Raman shifts (cm ') identified
for the specified phases in this study agree with previous
studies within a Raman shift range of + 5 cm ™.

Figures 5-8 show a change in Raman peak intensities
and these figures illustrate some examples of the binary
phase Raman spectra. As explained in section 2.3, the
phase fraction in the sample measured can be determined by
observing the change in the relative Raman intensity of the
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Table 3. Excess amount of AlL,O; and MgO added to reference
spinel samples and XRF analyses.

Initial sample addition ~ XRF analysis (wt%)

W% MgO ALO;
MA 24.6 75.4
ALO; 2 242 75.8
5 233 76.7

10 22.0 78.0

MgO 2 267 733
5 27.6 724

10 394 60.6

peaks. Therefore, the evaluation of relative intensity could
be used to estimate the content of a specific phase present
in a sample.

Figure 5 shows the spectra for samples that contain
CI2A7 and magnesium aluminate spinel (MA), which

© 2020 ISIJ
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Table 4. Reference and measured Raman shift (cm ') for calcium aluminate and spinel phases. (where s is strong, m is

medium, and w is weak).

Phase Measured peaks [Raman shift (cm )] Reference [Raman shift (cm )]
AlLO; 422 5,380 m, 583 m, 648 m, 752 m 413 — 42019 5, 375 — 38014) 1, 642 — 6484142, 748 — 7504142, 573 — 5794142 gy
CA 522 s, 549 m, 790 w 520 — 521333430) ¢ 545 — 54733:3430) 790 — 793333436y,
CI2A7 517 s, 781 m, 314 m 312 — 3333539 1, 516 — 517°539) m, 7723539 1, 779336
C3A 756 s, 508 m, 756 ~757°439) 5, 140 ~150%+39) 1y, 506 —508343%)
MgO.ALO; 4165, 674 m, 773 m 409 — 4127739 5,767 — 7727P m, 666 — 674732 m, 312— 31373
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Fig.5. Raman spectra for a binary C12A7-MA phase sample:
MA content a) 20 wt%, b) 40 wt%, c) 60 wt% and d) 80
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Fig. 7. Raman spectra for a binary CA-MA phase sample; MA
content a) 20 wt%, b) 40 wt%, ¢) 60 wt% and d) 80 wt%.

M_A_—/\_/\—\_—/\gb

Intensity (A.U)

——~ %

wt%.
a
=) b
<
2
z
[}
E ¢
d
1 1 1 | |
300 400 500 600 700 800

300

400

500

600

700

800

Raman shift (cm™)

Fig. 6. Raman spectra for a binary C3A-MA phase sample; MA
content a) 20 wt%, b) 40 wt%, c) 60 wt% and d) 80 wt%.

illustrates that an increment in the MA phase fraction in
the sample had a corresponding increase in the Raman shift
region of 410420 cm ', This rise in intensity could be
attributed to the increasing content of MA since the most
intense peak for this phase is located around 416 cm ™', A
corresponding increase in the Raman shift in the region
of 517-520 cm ' was noticed when the phase fraction for
C12A7 was increased since the most intense Raman shift
was located at 517 cm ™! for C12A7.

© 2020 IS
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Fig. 8. Raman spectra for the binary A-MA phase sample; MA
content a) 0 wt%, b) 20 wt%, c¢) 40 wt% and d) 60 wt% and
80 wt%.

For Raman spectra measured from samples comprising of
C3A and MA, it was also observed that the peak intensity
within the Raman shift region of 410-420 cm ' rose when
the phase content of MA in the C3A-MA sample was
increased. The peak within the Raman shift region of 756—
765 cm ! also increased when the phase fraction of C3A
in the sample rose. These phenomena could be observed in
Fig. 6 for C3A-MA samples where the most intense peak
for MA is at 416 cm ! and for C3A it is at 756 cm .
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Figure 7 shows the Raman spectra obtained from samples
that contain CA and MA, where it was noticed that when
CA content was increased, the Raman spectra showed a rise
in the peak intensity in the region of 520-524 cm . A peak
shoulder in the 545-549 ¢cm ™' region was observed, which
is a characteristic feature for the CA phase as the phase
content increases. A similar trend could also be noted when
the phase content for MA increased, the peak intensity in the
Raman shift region of 416-420 cm ' also increased. This is
associated with MA because the most intense peak is located
around 416 cm ™.

In Fig. 8, the Raman spectra show samples containing
only Al,O; and MA. The most intense peaks for Al,O3 and
MA in the Al,O;—MA samples could not directly be used
to distinguish the changes in the phase content because of
peak overlap. However, the medium peaks could be used
to observe the difference in the phase content, where an
increase in Al,O; content showed a gradual rise in the
Raman peak around 380 cm~'. Additionally, an increase in
the MA content in the sample demonstrates the appearance
of medium peaks at 674 and 772 cm ', which are attribut-
able to MA.

3.2. Calibration Model Selection

The estimation of the phases present in the samples was
carried out using linear calibration models that established
the relation between the relative intensities of the Raman
band and phase fractions. The calibration model and stabil-
ity of the calibration variable candidates and the stability
estimation and construction are presented in section 2.4.
The calibration models, as explained in section 2.4, were
built based by making use of the phase content based on an

Table 5. Estimation of the coefficient of determination (R?) and
mean absolute error (MAE) of the prediction and valida-
tion between the relative intensity of the peaks and phase
content based on XRF for C12A7-MA.

Training data Validation
Relative Relative
intensity Mean Mean Mean Mean = Stability
(R (MAE) (R» (MAE)

CI12A7-MA  517/416  0.99 0.08 0.99 0.08 0.71

Phases

CI2A7-MA  517/674  0.86 0.31 0.87 0.32 0.05
CI2A7-MA  781/416  0.96 0.17 0.96 0.18 0.18
CI2A7-MA  781/674  0.91 0.25 0.91 0.26 0.06

XRF evaluation and the phases identified with XRD as the
dependent variable.

Tables 5-8 show the estimated average values of the
coefficient of determination and mean absolute error for 4N
data splits. Figures 9, 11, 13 and 15 show the relative stabil-
ities of the calibration variable candidates and with the mean
absolute error values (MAE) for the training and validation
sets. The most stable calibration variable candidate was
estimated to be the one with the highest degree of repeat-
ability and accuracy resulting from a small deviation of the
normalised calibration parameters between the repetitions.

3.2.1. Cl12A7-MA Samples

Based on the analysis, for samples that contain C12A7
and MA, Table 5 shows that the most suitable peak inten-
sity ratio with the best coefficient of determination values
and the lowest mean absolute error (MAE) is 517 cm ™!
for C12A7 and 416 ¢cm ™' for MA for both training and
validation sets. The suggested peaks are also seen as the
most intense ones in the Raman spectrum. Figure 9 dem-
onstrates that the Raman shift ratio 517/416 is more stable
than the other peaks, which indicates a low noise and thus

Table 7. Estimation of the coefficient of determination (R?) and
mean absolute error (MAE) of the prediction and valida-
tion between the relative intensity of the peaks and phase
content based on XRF for CA-MA.

Training data ~ Validation (ExVal)
Relative Relative

Phases intensity Mean  Mean Mean Mean  Stability
(R (MAE) (R  (MAE)

CA-MA 522/416  0.97 0.13 0.97 0.15 0.60

CA-MA 549/416  0.92 0.21 0.92 0.23 0.20

CA-MA 522/674  0.73 0.44 0.77 0.47 0.09

CA-MA  549/674  0.85 0.28 0.85 0.29 0.10

Table 8. Estimation of the coefficient of determination (R?) and
mean absolute error (MAE) of the prediction and valida-
tion between the relative intensity of the peaks and mea-
sured phase content based on XRF for A-MA.

Training data ~ Validation (ExVal)
Relative Relative
intensity Mean  Mean Mean Mean Stability
(R» (MAE) (R» (MAE)

Phases

A-MA  648/682  0.93 0.22 0.95 0.26 0.10
A-MA  648/773  0.94 0.19 0.96 0.21 0.16
Table 6. Estimation of the coefficient of determination (R?) and A-MA  648/416  0.88 028 0.92 038 0.07
mean absolute error (MAE) of the prediction and valida- A-MA  648/674  0.93 0.22 0.95 0.25 0.11

tion between the relative intensity of the peaks and phase
content based on XRF for C3A—MA. A-MA  380/773  0.90 0.25 0.91 0.29 0.08
. N A-MA  380/682 091 0.24 0.91 0.30 0.06

) Training data  Validation (ExVal) )
Phases  Relative Relative A-MA  380/416 090 026 092 0.33 0.06

intensity Mean Mean Mean Mean  Stability
(R>» (MAE) (R} (MAE) A-MA  380/674 091 0.23 0.93 0.28 0.07
C3A-MA  756/416  0.98 0.13 0.98 0.15 0.52 A-MA  422/773  0.90 0.25 0.91 0.28 0.07
C3A-MA 508/416  0.97 0.13 0.97 0.14 0.40 A-MA  422/682 091 0.24 0.92 0.26 0.06
C3A-MA  756/674 0.72 0.44 0.77 0.49 0.04 A-MA  422/416 092 0.24 0.92 0.27 0.08
C3A-MA 508/674  0.67 0.47 0.78 0.54 0.03 A-MA  422/674  0.93 0.21 0.93 0.25 0.08
993 © 2020 ISIJ
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(wt%) for C3A as a function of the phase content of C3A
in a calcium aluminate-spinel binary phase (C3A-MA).
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Fig. 15. Estimation for relative stabilities (S;) of the calibration
variable candidates and mean absolute error values for
training and validation sets for CA-MA.

low scatter in the data. Figure 10 represents the relative
intensities as a function of the phase fraction. Therefore, for
the MgO-AL,Os—12Ca0-7AL0; (C12A7-MA) samples, the
relative intensity ratio of 517/416 was the best indicator for
changes in C12A7/MA ratio.

3.2.2. C3A-MA Samples

For samples of C3A-MA, it can be observed in Table 6
that the ratio of the intensities of Raman shifts at 756 cm ™'
for C3A and 416 cm ' for MA had the lowest mean abso-
lute error (MAE) with the best coefficient of determination
(R?). The relative stability analysis also shows that the rela-
tive intensity ratio 756/416 performs better than the other
peaks identified, as shown in Fig. 11. Therefore, the most
intense Raman peaks for the two phases with the Raman
band at 756 cm ' for C3A and MA at 416 cm ™' seems to be
the most promising and suitable for the quantitative estima-
tion for binary samples of C3A-MA. Figure 12 illustrates
a linear regression constructed between the relative intensity
and phase fraction for C3A. The R? value in Fig. 12 shows
a very good value (R? = 0.98) however, a slight deviation
from linear behaviour, especially for the high phase fraction
region was observed.

3.2.3. CA-MA Samples

The results from Table 7 show that the relative intensity
ratio of 524 for CA cm ™' and 416 cm ™' for MA had the
highest linear regression coefficient of determination and
mean absolute error compared to the other peak ratios in
Table 7. Additionally, Fig. 13 demonstrates that the relative
intensity ratio of 522/416 performed better in the relative
stabilities estimation. Figure 14 shows a calibration curve
between the 522/416 ratio and measured phase fractions for
CA in the CA-MA samples, Therefore, for samples contain-
ing CA and MA, the relative intensity ratio of 522/416 was
found to be the most suitable for a phase content analysis
since it also shows the most intense peaks for these phases.
The most suitable intensity ratio candidate did not have the
highest R? value of 1, which could be attributed to some
scattering in the sample content reaching about 50 wt% for
the CA and MA content as illustrated in Fig. 14.
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Fig. 16. Raman spectroscopy estimation for the phase content

(wt%) for A as a function of the phase content of Al,Os in
an aluminium oxide — spinel binary phase (A-MA).

3.2.4. AlLO;-MA Samples

Table 8 shows the analysis conducted for samples that
consist of Al,O;—MA, demonstrating the ratio of intensities
of the Raman shifts at 773 cm ™' for MA and the Raman
shift at 648 cm ! for Al,O; had the best coefficient of deter-
mination values with the lowest mean absolute error (MAE)
compared to the other peaks ratios for these phases. Addi-
tionally, Fig. 15 shows that these medium peaks had better
relative stabilities compared to the most intense peaks for
the binary sample of Al,Os;—MA. The most intense Raman
shift of 416 for MA and 424 for AL,Os; are quite close to
each other, therefore there is potential for the peak to over-
lap, which could affect the intensity of the peak measured.
It could be concluded that intensities at shifts 648 cm ™'
and 773 cm~' were the most suitable relative intensities
for the prediction of the phase content of MA or Al,Os, in
the MA—AL,Os binary system. Figure 16 illustrates a linear
correlation between the ratio of 648 cm ™' for Al,O5 and 773
cm~ ! MA and the phase content (wt%) for AL,Os.

In Fig. 16, some slight deviation from the linear behav-
iour is observed around 50 wt% content for the phases (MA
and Al,O3) and where there was a high phase difference.
This could be associated with the use of medium intensity
Raman peaks for the analysis. The most intense peaks could
not be used because of peak overlap, which may contribute
to not achieving the highest R? value.

3.2.5. Potential Source of Error in the Measurements

The calibration curves constructed between the relative
intensities and phase fractions, as shown in Figs. 12, 14
and 16 had a slight deviation from the linear correlation
(R? values 0.98, 0.97 and 0.96), and this was observed
in the regions for samples with a high phase fraction dif-
ference. An instrumental variation could account for this
phenomenon. Vibrational spectroscopy such as Raman
spectroscopy could pose some challenges such as possible
varying incident laser power and the response-ability of the
detection system and this could cause a shift in the position
of the Raman peaks.

© 2020 ISIJ
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3.3. Analysis of Non-stoichiometric Phases

The study also examined a possible variation in the peak
position for the spinel material used as a reference by intro-
ducing an excess amount of MgO and ALOs. The excess
amount was varied in weight percentages of 2, 5 and 10
wt% and added to the reference spinel samples, as shown
in Table 4. The non-stoichiometric region of interest was
between 20 = 0.5 and 50.5 = 0.5 percentage weight (wt%)
for MgO under 1 600°C in the ALO;—MgO system using a
slag atlas.*” Figures 17 and 18 show the Raman spectra for
the reference spinel and the addition of an excess amount of
MgO or Al,O;. The Raman peak for the most intense peak
at 416 cm ' in Figs. 17 and 18 varied within the range of
+ 3 cm ™' when compared to the reference spinel. Table 9
shows the Raman spectra measured from these samples with
different contents of MgO and Al,Os. In Table 9, an estima-
tion of the intensity ratio between the most intense peak and
medium peaks for the reference spinel and those doped with
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Raman shift (cm'l)
Fig. 17. Raman spectra for an excess amount of Al,O; added to
reference spinel. Where a) reference spinel, b) 2% excess
amount of Al,O3, ¢) 5% excess amount of Al,O3 and d)
10% excess amount of Al,Os.
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Fig. 18. Raman spectra for an excess amount of MgO added to the

reference spinel. Where a) reference spinel, b) 2% excess
amount of MgO, c) 5% excess amount of MgO and d)
10% excess amount of MgO.
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the addition of MgO or Al,O3; was calculated by using Eq.
(1) as presented in section 2.4. The peak ratios calculated
were used to determine the difference between the reference
spinel and the ones with excess MgO or Al,O;.

The evaluation values are shown in Table 9. The position-
ing of the Raman spectra in Figs. 18 and 19 shows only
a slight variation in the reference spinel composition as a
result of the introduction of excess MgO or Al,O3 and does
not significantly change the Raman shift band characteristic
of MgO.Al,O; spinel. Therefore, it could be concluded that
an excess amount of < 5 wt% for MgO or Al,O; will not
adversely affect the quantitative analysis.

3.4. Potential Practical Application

Spinel inclusions studied by other researchers’ " show
that inclusions could be transformed into a mixture of
MgO-Al,O;—CaO inclusions, with an increasing calcium
aluminate phase content due to calcium treatment. Figure 19
is a simplified schematic diagram that shows the modifica-
tion process, and depending on the progress of the evolution
process, two or more phases could be formed. The authors
have previously*” demonstrated the applicability of Raman
spectroscopy to quantify calcium aluminate inclusions of
CI12A7, CA and C3A around the liquidus region. This cur-
rent work illustrates the use of Raman spectroscopy to iden-
tify and to quantify the synthesised composition of MgO.
A1203—(C30)X(A1203)y.

Therefore, the application of Raman spectroscopy as a
characterisation technique for oxide inclusions that consist

Table 9. Raman peaks for the excess amount of Al,0O3; and MgO
added to reference spinel samples.

Measured peaks Raman peaks

Excess addition of [Raman shift (cm )] ratios
Al,0O3 and MgO
(Wt%) Intense Medium medium 416/674 416/773
peak peak peak (682)

MA (reference spinel) 416 674 773 0.84 0.87

AlLO; 2 416 682 773 0.84 0.88

5 416 682 773 0.80 0.89

10 416 674 773 0.82 0.89

MgO 2 416 674 773 0.85 0.88

5 416 674 773 0.80 0.85

10 418 674 773 0.84 0.88

[xCa0.yAl,05.MgO] phase

________

Ca?t

Spinel (Mg0.ALOs)

-~ -
______

xCa0.yAlOs], phase
ALOs-CaO [ yALO:s], p

Fig. 19. Schematic modification of an MgO-Al,Os inclusion with

calcium into CaO—Al,0;~MgO inclusion.***)
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of a mixture of spinel and calcium aluminates phases pro-
vides a practical opportunity to identify the inclusion type
and estimate their phase composition. Primarily this could
be used for the study of laboratory and industrial steel
samples that may consist of multiphase inclusions since the
use of Raman spectroscopy requires less sample prepara-
tion compared to conventional inclusion characterisation
techniques.

The work illustrates the use of Raman spectroscopy for
the characterisation of binary mixtures that contain spinel,
aluminium oxide and calcium aluminates phases of CA,
C3A and C12A7. However, industrial steel samples may
contain more oxide or sulphide phases that are generated
in the process of modifying or controlling the spinel inclu-
sions. In future studies, a multiphase analysis of three or
more phases could be conducted using Raman spectroscopy.

4. Conclusion

This study demonstrates the potential application of using
Raman spectroscopy as an analytical technique for qualita-
tive and quantitative analysis to estimate the phase fractions
for a mixture of spinel and calcium aluminate phases. This
study provides a technique for quantifying spinel and cal-
cium aluminate inclusions in steel samples.

The findings of this work can be summarised as follows:

* The Raman shift for the calcium aluminate phases
of CA at 524 cm ™!, C3A at 756 cm ! and C12A7 at 517
cm ! and for the MA at 416 cm ™' were found to be the
most suitable for quantifying binary samples of CA-MA,
C3A-MA and CI12A7-MA. For an A-MA binary sample,
the Raman bands at 648 cm ™! for AlL,O; and 773 cm ™! for
MA were identified as the most suitable for the prediction
of the phase composition.

» The Raman spectra measured from a non-stoichiomet-
ric spinel solid solution prepared at 1 600°C recorded a shift
within the scope of + 3 cm ™! from the reference spinel for
the most intense Raman band.

* A potential practical application of Raman spectros-
copy could be the identification of magnesium-aluminate
spinel transformations in a mixture of MgO-Al,0;—CaO
phases in industrial scale steelmaking.
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