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Abstract

:

Electric arc furnace (EAF) slags were investigated by micro-Raman spectroscopy. A slag sample characterised by well-developed crystalline phases was obtained. The EDXS elemental composition made it possible to recognize the grains corresponding to the brownmillerite, larnite and magnesioferrite phases, as identified by XRD in the same powdered sample. The grains were collected and analysed by µ-Raman spectra, and the results showed good reproducibility in each grain and good agreement with spectra of the phases reported in the literature. A Raman database devoted to crystalline phases of EAF slag identification was created to be used by portable Raman instruments, allowing the phase characterisation of the slag directly during steel production.
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1. Introduction


Steel production is one of the most widespread industrial activities in the world. The overall annual production of crude steel in 2017 was estimated at about 1690 Mt by the Worldsteel Association. The major producers are China, Japan and India, with about 832, 105 and 101 Mt, respectively, in 2017. In Europe, Italy plays a vital role, with a production of 24 Mt/year, being the second largest producer after Germany [1].



In Electric Arc Furnace (EAF), slags are formed on a steel bath for the effect of lime and injected oxygen. The slags are about 10–15% in weight of steel production [1,2]. EAF slags are classified as black and white slags. Black slag has a lime content less than 40%, and results from the cold loading of scrap. White slag has a lime content higher than 40% and is generated during grinding when lime is added to remove sulphur and phosphorus.



Black slags vary with the steel produced (EAF-C from carbon steel production and EAF-S from the production of stainless steel/high alloyed steel), and the chemical composition depends on the scraps, the quantity of oxygen adopted during the melting process and furnaces process [3]. Both slags are mainly formed of oxides FeO, CaO, SiO2, Al2O3, MgO and other impurities in a wide range of percentages (10–40%, 22–60%, 6–34%, 3–14%, and 13–14%, respectively). Ca and Si come from the materials added to the liquid steel bath, while Mg originates from the attack of steel bath to the furnace firebrick. Other elements, such as Cr, Ti, Cu, are impurities present in the ferrous scrap [3,4].



Crystals formation in slag is strongly affected by both the chemical composition of the molten slag and the cooling rate, which usually depend on the protocols of each steel plant. Significant variation of the slags is also due to the kind of steel produced [3]. For this reason, the identification of the crystalline phases is crucial, and is usually carried out by external laboratories. Thus, a technique that permits fast characterisation of the slag by unskilled personnel would be very beneficial for the quality control of steel production.



In the scientific literature, the effects of the slagging procedures on the mineralogical and morphological structure of EAF slag have already been discussed. For example, the addition of SiO2 combined with rapid cooling favours the formation of glassy phases [3]. The main crystalline phases, usually identified by XRD, are larnite (2CaOSiO2), brownmillerite (Ca2(Al, Fe)2O5), wustite (FeO), calcium silicate, silicon aluminates, gehlenite (Ca2Al(AlSiO7)), bredigite (Ca7Mg(SiO4)4), magnetite (Fe3O4), and magnesioferrite (MgFe2O4) [5,6].



The main techniques adopted for investigating the structural and chemical composition of slags are: Powder X-ray Diffraction (PXRD) for the crystalline phase identification and Scanning Electron Microscopy (SEM) coupled to Energy Dispersive X-ray Spectrometry (EDXS) for the morphological and elemental analysis of the phases [7]. PXRD needs the samples to be pulverised and homogenised; thus, the patterns contain the signals of altogether the crystalline phases, making their identification sometimes tricky. Moreover, PXRD analysis does not give any information about the amorphous phases present in the sample.



Raman spectroscopy is used in many applications, such as medicine, chemistry and remote sensing for the structural and chemical analysis [8]. Spectroscopic techniques are based on the interaction between electromagnetic radiation and matter and are based on the phenomenon of emission, absorption, fluorescence or scattering. Raman spectroscopy typically uses laser light in the visible field, near-infrared or near-ultraviolet fields to excite the vibro-rotational energy levels of molecules by generating scattered light [9]. The incident photons will interact with the system, and the amount of energy change by a photon is characteristic of the nature of each bond present. Not all vibrations will be observable with Raman spectroscopy, but sufficient information can usually be identified to enable the characterisation of the phases of the sample [10].



Raman spectroscopy is a powerful technique that has many advantages over other common analytical techniques. It offers very detailed sample characterisation by probing individual chemical bond vibrations. As a result, a Raman spectrum is information rich, and contains data relating to the specific chemical structure of the material being analysed. It can be used to fully characterise the sample composition, and a fast phase identification is possible with databases. Beyond general material identification and characterisation, Raman spectroscopy also probes more subtle chemical effects, such as crystallinity, polymorphism, phase, intrinsic stress/strain and hydrogen bonding. Raman spectroscopy is a very fast technique, typically requiring just a few seconds to obtain a good quality spectrum. It is a real non-destructive technique, since it is non-contact, non-destructive, and requires no sample preparation. For these reasons, it is suitable for true in situ analysis [11].



The recent advancement of technology in laser and spectrometer miniaturisation and the improved filters for laser light rejection and fibre-optic probes has allowed the development of portable Raman spectroscopy systems. There are other spectroscopic techniques complementary to Raman, such as Fourier transform infrared (FT-IR) and near-infrared (NIR) spectroscopy. However, because of the high sampling rate and spectral specificity, it is an invaluable tool for understanding the impact of process changes on the process and product.



Some examples in the scientific literature have already demonstrated the advantages of the characterisation of EAF slag by using Raman spectroscopy [8].



The aim of this work is the evaluation of Raman spectroscopy in the characterisation of EAF slag to demonstrate the possible use of Raman spectroscopy for fast and reliable phase identification and quality control. Among the various types of Raman spectroscopy, micro-Raman techniques make it possible to perform the analysis of areas of a few square microns, while portable Raman usually has a spot of some millimetres. As a consequence, the spectra obtained by portable Raman are usually the sum of the contribution of several phases. As a preliminary work, we perform the micro Raman analysis of a well-crystallised EAF slag sample to properly collect the spectrum of each phase.




2. Materials and Methods


2.1. Samples


Black slags were collected from EAF steel plants located in the province of Brescia. Most of the studied slags came from carbon-steel production, except for sample A, which came from the production of special steel. Information about the carbon content of produced steel, melting temperature of furnace and slag samples treatment after slagging, such as cooling practice and use of additivities, are presented in Table 1. The samples were characterised by different techniques (see Table 2). For the identification of the phases, the size of homogeneous domains in the sample is crucial. For this reason, a preliminary Raman analysis was performed on a sample characterised by well-developed crystalline phases (sample A in Table 1), a low alloyed steel nominally containing 2.25% chromium [12].



For SEM-EDXS, Raman spectroscopy and XRD analyses, sample A was prepared according to the standard metallographic polishing procedure [13]. For XRD on powder analysis, samples B, C, D and E were pulverised and sifted into particle sizes below 106 µm using an ASTM E11-70 certified sieve.




2.2. SEM-EDX


Morphological and compositional characterisation of a polished section of all samples were performed by LEO EVO 40 XVP scanning electron microscopy (SEM) in backscattering mode. The elemental semi-quantitative analysis was performed using an energy-dispersive X-ray spectroscopy (EDX, Cambridge, MA, USA) microprobe (Link Pentafet Oxford mod 7060). The analysis was performed in µm areas of selected grain.




2.3. XRD


The measures on sample B, C, D and E were performed using a Panalytical X’Pert Pro diffractometer equipped with an X’Celerator detector and Cu anode (CuKα = 0.15406 nm), operating at 40 KV and 40 mA, and crystalline phases were identified. The patterns were collected in Bragg Brentano geometry between 5° and 80° (in 2Θ). Qualitative analysis of the crystalline phases was performed by X Pert high score plus database. Sample A was analysed in three different areas by two-dimensional X-Ray Diffraction (2D-XRD). The analysis was obtained using Bruker D8 Discover instrumentation (copper anode, VANTEC-500 2D detector, voltage 40 kW and current 40 mA, POLYCAP lenses, 1 mm beam size). The three investigated areas were similarly analysed using SEM and EDXS.




2.4. Raman Spectroscopy


The Raman characterisation of the metallographic section of each sample was carried out with a high-resolution Raman microspectrometer (Labram HR-800, Horiba Jobin-Yvon) using a He−Ne laser source (λ = 632.8 nm). All the spectra were acquired in backscattering mode, using a 50× (Numerical Aperture: 0.5) microscope objective to focus and collect the exiting light. The analysis was performed on the same areas and grains analysed by SEM and EDXS. Each analysed point was measured three times in order to assess the sample stability under the laser beam.





3. Results and Discussion


3.1. SEM-EDX


Chemical and morphological analyses were performed on each sample. In Figure 1 the SEM micrographs of samples A are shown. The growth of the crystalline phases within steel waste is strongly affected by the cooling speed and the addition of additives during the deslagging step (for example SiO2) [6,14,15]. Due to the slow cooling rate, sample A is characterised by well-developed grains. Instead, sample D is characterised by white dendritic structures, due to the high cooling speed and the addition of silica during the deslagging. Samples B, C and E are characterised by grains of similar size, because of the similar cooling treatment (see Table 1). The grain colours range from white to dark grey. Each colour shade corresponds to different compositions, as discussed in our previous work [16]. EDXS results are reported in Table 3. Because of the large grains, sample A was chosen as a reference sample for the phase identification. SEM micrographs and EDXS results of samples B, C, D and E are reported in the Supplementary Materials.




3.2. XRD


The XRD analysis confirmed the crystalline phases predicted by EDXS (see Table 3), as reported in the Supplementary Material. The identified crystalline phases are those typically found in the scientific literature [6,13,17,18]. Sample A was analysed by 2D XRD in three areas of 300 × 300 µm2. The results confirm the presence of wüstite (FeO), larnite (Ca2SiO4), magnesioferrite (Mg(Fe3+)2O4), iron oxide (Fe2O3) and brownmillerite (Ca2(AlFe)2O5). Figure 2 shows the diffraction spectra of sample A. The 2D-XRD and SEM-EDXS analyses allow a certain identification of the crystalline phases, which were therefore used in the interpretation of micro-Raman results.




3.3. Raman Spectroscopy


The three areas of sample A analysed by SEM-EDXS and 2D XRD were tested by using µ-Raman analysis (about 2 microns spots) and the spectra of each crystalline phase were identified [19].



The Raman spectra of the grain identified as larnite are reported in Figure 3a, and they are in good agreement with the Raman spectra reported in the literature [20]. The most significant Raman features of this phase are the bands at about 848, 860 and 977 cm−1. Larnite can exist in different structures (namely, γ-phase and β-phase), and this Raman spectrum corresponds to the β-larnite phase. A large band of about 700 cm−1 is also present in the spectra. Since Fe was always detected in the larnite grains by EDXS (Table 3), the band can be attributed to iron oxide impurities. Indeed, brownmillerite and magnesioferrite, as well as magnetite, have strong bands at about 700 cm−1 [21].



In the second area (see Figure 3b), the presence of magnesioferrite phase is confirmed by the band at about 750 cm−1, due to the stretching A1g mode, and the T2g bands at about 500 cm−1 and 600 cm−1 [22]. In this spectrum, the main band of larnite at 860 cm−1 is also detected, as well as other minor signals that can be attributed to disordered iron oxides [19,21,23,24].



In Figure 3c, the spectrum to that of the brownmillerite. The brownmillerite phase can present containing Al and Fe (Ca2(Al,Fe3+)2O5 and the Al content affects the position of the main Raman band, which shifts to the right (from about 710 to 750 cm−1) [25]. In our sample, brownmillerite is identified from the band at around 740 cm−1, suggesting a significant Al content [26,27,28]. A band at about 300 cm−1, characteristic of the brownmillerite phase, is also present [29]. Other bands are likely due to the presence of minor phases.



In samples B, C, D and E, XRD on powder makes it possible to identify further crystalline phases like gehlenite, wustite e magnesiochromite (see Figure 4). By µ-Raman analysis, the spectra of each phase were identified to be in good agreement with the literature [30,31,32,33]. All the collected Raman spectra are reported in the Supplementary Material.





4. Conclusions


In this work, the crystalline phases, morphology and chemical composition of EAF black slag samples from five steel factories are studied. Samples characterised by well-developed crystalline phases were obtained. SEM-EDXS, 2D-XRD and µ-Raman analysis were performed on the three different grain types, which were identified by SEM. The EDXS elemental composition made it possible to predict that the three types of grains mainly correspond to the brownmillerite, larnite and magnesioferrite phases identified by XRD. In the same area, µ-Raman spectra were collected, and the results showed a good reproducibility in each grain and good agreement with the spectra of the phases reported in the literature.



No amorphous phases were identified, probably because the reference sample had been slowly cooled to allow the crystalline phases to grow. However, the identification of amorphous phases of EAF slag is a perspective for Raman analysis, and amorphous silicates have been widely studied [34,35,36]. A Raman database devoted to crystalline phases of EAF slag identification has been created to be used by portable Raman instruments, allowing phase characterisation of the slag directly during the steel production. Indeed, we believe that in the near future, Raman spectroscopy will be introduced into steelworks to carry out on-line slag analysis, which could be valuable for optimising processes during the steel production.
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Figure 1. SEM micrographs of sample A performed in three different areas. EDXS measurements were collected in the squares. 
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Figure 2. XRD patterns of three different (300 × 300 µm2) areas of sample A and the main crystalline identified phases. 
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Figure 3. (a–c) µ-Raman images (50× objective) and spectra of identified phases in the three areas of sample A. 
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Figure 4. µ-Raman and spectra example of magnesiochromite, wüstite and gehlenite identified phases in samples B, C, D and E. Time measurement 50 s. 
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Table 1. Description of samples, details of some steel making process parameters (2nd and 3rd column) and slagging procedure (4th column).
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	Sample
	Steel Type
	Furnace Temperature [°C]
	Slagging Procedure





	A
	Special Steel
	n.d.
	n.d.



	B
	Carbon steel 0.167% < C < 0.185%
	1550–1620
	on chute and cooled by water



	C
	Carbon steel
	1600
	on chute and cooled by water



	D
	Carbon steel C < 0.25%
	1600
	on chute and cooled by water after SiO2 treatment



	E
	Carbon steel: 0.05% < C < 0.8%
	1650
	on chute and cooled by water
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Table 2. Analytical techniques adopted on each sample.
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Sample

	
Techniques




	
XRD

	
Raman Spectroscopy

	
SEM-EDXS




	
2D XRD

	
Powder

	

	






	
A

	
✓

	
✕

	
✓

	
✓




	
B

	
✕

	
✓

	
✓

	
✓




	
C

	
✕

	
✓

	
✓

	
✓




	
D

	
✕

	
✓

	
✓

	
✓




	
E

	
✕

	
✓

	
✓

	
✓
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Table 3. EDXS analysis of sample A (molar%) in the points indicated in Figure 1 and the predicted crystalline phase.
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Sample

	
Area

	
Position

	
Atomic%

	
Phase Identification




	
O

	
Mg

	
Al

	
Si

	
Cl

	
Ca

	
Ti

	
V

	
Cr

	
Mn

	
Fe

	
Ba

	
W

	






	
A

	
1

	
1

	
51.4

	
-

	
12.6

	
-

	
-

	
25.0

	
-

	
0.9

	
-

	
-

	
10.1

	
-

	
-

	
Brownmillerite




	
2

	
52.6

	
-

	
0.4

	
16.0

	
-

	
30.3

	
-

	
0.3

	
-

	
-

	
0.4

	
-

	
-

	
Larnite




	
3

	
40.4

	
9.7

	
-

	
-

	
-

	
6.4

	
-

	
-

	
0.4

	
8.5

	
34.6

	
-

	
-

	
Magnesioferrite




	
4

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
100.0

	
-

	
-

	
Iron




	
5

	
50.6

	
-

	
13.0

	
-

	
-

	
24.4

	
-

	
1.0

	
1.2

	
0.4

	
9.4

	
-

	
-

	
Brownmillerite




	
6

	
41.2

	
-

	
1.4

	
-

	
4.6

	
12.4

	
-

	
10.2

	
-

	
-

	
5.3

	
22.0

	
3.0

	
*




	
2

	
1

	
50.8

	
-

	
8.5

	
3.6

	
-

	
25.4

	
-

	
0.6

	
5.5

	
-

	
5.6

	
-

	
-

	
Brownmillerite




	
2

	
43.54

	
13.56

	
-

	
-

	
-

	
6.12

	
-

	
-

	
0.71

	
7.7

	
28.37

	
-

	
-

	
Magnesioferrite




	
3

	
50.7

	
-

	
11.4

	
-

	
-

	
24.2

	
-

	
0.6

	
6.3

	
-

	
6.8

	
-

	
-

	
Brownmillerite




	
4

	
42.0

	
12.1

	
-

	
-

	
-

	
4.56

	
-

	
-

	
0.58

	
8.84

	
31.95

	
-

	
-

	
Magnesioferrite




	
5

	
-

	
-

	
-

	
-

	
-

	
0.7

	
-

	
-

	
-

	
-

	
99.3

	
-

	
-

	
Iron




	
6

	
49.4

	
-

	
10.9

	
0.6

	
-

	
24.7

	
0.4

	
0.7

	
6.3

	
-

	
7.1

	
-

	
-

	
Brownmillerite




	
7

	
40.8

	
12.6

	
-

	
-

	
-

	
3.1

	
-

	
-

	
-

	
10.1

	
33.4

	
-

	
-

	
Magnesioferrite




	
8

	
40.5

	
14.7

	
-

	
-

	
-

	
2.5

	
-

	
-

	
0.4

	
10.4

	
31.4

	
-

	
-

	
Magnesioferrite




	
9

	
51.4

	
-

	
9.9

	
-

	
-

	
23.9

	
0.4

	
0.6

	
6.0

	
0.6

	
7.3

	
-

	
-

	
Brownmillerite




	
10

	
52.9

	
-

	
-

	
15.9

	
-

	
30.8

	
-

	
-

	
-

	
-

	
0.4

	
-

	
-

	
Larnite




	
3

	
1

	
-

	
-

	
-

	
-

	
-

	
0.87

	
-

	
-

	
-

	
-

	
99.1

	
-

	
-

	
Iron




	
2

	
-

	
-

	
-

	
1.3

	
-

	
-

	
-

	
-

	
-

	
-

	
98.7

	
-

	
-

	
Iron




	
3

	
52.7

	
-

	
10.5

	
-

	
-

	
23.1

	
0.4

	
0.6

	
6.0

	
-

	
6.8

	
-

	
-

	
Brownmillerite




	
4

	
52.9

	
-

	
11.0

	
-

	
-

	
23.48

	
-

	
0.7

	
4.4

	
-

	
7.6

	
-

	
-

	
Brownmillerite




	
5

	
42.9

	
14.1

	
-

	
-

	
-

	
3.54

	
-

	
-

	
1.4

	
8.4

	
29.7

	
-

	
-

	
Magnesioferrite




	
6

	
47.1

	
11.1

	
-

	
-

	
-

	
8.57

	
-

	
-

	
-

	
6.5

	
26.8

	
-

	
-

	
Magnesioferrite




	
7

	
52.8

	
-

	
-

	
16.0

	
-

	
30.29

	
-

	
0.4

	
-

	
-

	
0.6

	
-

	
-

	
Larnite




	
8

	
54.2

	
-

	
-

	
15.6

	
-

	
30.21

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
Larnite












© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file4.png
A-1

O 4 > O @

Arbitr. Unit

Yo

"l"'I“'I"l""'"‘"'l"""l"Il!"""l'l'lll'

30 40 50 60 70
2Theta (Coupled TwoTheta/Theta) WL=1.54060

(Coupled TwoTheta/Theta)

Wouestite
Larnite
Brownmillerite
Magnesioferrite
Iron Oxide

80 90

A-2

O 4 > O @

Arbitr. Unit

LA B A S S S S S S S A M SN NN S S SUN SN SN SN SN SN SN AN SN A BN AU SN SN S DN SNEL AN AN SN BEEL BN S SN R

30 40 50 60 70 -
2Theta (Coupled TwoTheta/Theta) WL=1.54060

(Coupled TwoTheta/Theta)

Wuestite
Larnite
Brownmillerite
Magnesioferrite
Iron Oxide

80 90

A-3

C 4 > O ©

Yo v ®

Arbitr. Unit
o
®

v l S l R l LN S B S S S S

P P
30 40 50 60 70
2Theta (Coupled TwoTheta/Theta) WL=1.54060

YTy

Wouestite
Larnite
Brownmillerite
Magnesioferrite
Iron Oxide

80 90





nav.xhtml


  applsci-10-04115


  
    		
      applsci-10-04115
    


  




  





media/file2.png
Sample A

Electron Image 1

Electron Image 1

70 um





media/file5.jpg





media/file3.jpg





media/file1.jpg
Sample A






media/file7.jpg
Arbitr. Unit

——Waustite  —— Gehlenite  —— Magnesiochromite

NS L ARE S o NP AR NN RN

150 35 550 750 950 1150 1350 1550 1750 1950

Wavenumbers [cm™]





media/file0.png





media/file8.png
Arbitr. Unit

Magnesiochromite

Gehlenite

Woustite

\/‘/\.,..—-—-—’\/‘A‘
AN

150 35 550 750 950 1150 1350 1550
Wavenumbers [cm™]

1750

1950





media/file6.png
Larnite

000
)
10000
>
-’
. SO00
c
S 6000
C
et "o
p L
[
100 1D SO0 JOO 9 1100 1 30K 1500
Wavenumbers [cm?)
Magnesioferrite
00
>
-
@
c 00
&
s
100 w0 SO0 7O 900

Wavenumbers [cm?)

Brownmillerite

i)

AN
o
-
@
c X
v
-
=

in

100 100 SO0 JOOD 900 1100

Wavenumbers [cm]






