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Abstract

:

The effect of rare-earth Ce on the evolution behaviour of inclusions in heavy rail steel was studied. The addition of Ce can significantly reduce the number and size of class A, B, D, and Ds inclusions in the heavy rail steel smelting process. According to the statistical analysis of the size of inclusions in steel, the number and size of A and B inclusions in steel tend to decrease significantly, while D and Ds inclusions disappear. Ce splits the aluminium inclusion into several small-sized inclusions and improves the morphology of the large-size aluminium inclusion, thereby making aggregation and growth difficult while facilitating easy floating and removal. Because the addition of Ce reduces the concentration of S element in steel, MnS inclusions are difficult to grow. The decrease in the number and size of core inclusions required for MnS growth leads to a corresponding decrease in the number and size of MnS inclusions. Meanwhile, the S element also easily gathers on the surface of CaO–MgO–Al2O3–SiO2–CeO inclusions, forming composite inclusions that are more easily removed, thus reducing the quantity and size of MnS inclusions.
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1. Introduction


Heavy rail steel mainly refers to rail with a nominal weight of 60–70 kg/m; thus, the material requires good impact strength, hardness, and wear resistance. Because inclusions in steel can cause internal damage to heavy rail steel and fatigue damage during use, the industry has placed strict requirements on the cleanliness of heavy rail steel; in particular, the control of inclusions in steel is extremely stringent [1,2,3]. According to the literature [4], research on 1080 MPa high-strength heavy rail steel showed that the addition of rare-earth elements in the steel can improve its wear resistance, corrosion resistance, strength, and other properties; thus, rare-earth heavy rail steel can be used as high-strength rail steel for applications in high-speed, heavy-haul railway transportation, as well as railway transportation with many curved sections. Compared with U75V, a heavy rail that does not contain rare earths, rare-earth heavy rail steel exhibits superior wear resistance, corrosion resistance, and impact toughness [5].



Rare-earth elements play a role in refining grains, modifying inclusions, and improving the cleanliness of steel [6,7]. Wang et al. [8] studied the control of Al2O3 inclusions in high-strength IF steel-containing phosphorus. The results showed that when rare-earth Ce was added to the steel, the combination of Ce with the active O and S in the steel lowered the Gibbs free energy. In addition, CeAlO3, Ce2O2S, and Ce2O3 could be generated easily, and composite rare-earth inclusions combined with other inclusions. The concentration and supersaturation of aluminium and oxygen decreased, and the ability of single particle Al2O3 to aggregate into large-scale cluster inclusions reduced. The average size of Al2O3 inclusions decreased from 5–7 µm to 2–5 µm in each thickness direction. The morphology of inclusions changed from the long strip, sharp angle, and cluster to the spherical, spindle, and round surface. Meanwhile, the number density of Al2O3 inclusions increased, but the area density decreased during the continuous casting and rolling process. Cheng et al. [9] studied the effect of rare earths on modifying inclusions in Al-killed X80 pipeline steel subjected to Ce treatment and found that Ce treatment modified and refined the inclusions. With the increase in Ce content from 0 wt.% to 0.025 wt.%, the mean size of inclusions first decreased from 2.41 am to 1.80 μm and then increased to 1.87 μm; moreover, the proportion of inclusions smaller than 2 μm gradually increased, while that of inclusions larger than 3 μm initially decreased and then increased owing to the aggregation of Ce–O–S inclusions. The number density, largest size, and mean size of single MnS decreased after Ce treatment. Lan et al. [10] studied the effect of Ce treatment on nonmetallic inclusions in Fe–Mn–C–Al twinning-induced plasticity steel by adding different content of rare-earth cerium. Analyses showed that the main inclusions in Ce-treated steel change from Al2O3–MnS to CeAlO3–Ce2S3. With the increase in Ce content, the number, size, and density of inclusions in steel decreased, and the morphology of irregular inclusions was closer to the spindle. The size of inclusions in the test sample with 0.0048% Ce addition was the smallest, and the distribution of inclusions was the most uniform. The type, morphology, quantity, and size of inclusions in twinning-induced plasticity steel before and after Ce treatment. Meanwhile, combining the thermodynamic calculation results and experimental phenomena, the transformation path of the main inclusions in steel by Ce treatment is revealed. Wang et al. [11] studied the evolution and deformability of inclusions in steel containing rare-earth elements under different deoxidation conditions; the experiments under different deoxidation conditions were performed based on thermodynamic calculations in the Ce–Si–Al–O–S system, and the control conditions of various inclusions and the evolution of inclusions were investigated. The results show that Al2O3 was modified to CeAlO3 with the addition of Ce and further transformed to Ce2O2S with the increase in Ce addition in Al-killed melts. The deformability of inclusions was improved by modifying SiO2–Al2O3 to a SiO2–Al2O3–Ce2O3 inclusion. Among the rare-earth inclusions that are investigated in this study, Ce2SiO5, having a Young’s modulus of less than 160 GPa, notably shows good deformability. Zhou et al. [12] studied the effect of Ce on the morphology of manganese sulphide, and we added different contents of Ce into U75V heavy rail steel. The composition and morphology of sulphide in steel were analysed. The number, size, and aspect ratio of the inclusions were analysed using the automatic scanning electron microscope ASPEX. The results show that the inclusions in heavy rail steel without Ce are elongated MnS and irregular Al–Si–Ca–O inclusions. With the increase of Ce from 52 ppm to 340 ppm, the composition of main inclusions changes along the route of Ce2O2S–MnS → Ce2O2S–MnS–Ce2S3 → Ce2O2S–Ce3S4–Ce2S3 → Ce2O2S–Ce3S4–CeS. Ce has a noticeable spheroidization effect on MnS, which can make inclusions finely dispersed. The average size of inclusions was the smallest when the Ce content was 139 ppm. The mechanism of Ce-modified MnS was discussed by combining experimental results with thermodynamic calculations. Finally, the effect of Ce treatment on inhibiting MnS deformation was verified by simulated rolling.



At present, few studies have reported on the industrial application of rare earths in steel, and the metamorphic mechanism of rare earths on the inclusions in steel is still unclear. Therefore, the effect of rare earths on the production of heavy rail steel urgently needs to be studied. In this study, the process of basic oxygen furnace (BOF)–ladle furnace (LF)–volume degassing (VD)–continuous casting (CC) in the industrial production of heavy rail steel is taken as the research object, and the action mechanism of rare-earth cerium on inclusions in steel is compared and analysed to provide a reference for the application of rare earths in heavy rail steel.




2. Materials and Methods


2.1. Test Materials


The chemical compositions of steels U75V and U76CrCe used in the smelting test are listed in Table 1. Ce content of added metal is [w(Ce) > 99.9%].




2.2. Test Scheme


In this study, the field production process of heavy rail steel in China, which involved the use of a BOF and LF, as well as the VD and CC processes, was investigated. An experimental scheme of Ce addition for heavy rail steel was designed. The capacity of the smelting test steel converter is 150 t; in off-furnace refining, an LF is used for deoxidising and alloying liquid steel. The settings for the VD refining furnace were as follows: vacuum < 8 KPa, deep vacuum time > 15 min; the cross-section of the billet was 280 mm × 380 mm, and the fixed size was 7.72 m. Metal Ce (0.45 kg/t Ce per t of Fe) was added after the molten steel was subjected to VD refining. Soft-blowing and static measures were used to ensure that the inclusions could fully grow and float after the Ce reaction. The billet sample was obtained from the cut surface of the billet. The Ce contents of all billet samples were evaluated using chemical analysis, and the quantity and size of the inclusions in the samples were analysed and compared with those of U75V without Ce. To avoid errors, four furnace heavy rail steels U75V and rare-earth heavy rail steels U76CrCe were randomly selected for analysis and statistical analysis, and the average value was subjected to comparative analysis.




2.3. Detection Method


2.3.1. Low-Multiplier Detection of Inclusions in Steel


The fourth rail of each of the 4 stoves of U75V and U76CrCe works was cut in a cross-section 100 mm from the rail head. A total of 8 10 mm × 10 mm × 5 mm samples were obtained from the top of the rail. The surface of the sample parallel to and facing the central axis of the rail was polished using a diamond abrasive, and the inclusions in the polished surface were observed using a Zeiscale Axioscope (Germany) electron microscope at 100× with an area of 0.5 mm2 at minimum for each sample. The conditions of the inclusions were observed and recorded, and 104 low-power inclusion detection images were obtained.




2.3.2. Scanning Electron Microscopy–Energy-Dispersive X-ray Spectroscopy (SEM-EDS) Analysis


Four U75V and U76CrCe samples were obtained from the tail of the third cast billet at the second flow of each test furnace. Then, 10 mm ×10 mm × 5 mm cast billet samples were obtained from a quarter of the distance away from the side of the cast billet. The samples were polished step-by-step using metallographic sandpaper to 1200# to obtain a scratch-less surface. The samples were placed in a beaker containing ethanol with or without water, cleaned using an ultrasonic cleaning instrument, and finally dried using a high-pressure gun prior to use. Using a Zeiscale SIGMA-300 (Germany) field emission scanning microscope equipped with energy dispersive X-ray spectroscope, the samples were analysed by SEM-EDS in multiple fields under an accelerating voltage of 20 keV and accelerating current of 1.0 nA. Simultaneously, photographs of the typical inclusions in the sample were obtained, and the distribution of elements in the inclusions was analysed by EDS. The size and composition of each inclusion detected in the multi-field of view were analysed statistically. The scanning area of the multi-field of view detection was 11.56 mm2; a total of 1760 inclusions were detected.






3. Thermodynamic Calculations


When the rare-earth elements react with the impurities such as O and S in the steel, inclusions such as cerium oxides, sulphides, sulphur oxides, and aluminates are formed at a production temperature of 1873 K. The Gibbs free energies of Ce reacting with the elements in liquid steel are shown in Table 2, and the interaction coefficients of the elements in liquid steel are listed in Table 3.



The Gibbs free energy of the reaction at different temperatures can be calculated using Equations (1)–(3).


  Δ G = Δ  G 0  + R T ln  Q     



(1)






  lg  f i  =   ∑  j n   e i j  ω  ( j )     



(2)






   a i  =  f i  · ω  ( i )             



(3)







In these equations, ΔG is the Gibbs free energy, ΔG0 is the Gibbs free energy at the same temperature and standard pressure, R is the gas constant, T is the thermodynamic temperature, Q is the reaction entropy, fi is the activity coefficient of substance I, ai is the activity of substance i, ω(i) and ω(j) are the mass fractions of i and j, respectively, and eji is the activity interaction coefficient of i and j.



As seen from the thermodynamic analysis of possible inclusion formation in steel at the Ce addition temperature of 1873 K, compared with oxides, sulphides, and sulphur oxides of Ce, the Gibbs free energy of CeAlO3 generation is lower, indicating that CeAlO3 is most easily generated by Ce under the composition and temperature conditions of the liquid steel. According to the possible products of Ce in steel and the activity of each element, when wt. [%Ce] content is less than 0.01, CeAlO3, Ce2O3, Ce2O2S, and CeO2 are formed in the liquid steel successively. Based on the Ce content shown in Table 1, it is inferred that CeAlO3 is most easily formed when 0.45 kg/t Ce is added to the heavy rail steel.




4. Results


4.1. Effect of Ce on Inclusions in Heavy Rail Steel


Figure 1 shows the low-multiplier analysis of the typical inclusions in U75V and U76CrCe cast billet samples.



As can be seen from Figure 1, category A, B, D, and Ds inclusions are the main inclusions in the U75V cast billet samples. The size of inclusions in the U76CrCe cast billet samples decreased significantly. D and Ds inclusions disappeared, and the number of A inclusions decreased considerably. The B inclusions changed from continuous droplets to discontinuous few droplets or individually distributed particles. Therefore, the addition of Ce was effective in improving the cleanliness of the casting billet and reducing the number and size of inclusions in steel.



Figure 2 and Figure 3 show the microstructure changes of the aluminium-containing inclusions in the U75V and U76CrCe cast billet samples.



As seen from Figure 2, the aluminium inclusion in the U75V cast billet samples without rare-earth addition includes CaO–MgO–Al2O3–SiO2 (Figure 2a), while that in U76CrCe billet samples is mainly CaO–MgO–Al2O3–SiO2–CeO inclusion (Figure 2b). When added to steel, Ce mainly reacts with CaO–MgO–Al2O3–SiO2 to form CaO–MgO–Al2O3–SiO2–CeO. The distribution of Ce and aluminium was coincident, indicating that Ce mainly reacted with aluminium in steel. The addition of Ce changed the shape of the aluminium inclusion from an irregular shape to a circular shape, which consequently improved the stress concentration caused by the inclusion of CaO–MgO–Al2O3–SiO2 in U75V and helped to improve the performance of heavy rail steel. Meanwhile, S was enriched on the surface of CaO–MgO–Al2O3–SiO2–CeO.



As seen in Figure 3, the sulphide in the cast billet samples is mainly present in the MnS inclusions. The figure also shows the microstructure changes of sulphide inclusions in the cast billet samples. The addition of Ce considerably reduced the size of MnS inclusions in the cast billet samples; most of the MnS inclusions changed from the long shape (Figure 3a) to polygonal with low length and width (Figure 3b), and most of the MnS inclusions were dispersion distribution. Meanwhile, more CaO–MgO–Al2O3–SiO2–CeO and MnS formed complex inclusions (Figure 3c). The reduction in size and appearance of composite inclusions can reduce the probability of forming elongated inclusions during the rolling process of MnS inclusions, thereby reducing the phenomenon of stress concentration around MnS inclusions and improving the comprehensive performance of heavy rail steel.



Figure 4 shows the statistical results of inclusion size in U75V and U76CrCe cast billet samples investigated using SEM multi-field analysis.



As shown in Figure 4, the densities of inclusions in the U75V and U76CrCe cast billet samples are 88.27 and 78.70 particles/mm2, respectively. The length of inclusions mainly ranged from 1 μm to 5 μm, and the density of inclusions greater than 5 μm decreased considerably. The length of inclusions in length less than 1 μm, and between 1 and 5 μm, increased from 5.63 and 61.26/mm2 in U75V samples to 7.38 and 64.46/mm2 in U76CrCe samples, the inclusions density decreased in length between 5 and 10 μm, between 10 and 20 μm from 13.76 and 6.28 particles/mm2 in the U75V samples to 4.95 and 1.91 particles/mm2 in the U76CrCe samples correspondingly. No inclusions exceeding 20 μm in length were found in the U76CrCe samples. The change in the size distribution of inclusions in steel indicates that the addition of Ce can promote the dispersion degree of inclusions in steel.




4.2. Effect of Ce in Heavy Rail Steel on Aluminium Inclusion


To further analyse the influence of Ce on aluminium-containing inclusions in heavy rail steel, multi-field scanning results show that the density and length of inclusions in samples were statistical, as shown in Figure 5.



As shown in Figure 5, under the action of Ce, the number density of aluminium-containing inclusions in the samples decreases from 28.72 particles/mm2 in U75V to 9.33 particles/mm2 in U76CrCe. The number density of inclusions with lengths between 1 and 5 μm decreased the most from 16.43 particles/mm2 in U75V to 3 particles/mm2 in U76CrCe. The number density of aluminium-containing inclusions with lengths less than 1 μm, between 5 and 10 μm, and between 10 and 20 μm decreased from 3.87, 3.42, and 3.11 particles/mm2 to 2.33, 2.67, and 1.33 particles/mm2, respectively. The number density of inclusions between 1 and 5 μm decreased significantly, while that in the other length ranges also decreased to different degrees. No aluminium-containing inclusions greater than 20 μm in length were found in the U76CrCe samples.



The melting point of Ce metal and the solid solution in iron were extremely low. When Ce was added to liquid steel at 1800 K, it first melted into a liquid and existed in the form of a dispersion in the liquid steel. Under argon stirring conditions, the liquid Ce reacted with Al2O3 (melting point 2327.15 K) particles in the molten steel. The reaction conforms to the transition state theory, and the reaction was carried out through the following steps:



(1) Liquid Ce was enriched at the interface between solid Al2O3 and liquid steel;



(2) Ce diffused from the interface to the Al2O3 interior;



(3) Reaction: [Ce] + 3[O] + [Al] = CeAlO3;



(4) The solid CeAlO3 generated by the reaction wrapped the unreacted Al2O3 and the unreacted Ce diffused to the Al2O3 through the CeAlO3 layer to continue the reaction, and the reaction occurred at the interface between Al2O3 and CeAlO3.



(5) CeAlO3 particles were formed after the reaction between Al2O3 and Ce.



According to the reaction between Al2O3 and Ce, owing to the larger atomic radius of the Ce atom (1.842 × 10–10 m) than that of the Al atom (1.429 × 10–10 m), the Ce atom entered the Al2O3 lattice during the reaction and destroyed the original crystal structure, which was represented by an increase in volume from a macroscopic perspective. During the above steps (3) to (4), the generated CeAlO3 broke off at the sharp corners, and the narrow parts of the Al2O3 particles formed numerous small, irregularly shaped particles owing to expansion. The above process repeated until smaller spherical CeAlO3 particles were formed. A stable spherical CeAlO3 shell of the inclusion particle was formed on the particle surface. Subsequently, the unreacted Al2O3 inside the particle reacted with the Ce outside the CeAlO3 shell through diffusion, thereby leading to the formation of spherical CeAlO3 particles.



Figure 6 shows a schematic diagram of the reaction process of Ce to Al inclusion in steel.



The smaller the inclusion size, the lower its ability to condense and the poorer its ability to aggregate and grow [13,14,15]. The collision probability mainly involves Brown, Stokes, and turbulent collision. The decrease in reaction concentration, nucleation number, and inclusion size can directly affect the collision times of inclusions and reduce the growth ability of inclusions. The smoother the surface morphology of the inclusions is, the smaller the shape coefficient of the particles and resistance to floating is, and the easier it is for the inclusions to float.



Therefore, aluminium inclusions in heavy rail steel react under the action of Ce to form CeAlO3, which are small, circular-shaped inclusions. Solid CeAlO3 inclusions are difficult to aggregate and grow and easy to float and remove. Therefore, the addition of Ce can effectively reduce the size and quantity of aluminium inclusions in heavy rail steel.




4.3. Effect of Ce in Sulphide Inclusion in Heavy Rail Steel


The number and length of sulphide inclusions in U75V and U76CrCe cast billet samples were analysed using SEM and EDS, as shown in Figure 7.



As seen in Figure 7, the addition of Ce reduced the number density of sulphide inclusions in heavy rail steel from 52.7 particles/mm2 to 31.33 particles/mm2. The densities of inclusions with lengths less than 1 μm, between 1 and 5 μm, between 5 and 10 μm, and between 10 and 20 μm decreased from 12.4, 21.7, 10, and 5.2 particles/mm2 to 3.67, 21, 4.33, and 2.33 particles/mm2, respectively. The number density of inclusions between 5 and 20 μm decreased significantly, while the number density of inclusions in other length ranges decreased to different degrees. The number density of inclusions larger than 20 μm decreased to 0 particles/mm2.



In this research system, sulphur compounds in heavy rail steel are mainly the MnS inclusions. It can be seen from Figure 8 that the Gibbs free energy of Ce combined with S in steel is much lower than that of Mn combined with S. Therefore, solid-solution element S in liquid steel first reacts with Ce to form sulphide or sulphur oxide inclusions, which decrease the concentration of S in liquid steel. When the temperature of liquid steel decreases to the MnS precipitation temperature, the concentration of S in steel decreases. The decrease in precipitation of MnS resulted in a decrease in the size and quantity of MnS inclusions. Meanwhile, because the precipitation of MnS primarily occurs on the surface of other inclusions, typical MnS inclusions coated by MnS are formed. With the action of Ce, the number and size of aluminium inclusions in steel decreased, along with the size and quantity of MnS inclusions. A comparative analysis of the typical aluminium-containing inclusion in U75V and the aluminium-containing inclusion in U76CrCe revealed that S precipitated easily and attached to the surface of the inclusion during the solidification process of U76CrCe, increasing the precipitation probability of MnS on the surface. Consequently, CaO–MgO–Al2O3–SiO2–CeO and MnS composite inclusions easily formed. Compared with the long-strip MnS inclusions, the composite inclusions were more rounded in shape and easier to float and remove; thus, the number of MnS inclusions in steel decreased accordingly.





5. Conclusions


	(1)

	
Under the test conditions, the addition of Ce can effectively reduce the number and size of class A and B inclusions in the cast billet samples and make class D and Ds inclusions completely disappear in heavy rail steel. Meanwhile, the CaO–MgO–Al2O3–SiO2 inclusions change from irregularly shaped to round, and the MnS inclusions change in shape from long strips to squares with similar lengths and widths.




	(2)

	
Multi-field analysis shows that the addition of Ce can effectively reduce the number density and size of inclusions in heavy rail steel; in particular, inclusions longer than 5 μm decreased significantly, while those shorter than 5 μm increased, indicating that Ce can promote the dispersion distribution of inclusions in heavy rail steel.




	(3)

	
Under these test conditions, the aluminium-containing inclusions were converted into smaller spherical CeAlO3 inclusions after the addition of Ce, which can reduce the collision growth probability of such inclusions and simplify their floating and removal. The number density of aluminium inclusions in steel decreased from 28.72 particles/mm2 to 9.33 particles/mm2. The size distribution of aluminium inclusions changed: the number density of aluminium inclusions with the length of 1–5 μm decreased from 16.43 particles/mm2 to 3 particles/mm2, while those of other length inclusions also decreased to different degrees.




	(4)

	
Under the experimental conditions, Ce reacted with the solid solution [S] in the liquid steel to reduce the [S] concentration in the liquid steel, which aided the reduction in the number and size of the inclusion core required for the growth of MnS inclusions in steel; meanwhile, CaO–MgO–Al2O3–SiO2–CeO and MnS composite inclusions were formed more. Thus, the number density of MnS inclusions in steel decreased from 52.7 particles/mm2 to 31.33 particles/mm2, and the size distribution of MnS inclusions changed. The number density of inclusions with lengths between 5 and 10, lengths between 10 and 20, and larger than 20 μm, which showed the most obvious change, decreased from 12.4, 21.7, 10, and 5.2 particles/mm2 to 4.33, 2.33, and 0 particles/mm2, respectively.
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Figure 1. Electron microscopy analysis results of the rail samples U75V and U76CrCe: (a) class A inclusion in U75V; (b) class B inclusion in U75V; (c) class D inclusion in U75V; (d) class Ds inclusion in U75V; (e) class A inclusion in U76CrCe; and (f) class B inclusion in U76CrCe. 
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Figure 2. Photographs and EDS analysis results of inclusions in U75V and U76CrCe cast billet samples. (a) Photographs and EDS analysis results of the CaO–MgO–Al2O3–SiO2 inclusions in U75V cast billet samples, and (b) photographs and EDS analysis results of CaO–MgO–Al2O3–SiO2–CeO inclusions in U76CrCe cast billet samples. 
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Figure 3. Photographs and EDS analysis results of inclusions in U76CrCe cast billet samples. (a) Photographs and EDS analysis results of MnS inclusions in U75Vcast billet samples; (b) photographs and EDS analysis results of MnS inclusions in U76CrCe cast billet samples; and (c) photographs and EDS analysis results of CaO–MgO–Al2O3–SiO2–CeO and MnS composite inclusions in U76CrCe cast billet samples. 
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Figure 4. Statistical results of inclusion density distribution in cast billet samples of U75V and U76CrCe. 
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Figure 5. Statistical results of the different density distribution of aluminium inclusions density in U75V and U76CrCe cast billet samples. 






Figure 5. Statistical results of the different density distribution of aluminium inclusions density in U75V and U76CrCe cast billet samples.



[image: Metals 13 00614 g005]







[image: Metals 13 00614 g006 550] 





Figure 6. Schematic diagram of the reaction process of alumina and metal cerium. 
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Figure 7. Statistical results of different sizes of density distribution of sulphide inclusions in U75V and U76CrCe cast slab samples. 
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Figure 8. Thermodynamic analysis of possible inclusion formation in molten steel. 
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Table 1. Chemical composition of steel billet samples used in the test (mass fraction) %.






Table 1. Chemical composition of steel billet samples used in the test (mass fraction) %.





	
Steel Grade

	
wB/%

	

	




	
C

	
Si

	
Mn

	
P

	
S

	
V

	
Cr

	
Al

	
Re

	
O

	
Fe






	
U75V

	
0.75

	
0.55

	
0.79

	
0.014

	
0.008

	
0.005

	
0

	
0.0035

	
0

	
0.0014

	
balance




	
U75V

	
0.72

	
0.60

	
0.81

	
0.010

	
0.012

	
0.005

	
0

	
0.0031

	
0

	
0.0018

	
balance




	
U75V

	
0.71

	
0.59

	
0.77

	
0.011

	
0.011

	
0.004

	
0

	
0.0045

	
0

	
0.0017

	
balance




	
U75V

	
0.74

	
0.56

	
0.79

	
0.010

	
0.005

	
0.006

	
0

	
0.0041

	
0

	
0.0018

	
balance




	
U76CrRe

	
0.79

	
0.69

	
0.94

	
0.016

	
0.003

	
0.048

	
0.0724

	
0.0028

	
0.0085

	
0.0015

	
balance




	
U76CrRe

	
0.79

	
0.73

	
0.97

	
0.017

	
0.001

	
0.042

	
0.0765

	
0.0034

	
0.0091

	
0.0016

	
balance




	
U76CrRe

	
0.79

	
0.67

	
0.93

	
0.015

	
0.002

	
0.043

	
0.0772

	
0.0028

	
0.0083

	
0.0012

	
balance




	
U76CrRe

	
0.80

	
0.68

	
0.94

	
0.014

	
0.001

	
0.051

	
0.0786

	
0.0029

	
0.0084

	
0.0018

	
balance
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Table 2. Gibbs free energies of the reactions involving La and Ce inclusions (J/mol).
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	Reaction Formula
	∆G0
	∆G (1873 K)





	[Ce] + 3/2[O] = 1/2Ce2O3
	−714,380 + 179.74T
	−377,726.98



	[Ce] + [O] + 1/2[S] = 1/2Ce2O2S
	−675,700 + 165.50T
	−365,718.50



	[Ce] + 3/2[S] = 1/2Ce2S3
	−536,420 + 163.86T
	−229,510.22



	[Ce] + 4/3[S] = 1/3Ce3S4
	−497,670 + 146.30T
	−223,650.10



	[Ce] + [S] = CeS
	−422,100 + 120.38T
	−196,628.26



	[Ce] + 3[O] + [Al] = CeAlO3
	−1,366,460 + 364.30T
	−684,126.10



	[Mn] + [S] = MnS
	−39,469 + 21.71T
	1193.83
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Table 3. Interaction coefficients of elements in liquid steel at 1873 K.






Table 3. Interaction coefficients of elements in liquid steel at 1873 K.
















	
	C
	Si
	Mn
	P
	Al
	O
	S
	Ce





	O
	−0.45
	−0.131
	−0.021
	0.07
	−3.9
	−0.02
	−0.133
	−0.57



	S
	0.122
	0.063
	−0.026
	0.029
	0.035
	−0.27
	−0.026
	-



	Ce
	-
	-
	-
	-
	-
	−5.03
	-
	-



	Al
	0.091
	0.0056
	0.035
	0.033
	0.045
	−6.6
	0.03
	-
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






nav.xhtml


  metals-13-00614


  
    		
      metals-13-00614
    


  




  





media/file8.jpg
number density (particles/mm®)

80 [

\}

uTsv

B eoeth < 1
B ength 15 um
B ot 5— 10 um
[ tength 10-20 ym
B e

UT6CrRe






media/file11.png
number density (particles/mm”)

30

N
(&)

N
o

-
(&)

-
o

(&)

- length < 1 pm
|:| length 1—5 pm
- length 5—10 pm
|:| length 10—20 pm
- length > 20 pm

u75v U76CrRe






media/file1.png





media/file13.png





media/file10.jpg
30

»
3

number density (particles/mm”)

N
8

15

3

B

u7sV

B et < 1
B tength 1—5
B teneth 510 um
[ tength 10—20 ym
B tength > 20 um

U76CIRe





media/file5.jpg





media/file7.png





media/file12.jpg





media/file9.png
number density (particlesfmmz)

80

(o))
o
LY

u7sv

- length < 1 pm
|:| length 1 —5 pm
- length 5—10 pm
[ length 10—20 um
- length > 20 pm

U76CrRe






media/file14.jpg
number density (particles/mm?®)

50

8

B eogth < 1
length 15 yum
length 510 yun

[ tength 10—20 ym

B tength > 20 um






media/file16.jpg
Gibbs free energy (J-mol')

1000

temperature (K)

2000





media/file15.png
number density (particles!mmz)

50

40

30

20

U775V

B cogth < 1 ym
|:| length 1—5 pm
B length 5—10 um
[ length 10—20 pm
B length > 20 um

I

U76CrRe






media/file3.png
! 4 num '






media/file17.png
Gibbs free energy (J-mol™)

=200, 000

-400, 000

-600, 000

-800, 000

-1, 000, 000

1000 1200

A 4
A 4
A 4

%
h 4
h 4

—8—CeO-@ CeOS
—dh— CeS —w CeS,
—@— CeS —4— CeAlO,
—p— MnS

: 1

1400 1600

temperature (K)

1800

2000





media/file4.jpg
20 um






media/file6.png
0 um

-






media/file0.jpg





media/file2.jpg





