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Abstract

:

Nonmetallic inclusions are harmful to the quality of 42CrMo4 steel. Therefore, the formation and removal mechanism of inclusions in 42CrMo4 steel during the steelmaking process is investigated by industrial trials. The characteristics of inclusions in specimens were analyzed by scanning electron microscopy and energy dispersive spectroscopy. The main type of inclusions in molten steel in the early stage of ladle furnace (LF) refining is MgO-Al2O3 inclusions of irregular shape. CaO begins to appear in MgO-Al2O3 inclusions in the middle and late stages of LF. In the vacuum degassing (VD) refining stage, the inclusions in molten steel completely change into low-melting-point CaO-MgO-Al2O3 inclusions. The existence of [Mg] in molten steel is the fundamental reason for the formation of a large number of MgO-Al2O3 inclusions. Thermodynamic calculation shows that the refractory mainly transfers [Mg] to the liquid steel in the LF refining stage, whereas the slag mainly transfers [Mg] to the liquid steel in the VD refining stage. Kinetic calculation indicates that MgO-Al2O3 inclusions could be removed from molten steel faster than low-melting-point CaO-MgO-Al2O3 inclusions. The fundamental reason for the different removal behavior of the two types of inclusions is that the interfacial tension between the low-melting-point CaO-MgO-Al2O3 inclusions and the liquid steel is 50% lower than that of the MgO-Al2O3 inclusions.
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1. Introduction


The 42CrMo4 type of steel is a medium carbon alloy structural steel that has high strength, hardenability, toughness, creep strength, and endurance strength at high temperatures [1,2,3,4,5]. It is commonly used to prepare pitch and yaw bearings in wind power steel. Because of the harsh working environment, complex load-bearing conditions, and the high cost of lifting and replacing bearings, wind power equipment needs longer service life and higher stability. Inclusions in steel are the key factor affecting fatigue life [6,7,8]. Therefore, it is important to study the formation and removal mechanism of inclusions in 42CrMo4 steel during smelting to reasonably control inclusions in molten steel and improve the final product quality of 42CrMo4 steel.



Aluminum deoxidizes 42CrMo4 steel, and the deoxidized product is Al2O3 [9,10]. However, the main inclusions found in the smelting process are MgO-Al2O3 inclusions, which will change into CaO- MgO-Al2O3 inclusions along with the smelting process. The presence of [Mg] in liquid steel leads to the transformation of Al2O3 inclusions into MgO-Al2O3, but there is still controversy about the source of [Mg] in molten steel. Some authors [11,12,13,14] have pointed out that slag containing MgO and magnesia refractory reacted with liquid steel and transferred [Mg] to liquid steel together. Increasing [Mg] content in liquid steel promotes inclusion change from simple Al2O3 inclusions to MgO-Al2O3 inclusions. However, some authors [15,16] have noted that the transfer of [Mg] from slag to molten steel was dominant, and refractory materials had little effect on it. There are also authors [17,18,19] who have pointed out that the displacement reaction between [Al] in molten steel and MgO in refractories was the main reason for the increase in [Mg] in molten steel, which further determined the formation of MgO-Al2O3 inclusions. As for the transformation mechanism of MgO-Al2O3 inclusions to CaO-MgO-Al2O3 inclusions, a large number of authors [20,21,22,23,24] have reported that [Ca] reduced MgO in MgO-Al2O3 inclusions to CaO and eventually formed low-melting-point CaO-MgO-Al2O3 inclusions. However, compared with solid inclusions, low-melting-point liquid inclusions are more difficult to remove from molten steel [25,26,27,28,29,30,31]. As a result, the main type of inclusions observed in molten steel at the later stage of smelting is low-melting-point liquid inclusions, which will be unfavorable to the final product quality. For 42CrMo4 steel, which uses the Al deoxidation process and the smelting route is Electric furnace (EAF) → Ladle refining furnace (LF) → Vacuum refining furnace (VD) → Continuous casting (CC), the source of [Mg] in molten steel during smelting, the transformation process of inclusions from MgO-Al2O3 to liquid CaO-MgO-Al2O3, and the removal mechanism of inclusions have never been specifically studied.



In the present work, the samples were taken at ladle furnace (LF) and vacuum degassing (VD) in a plant trial to reveal the source of [Mg] in liquid steel and the formation mechanism of CaO-MgO-Al2O3 inclusions. The removal mechanism of low-melting-point CaO-MgO-Al2O3 inclusions was studied by kinetic calculation. The morphology, composition, and numbers of inclusions in samples were determined by scanning electron microscopy and energy dispersive spectroscopy.




2. Methodology


2.1. Experimental Procedures


The industrial trials of 42CrMo4 steel were carried out in a steel plant. The steelmaking route is Electric furnace (EAF) → Ladle refining furnace (LF) → Vacuum refining furnace (VD) → Continuous casting (CC), as shown in Figure 1. Al blocks are used as deoxidizers for strong deoxidation after steel tapping in the electric furnace, Si-Mn alloy and ferrochrome alloy are used for alloying, and then lime is added for slagging. The slag used in the LF stage has high basicity and strong reducing properties, and its binary basicity can reach around 7. In vacuum treatment in the VD stage at vacuum degrees below 66.7 pa, argon gas is passed through for stirring to promote rapid removal of hydrogen from the steel under vacuum conditions. At the end of the vacuum, to make the steel composition qualified, Al wire is added to increase the Al content in the molten steel to about 0.021%. The argon blowing pressure and flow rate are adjusted for a soft blowing operation, which lasts a total of 20 min. Finally, the liquid steel is transported to the continuous casting platform for casting. The entire sampling process was carried out for a certain furnace: LF refining in the early stage, LF refining in the middle stage, LF refining at the end, VD vacuum at the end (sampling immediately after VD vacuum), soft blowing for 10 min, and soft blowing at the end (for 20 min), respectively marked as samples 1~6. The slag was sampled at the beginning of LF refining, the middle of LF refining, the end of LF refining and the end of VD vacuum, respectively marked as samples 1~4. Since the composition of the slag after VD vacuum was basically unchanged, the slag at the soft blowing stage was not sampled.




2.2. Composition Analysis and Inclusion Observation


The steel sample is processed into a round bar (Φ 5 × 50 mm), and the total oxygen content (T.O) in the sample is detected by the inert gas fusion-infrared absorptiometry method. The contents of Ca and Mg in steel were determined by the inductively coupled plasma optical emission spectrometry method (ICP-OES, Thermo Fisher, Waltham, MA, USA) and other alloy elements using the direct reading spectrometer ARL8860 (Thermo Fisher, Waltham, MA, USA) for testing; the main components of the sample were as shown in Table 1. The chemical composition of the slag was detected by X-ray fluorescence analysis (XRF, PANalytical B.V., Almelo, The Netherlands); the results were as shown in Table 2, which shows the slag basicity was around 7. In order to facilitate observation and statistics, the obtained steel samples were cut to obtain metallographic samples of 10 mm × 10 mm × 10 mm. After grinding and polishing, scanning electron microscopy (FEI, Hillsboro, OR, USA) and energy dispersive spectrometry (FEI, Hillsboro, OR, USA) were used for scanning statistics under fixed magnification, and the types and chemical components of inclusions obtained were analyzed.





3. Results


3.1. Characterization of Inclusions


By scanning the surface of each sample, it was found that the main inclusions in the steel were MgO-Al2O3 inclusions with irregular shapes in the early stage of LF smelting, as shown in Figure 2a. The mass fraction of each component of the inclusions is marked in the figure, and the mass fraction of MgO was lower than that of Al2O3. The elemental mapping of typical MgO-Al2O3 inclusions is shown in Figure 3a. Mg, Al, and O elements were evenly distributed in the inclusions. In the middle stage of LF smelting, the main types of inclusions remained unchanged and were still MgO-Al2O3 inclusions, but CaO began to appear in some inclusions, as shown in Figure 2(b2). The elemental mapping of typical inclusions is shown in Figure 3b. The distribution of Mg and Al was relatively uniform, whereas Ca was unevenly distributed in the outer layer of inclusion. In this smelting stage, a small number of spherical inclusions with high CaO content also began to appear in the molten steel, as shown in Figure 2(b3). At the end of LF smelting, CaO generally appeared in inclusions, and the shape of CaO-MgO-Al2O3 inclusions containing a small amount of CaO was irregular, as shown in Figure 2(c1). With the further increase in CaO content in inclusions, the morphology of inclusions began to change from irregular shape to spherical inclusions with smooth external contour, as shown in Figure 2(c2). The elemental mapping of typical inclusions is shown in Figure 3c. In the outer layer of the inclusions, the Ca element further accumulated, whereas the Mg element disappeared, and the distribution of the Al element decreased slightly. In the center of inclusion, the distribution of Mg and Al was more concentrated, but the Ca element was not present. At the end of VD vacuum refining, the main type of inclusions in molten steel was CaO-MgO-Al2O3 inclusions with a spherical shape, and the content of MgO in the inclusions decreased obviously, as shown in Figure 2d. The elemental mapping of typical CaO-MgO-Al2O3 inclusions is shown in Figure 3d. It can be seen that the distribution of Ca and Al elements in the inclusion is uniform. After 10 and 20 min of VD soft blowing, the main types of inclusions were the same as those at the end of the VD vacuum. The main inclusions were CaO-MgO-Al2O3 inclusions containing a small amount of MgO, as shown in Figure 2. The elemental mapping of typical CaO-MgO-Al2O3 inclusions is shown in Figure 3e,f. It can be seen that the distribution of Ca and Al elements in the inclusions was uniform, but the distribution of Mg elements was uniform or a with small amount of aggregation.




3.2. Composition Distribution of Inclusions


The inclusion compositions observed at each stage were marked in the CaO-MgO-Al2O3 ternary phase diagram, as shown in Figure 4. The ternary phase diagram of CaO-MgO-Al2O3 at 1600 °C was calculated by FactSage8.0 thermodynamics software (version 8.0, CRCT, Montreal, Canada), and the red line area denotes the pure liquid oxide area. Aluminum blocks were used for deoxidation in the smelting process, and Al2O3 inclusions would be rapidly formed in the molten steel. However, at the initial stage of LF refining, the main type of inclusions in liquid the steel was MgO-Al2O3 inclusions. With the development of LF refining, a new component, CaO, began to appear in the MgO-Al2O3 inclusions. Many studies have found that the impure alloys [32] and the reaction between slag and steel [33,34] transfer [Ca] to the steel, resulting in the appearance of CaO elements in the inclusions of the non-calcium-treated LF stage. As can be seen from Figure 4, the composition of the inclusions approached the liquid oxide region as the smelting proceeded, and the morphology of the inclusions also changed from irregular to a spherical shape. After the end of the VD vacuum treatment, MgO-Al2O3 inclusions in liquid steel were mostly transformed into spherical liquid low-melting-point CaO-MgO-Al2O3 inclusions, which were principally in the pure liquid oxide region. After soft blowing, the main type of inclusions remained unchanged.




3.3. Quantity Distribution of Inclusions


It can be seen from Figure 4 that the inclusions are mainly divided into three types: MgO-Al2O3 inclusions without CaO, CaO-MgO-Al2O3 inclusions in the solid–liquid two-phase region, and CaO-MgO-Al2O3 inclusions in the pure liquid phase region. The content of CaO in the CaO-MgO-Al2O3 inclusions in the solid–liquid two-phase region ranged from 0 to 30%. The number of inclusions of different types in the samples was further analyzed, as shown in Figure 5. In this paper, all inclusions larger than 3 μm on the surface of each sample were counted, so the total number of inclusions in each sample was different. In samples 1~3, the main type of inclusions was MgO-Al2O3 inclusions, but four CaO-containing inclusions were found in sample 1, and the CaO content was less than 30%. The number of inclusions in sample 2 increased to 10 and included two liquid CaO-MgO-Al2O3 inclusions. In sample 3, the number of liquid CaO-MgO-Al2O3 inclusions increased to 7, whereas the number of MgO-Al2O3 inclusions decreased slightly. In samples 4–6, the main inclusions changed into liquid CaO-MgO-Al2O3 inclusions. In sample 4, the number of MgO-Al2O3 inclusions decreased to 1. The number of CaO-MgO-Al2O3 inclusions containing less than 30% CaO also decreased significantly. The number of liquid CaO-MgO-Al2O3 inclusions increased significantly to 17. As for samples 5 and 6, the number of liquid CaO-MgO-Al2O3 inclusions was basically unchanged, at 17 and 15, respectively, whereas the number of other types of inclusions was very small, and no MgO-Al2O3 inclusions were found in sample 6.





4. Discussion


4.1. Thermodynamic Analysis of [Mg] Sources in Molten Steel


After the reaction of [Al] with refractory and slag in steel, the refractory and slag will transfer [Mg] to the steel, which is the fundamental cause of the formation of MgO-Al2O3 inclusions in this experiment. During the smelting process, the reactions between liquid steel and refractory, liquid steel, and slag are as follows [10]:


   3 MgO     ( s )     in   refractory    + 2 [ Al ] =   (   Al  2   O 3  )    in   slag    + 3 [ Mg ]  



(1)






     3 ( MgO )     in   slag    + 2 [ Al ] =   (   Al  2   O 3  )    in   slag    + 3 [ Mg ]  



(2)







The reaction between steel and slag and refractory erosion in 42CrMo4 steel was theoretically calculated by using FactSage8.0 thermodynamic software. The actual composition of liquid steel detected in Table 1 was adopted. In order to simplify the calculation, the following model assumptions were used: (1) the reaction between molten steel and slag reached equilibrium; (2) the reaction between liquid steel and refractory was balanced; (3) the temperature was constant at 1600 °C; (4) the erosion of refractory by slag was not considered. The mass fraction ratio of molten steel to slag and molten steel to refractory was 100:1 during calculation. The calculation results are shown in Figure 6. To increase the number of samples and thus improve the accuracy of the model, we conducted five experiments under the same conditions, and full-process sampling was performed for each experiment. A~E are the five experiments conducted, and 1~4 are the sampling numbers for LF refining in the early stage, LF refining in the middle stage, LF refining at the end, and VD vacuum at the end for each experiment. It can be seen that both slag and refractory transferred [Mg] to liquid steel. In the LF refining process, the transfer of [Mg] from refractory to molten steel was more than slag, which played a major role. With the progress of smelting, the content of [Mg] transferred by refractory gradually decreased, which was related to the decrease in [Al] content in molten steel. The decrease in [Al] content reduced the corrosion ability of liquid steel to refractory. The transfer of [Mg] content from slag to molten steel gradually increased to a stable level. In the VD refining process, molten steel and slag were fully stirred. Slag-transferred [Mg] content to molten steel was higher than that transferred by refractory, which played a major role.



In order to verify the accuracy of the thermodynamic calculation, error analysis was conducted on the calculation results of the five furnace experiments, as shown in Figure 7. Mg is a trace element, and Kang [35] pointed out that there is 0.0001–0.0002% error in the determination of Mg content by the ICP method. The result of thermodynamic calculation is compared with the result of experimental detection, and the fluctuation of the value is not more than 0.00015%. Therefore, the thermodynamic calculation results can reflect the content of [Mg] in molten steel well.




4.2. Formation Mechanism of CaO-MgO-Al2O3 Inclusions


After slag and refractories transferred [Mg] into liquid steel, MgO-Al2O3 inclusions were rapidly generated in liquid steel, so a large number of such inclusions were observed in the early stage of LF refining. The Mg-Al-O equilibrium phase diagram of 42CrMo4 steel at 1600 °C was calculated by FactSage8.0 software, as shown in Figure 8. The dotted line shows the dissolved oxygen contents in molten steel. Figure 9a contains four areas: the upper part is the MgO inclusion generation area, the middle part is the MgO-Al2O3 inclusion generation area, the lower part is the Al2O3 inclusion generation area, and the lower-left corner is the liquid steel area. It can be seen that the formation area of MgO-Al2O3 inclusions is the largest. A small amount of [Mg] contents in liquid steel could form MgO-Al2O3 inclusions. Figure 8b,c shows the effect of adding 1 ppm and 3 ppm [Ca] to liquid steel on inclusions, respectively. There are four areas: the upper part is the MgO inclusion generation area, the middle part is the MgO-Al2O3 inclusion generation area, the lower part is the CaO-MgO-Al2O3 liquid oxide generation area, and the lower-left corner is the liquid steel area.



The composition of liquid steel in LF and VD is marked in Figure 8. Without [Ca], as shown in Figure 8a, the composition points are all located in the formation area of MgO-Al2O3 inclusions, indicating that a large number of MgO-Al2O3 inclusions were formed in the molten steel under this smelting condition. When 1 ppm [Ca] existed in the liquid steel, as shown in Figure 8b, the composition points were still all located in the area of MgO-Al2O3 inclusions. However, the Al2O3 inclusion formation region disappeared. The CaO-MgO-Al2O3 liquid oxide formation region appeared. The MgO-Al2O3 inclusion region became smaller. It can be found that 1 ppm [Ca] was not enough to convert inclusions in 42CrMo4 steel to CaO-MgO-Al2O3 liquid oxide. When 3 ppm [Ca] existed in the liquid steel, as shown in Figure 8c, the MgO-Al2O3 inclusion formation area in the phase diagram almost disappeared and only occurred when the dissolved oxygen in the liquid steel was high. The formation area of CaO-MgO-Al2O3 liquid oxide in the phase diagram was further expanded. The composition points of liquid steel are all located in this region, indicating that CaO-MgO-Al2O3 liquid oxide was stably generated in 42CrMo4 steel when there was 3 ppm [Ca] in liquid steel. It can be found that increasing different calcium content in molten steel had no effect on the MgO inclusion formation region, but increasing only 1 ppm calcium significantly affected the MgO-Al2O3 inclusion and Al2O3 inclusion formation area. Thus, a slight increase in calcium could change the type of inclusions in molten steel.



According to the observed inclusions distribution, MgO-Al2O3 inclusions gradually changed to CaO-MgO-Al2O3 inclusions from LF to VD. The CaO content in the inclusions increased gradually until the end of VD soft blowing, and most of the inclusions were in the liquid oxide region. The calcium and aluminum in the liquid steel fluctuated greatly according to the composition of the liquid steel detected. Therefore, in order to explore the effect of calcium content on inclusion transformation in liquid steel, FactSage8.0 software was used to calculate the effect of calcium content on inclusions in liquid steel under different aluminum content conditions, as shown in Figure 9. The calculation range of calcium content was 0~0.004%; Mg content was 0.0006%; the total oxygen content was 0.003%. It can be seen from Figure 9a that with the increase in calcium content, the content of MgO-Al2O3 inclusions in molten steel gradually decreased, and CaO-2MgO-8Al2O3 and CaO-2Al2O3 inclusions began to appear. The content of CaO-2MgO-8Al2O3 inclusions began to decrease when the calcium content increased to 2 ppm, whereas the content of CaO-2Al2O3 inclusions continued to increase. When the calcium content increased to 5 ppm, the content of CaO-2Al2O3 inclusions began to decrease and liquid oxides began to appear. When the calcium content reached 16ppm, the MgO-Al2O3 inclusions disappeared completely and only liquid low-melting-point oxides remained in the molten steel. The transition route of inclusions was: MgO-Al2O3 → CaO-2MgO-8Al2O3 → CaO-2MgO-8Al2O3 + CaO-2Al2O3 → Liquid CaO-MgO-Al2O3. The content of CaO in inclusions increased gradually. The inclusions in Figure 9b–d had the same transition route as Figure 9a, except that the quality of inclusions generated under different aluminum contents was different.




4.3. Removal Mechanism of Inclusions


According to the observation and analysis of inclusions in 42CrMo4 steel, it was shown that low-melting-point CaO-MgO-Al2O3 inclusions became the main inclusions in liquid steel after LF, VD, and soft blowing. Soft blowing treatment could not effectively promote the removal of such inclusions. The solid MgO-Al2O3 inclusions disappeared after refining, indicating that the removal effects of different types of inclusions in molten steel were different. The removal process of inclusions was divided into three steps: polymerization growth, floating, and separation at the interface between steel and slag. The third step determines whether the inclusion could be removed from the liquid steel [26]. This section discusses the displacement, velocity, and force variation of different inclusions at the interface between steel and slag.



Based on the Strandh model [28,29], the force analysis diagram of inclusions at the interface between steel and slag is shown in Figure 10. Inclusion in the interface between steel and slag sported by the four forces worked together: the buoyancy force Fb, the drag force Fd, the added mass force Ff, and the rebound force Fr. Inclusions of movement followed Newton’s second law:


   F a  = m a =  F b  +  F r  +  F d  +  F f  =  4 3  π  R I    3   ρ I     d 2  Z   d  t 2     



(3)







The size of the buoyancy force, the drag force, the added mass force, and the rebound force could be calculated according to Equations (4)–(7):


   F r  = 2 π R  σ  MS    (   Z   R I    − 1 −    σ  IM   −  σ  IS      σ  MS      )   



(4)






   F d  = 4 π  R I    2   μ S  A ⋅  (   (     μ M     μ S    − 1  )     Z 2     R I    2    − 2  (     μ M     μ S    − 1  )   Z   R I    +    μ M     μ S     )    d Z   d t    



(5)






   F f  =  2 3  π  R I 3   ρ S   (   1 4   (     ρ M     ρ S    − 1  )     Z 3     R I    3    −  3 4   (     ρ M     ρ S    − 1  )     Z 2     R I    2    +    ρ M     ρ S     )     d 2  Z   d  t 2     



(6)






   F b  =  4 3  π  R I 3  g  (   (   1 4   (     ρ M     ρ S    − 1  )     Z 3     R I    3    −  3 4   (     ρ M     ρ S    − 1  )     Z 2     R I    2    +    ρ M     ρ S     )   ρ S  −  ρ I   )   



(7)




where R is the radius of inclusion, σMS is the interfacial tension between molten steel and slag, σIM is the interfacial tension between inclusions and liquid steel, σIS is the interfacial tension between inclusions and slag, μM is the viscosity of liquid steel, μS is the viscosity of slag, ρM is the density of liquid steel, ρS is the slag density, ρI is the density of inclusions, Z is the displacement of inclusions at the interface between steel and slag, and t is time. In this model, it was assumed that the initial position of the inclusions was below the interface. When the displacement value reached twice the radius of the inclusions, it was considered that the inclusions broke away from the interface and completely entered the slag.



According to Newton’s second law, a second-order differential equation could be obtained by simultaneous operation of Equations (3)–(6), as shown in Equation (8). The change in inclusion displacement with time could be obtained by solving the equation.


       d 2  Z   d  t 2      =   2  (   ρ S   (   1 4   (     ρ M     ρ S    − 1  )     Z 3     R I    3    −  3 4   (     ρ M     ρ S    − 1  )     Z 2     R I    2    +    ρ M     ρ S     )  −  ρ I   )  g    (   ρ S   (   1 4   (     ρ M     ρ S    − 1  )     Z 3     R I    3    −  3 4   (     ρ M     ρ S    − 1  )     Z 2     R I    2    +    ρ M     ρ S     )  + 2  ρ I   )         −   3  σ  MS    (   Z   R I    − 1 −    σ  IM   −  σ  IS      σ  MS      )     R I 2   (   ρ s   (   1 4   (     ρ M     ρ S    − 1  )     Z 3     R I    3    −  3 4   (     ρ M     ρ S    − 1  )     Z 2     R I    2    +    ρ M     ρ S     )  + 2  ρ I   )         − 6 A  μ S     R I 2   (   ρ S   (   1 4   (     ρ M     ρ S    − 1  )     Z 3     R I    3    −  3 4   (     ρ M     ρ S    − 1  )     Z 2     R I    2    +    ρ M     ρ S     )  + 2  ρ l   )         ×  (   (     μ M     μ S    − 1  )     Z 2     R I    2    − 2  (     μ M     μ S    − 1  )   Z   R I    +    μ M     μ S     )    d Z   d t      



(8)







The low-melting-point CaO-MgO-Al2O3 inclusions detected in the smelting process were substituted into Equation (7) for solution, as shown in Figure 11. It can be seen that the displacement of the low-melting-point CaO-MgO-Al2O3 inclusions generated in the smelting process at the interface between steel and slag was less than 2R. This kind of inclusion could not be removed from the molten steel, but oscillated at the interface between steel and slag, and finally stayed there. In actual production, the inclusions were likely to return to the molten steel due to the fluctuation of the interface.



Since a large number of MgO-Al2O3 inclusions were observed in the LF refining process, the removal process of such inclusions at the interface was calculated, as shown in Figure 12. The displacement changes of MgO-Al2O3 inclusion and low-melting-point CaO-MgO-Al2O3 inclusion at the interface were compared under the same radius (15 μm), molten steel and slag conditions. The values of interfacial tension, density, and viscosity data required for the calculations were calculated according to the study by Xuan et al. [27], as shown in Table 3. The displacement of the MgO-Al2O3 inclusion reached 2R at 5.04 × 10−6 s, whereupon it could completely separate from the molten steel and entered the slag. The displacement of the low-melting-point CaO-MgO-Al2O3 inclusion was obviously smaller than that of the MgO-Al2O3 inclusion at the same time, and reached the maximum displacement at 1.2 × 10−5 s. However, at this time, the inclusion could not completely break away from the molten steel. Then, the displacement decreased, and the inclusion oscillated at the interface until it stayed at the interface. Finally, the displacement of the inclusion was 1.57 R. The MgO-Al2O3 inclusion separated from the liquid steel and entered the slag phase faster than the low-melting-point CaO-MgO-Al2O3 inclusions. Therefore, the low-melting-point CaO-MgO-Al2O3 inclusion was not easily removed from liquid steel, which was also the reason why a large number of such inclusions were still seen after VD.



The velocity and resultant force changes of the low-melting-point CaO-MgO-Al2O3 inclusion in Figure 12 were further calculated and analyzed, as shown in Figure 13. It can be seen that the inclusion velocity decreased to 0 at 1.2 × 10−5 s, when the inclusion had the maximum displacement. As the resultant force on the inclusion was the resistance to inclusion removal, the value is −4 × 10−5 N. Under the action of the resultant force, the inclusion began to change from moving out of liquid steel to moving into liquid steel. Then, it oscillated until the velocity and resultant force changed to zero and stayed at the interface.



Under the same conditions of steel and slag, the low-melting-point CaO-MgO-Al2O3 inclusions and MgO-Al2O3 inclusions exhibited completely different movement behaviors at the interface of steel and slag, which was related to their interfacial tension [26]. Therefore, the interfacial tension of the two inclusions was calculated, as shown in Figure 14. The low-melting-point CaO-MgO-Al2O3 inclusions in the liquid oxide region had similar physical properties, so the mean value was used to represent them. It can be seen that the interfacial tension between low-melting-point CaO-MgO-Al2O3 inclusions and slag was slightly smaller than that between MgO-Al2O3 inclusions and slag under the same conditions. However, the interfacial tension between low-melting-point CaO-MgO-Al2O3 inclusions and molten steel was much less than that between MgO-Al2O3 inclusions and molten steel, which was less than 50% of the former. The large difference in the interfacial tension of the two inclusions resulted in different movement behaviors at the interface between steel and slag, which was the reason why the low-melting-point inclusions could not be removed from molten steel and became the main type of inclusions in molten steel.



According to the above calculation and analysis, the inclusion generation and removal mechanism in 42CrMo4 steel could be summarized as the following process, as shown in Figure 15. In the EAF, aluminum blocks were used for deoxidation, and Al2O3 inclusions were formed in the molten steel. In the LF, [Mg] was transferred to the molten steel by [Al] reducing refractory and slag, and MgO-Al2O3 inclusions began to appear in the molten steel. With the transfer of [Ca] from slag to molten steel, the MgO-Al2O3 inclusions were transformed into CaO-MgO-Al2O3 inclusions. In the VD, the content of [Ca] in molten steel continued to increase, and then the content of CaO in CaO-MgO-Al2O3 inclusions increased, which was transformed into low-melting-point CaO-MgO-Al2O3 inclusions. A fraction of the MgO-Al2O3 inclusions was removed from the molten steel during smelting. The unremoved inclusions were converted into CaO-MgO-Al2O3 inclusions. Because of the low interfacial tension between the low-melting-point CaO-MgO-Al2O3 inclusions and the liquid steel, such inclusions were not removed but remained at the interface. The interface between steel and slag fluctuated constantly during smelting. Therefore, the low-melting-point CaO-MgO-Al2O3 inclusions had the risk of being involved in liquid steel, which would pollute the liquid steel.





5. Conclusions


In order to investigate the formation and removal mechanism of oxide inclusion in 42CrMo4 steel, molten steel specimens were taken at different stages in industrial trials. According to the analysis of inclusions in samples, combined with thermodynamic and kinetic calculation, the following conclusions were obtained:



	
The MgO-Al2O3 inclusions were the main inclusions generated in aluminum-deoxidized liquid steel in the LF. With the progress of smelting, CaO components began to appear in MgO-Al2O3 inclusions. After VD, the main type of inclusions was CaO- MgO-Al2O3 inclusions, and the proportion of CaO components in inclusions increased significantly. Combined with the phase diagram, it was found that all the inclusions were located in the liquid phase area and belonged to low-melting-point CaO-MgO-Al2O3 inclusions.



	
The existence of [Mg] in molten steel was the fundamental reason for the formation of MgO-Al2O3 inclusions. The thermodynamic calculation of the [Mg] transfer capacity of slag and refractory to liquid steel indicated that [Mg] in liquid steel at LF was mainly provided by refractory, whereas [Mg] in liquid steel at VD was mainly provided by slag.



	
Thermodynamic calculation indicated that the mass fraction of [Ca] in molten steel increased to 3 × 10−4%, and the dominant area of liquid oxide in the Mg-Al-O phase diagram would be significantly expanded, which made a large number of CaO-MgO-Al2O3 inclusions form in liquid steel. During this period, the theoretical transition route of MgO-Al2O3 inclusions was as follows: MgO-Al2O3 → CaO-2MgO-8Al2O3 → CaO-2MgO-8Al2O3 + CaO-2Al2O3 → Liquid CaO-MgO-Al2O3, and the content of CaO in the inclusions increased gradually.



	
Kinetic calculation indicates that MgO-Al2O3 inclusions with a radius of 15 μm can be removed at 5.04 × 10−6 s under the same steel and slag conditions, whereas the low-melting-point CaO-MgO-Al2O3 inclusions with a radius of 15 μm oscillate at the interface of steel and slag, and finally stay at the interface, which is in accordance with the characteristics of inclusions in industrial trials. The low interfacial tension between the low-melting-point CaO-MgO-Al2O3 inclusions and the liquid steel is only 1.34 N·m−1, but the interfacial tension of MgO-Al2O3 inclusions is 3.13 N·m−1, which causes the low-melting-point CaO-MgO-Al2O3 inclusions not to be removed.
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Nomenclature




	Fa
	The combined force on the inclusions (N)



	Fb
	The buoyancy force (N)



	Fd
	The drag force (N)



	Ff
	The added mass force (N)



	Fr
	The rebound force (N)



	RI
	The radius of inclusions (μm)



	σMS
	The interfacial tension between molten steel and slag (N/m)



	σIM
	The interfacial tension between inclusions and liquid steel (N/m)



	σIS
	The interfacial tension between inclusions and slag (N/m)



	μM
	The viscosity of liquid steel (Pa•s)



	μS
	The viscosity of slag (Pa•s)



	ρM
	The density of liquid steel (kg/m3)



	ρS
	The slag density (kg/m3)



	ρI
	The density of inclusions (kg/m3)



	Z
	The displacement of inclusions at the interface between steel and slag (μm)



	t
	The time (s)
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Figure 1. Schematic illustration of smelting process and sampling locations. 
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Figure 2. Morphology and composition of typical inclusions encountered in samples: (a1) a MgO-Al2O3 inclusion in sample 1; (a2) a MgO-Al2O3 inclusion in sample 1; (a3) a MgO-Al2O3 inclusion in sample 1; (b1) a MgO-Al2O3 inclusion in sample 2; (b2) a CaO-MgO-Al2O3 inclusion in sample 2; (b3) a CaO-MgO-Al2O3 inclusion in sample 2; (c1) a CaO-MgO-Al2O3 inclusion in sample 3; (c2) a CaO-MgO-Al2O3 inclusion in sample 3; (c3) a CaO-MgO-Al2O3 inclusion in sample 3; (d1) a CaO-MgO-Al2O3 inclusion in sample 4; (d2) a CaO-MgO-Al2O3 inclusion in sample 4; (d3) a CaO-MgO-Al2O3 inclusion in sample 4; (e1) a CaO-MgO-Al2O3 inclusion in sample 5; (e2) a CaO-MgO-Al2O3 inclusion in sample 5; (e3) a CaO-MgO-Al2O3 inclusion in sample 5; (f1) a CaO-MgO-Al2O3 inclusion in sample 6; (f2) a CaO-MgO-Al2O3 inclusion in sample 6; (f3) a CaO-MgO-Al2O3 inclusion in sample 6. 
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Figure 3. Elemental mapping of typical inclusions in samples: (a) a typical MgO-Al2O3 inclusion in sample 1; (b) a typical MgO-Al2O3 inclusion in sample 2; (c) a typical CaO-MgO-Al2O3 inclusion in sample 3; (d) a typical CaO-MgO-Al2O3 inclusion in sample 4; (e) a typical CaO-MgO-Al2O3 inclusion in sample 5; (f) a typical CaO-MgO-Al2O3 inclusion in sample 6. 
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Figure 4. Composition distributions (mass fraction) of inclusions in CaO-MgO-Al2O3 phase diagrams. (L: Liquid Oxide; CA2: CaO-2Al2O3; CM2A8: CaO-2MgO-8Al2O3; CM2A14: CaO-2MgO-14Al2O3; CA6: CaO-6Al2O3; Spinel:MgO-Al2O3). 
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Figure 5. Number of inclusions of different types in all samples. 
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Figure 6. The content of magnesium provided by slag and refractory to molten steel at 1600 °C. 
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Figure 7. Error analysis of calculation results of five furnaces. 
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Figure 8. Effect of different calcium content on MgO-Al2O3 inclusions: (a) no calcium; (b) 1 ppm [Ca]; (c) 3 ppm [Ca] (C: 0.4%-Cr: 0.98%-Mo: 0.16%). 
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Figure 9. Effect of calcium content on inclusions in smelting process at 1600 °C: (a) Al: 0.036%; (b) Al: 0.024%; (c) Al: 0.02%; (d) Al: 0.008%; C: 0.4%; Cr: 0.98%; Mo: 0.16%; Mg: 0.0006%; O: 0.003%; Spinel: MgO-Al2O3; CM2A8: CaO-2MgO-8Al2O3; CA2: CaO-2Al2O3; C2S: CaO-2SiO2. 
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Figure 10. The force analysis diagram of inclusions. 
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Figure 11. Displacement variation of low-melting-point CaO-MgO-Al2O3 inclusions at the interface between steel and slag. 
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Figure 12. The displacement of different inclusions at the interface between steel and slag. 
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Figure 13. The velocity and resultant force changes of the low-melting-point CaO-MgO-Al2O3 inclusions. 
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Figure 14. Comparison of interfacial tension between low-melting-point CaO-MgO-Al2O3 inclusions and MgO-Al2O3 inclusions. 
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Figure 15. Schematic of inclusion formation and removal mechanism. 
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Table 1. Chemical compositions of 42CrMo4 steel (mass percent).
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	Sample No.
	C
	Si
	Mn
	S
	Cr
	Mo
	Al
	Ca
	Mg
	T.O





	1
	0.280
	0.158
	0.618
	0.0040
	0.879
	0.132
	0.036
	0.0015
	0.0006
	0.0024



	2
	0.403
	0.204
	0.678
	0.0022
	0.985
	0.156
	0.024
	0.0009
	0.0006
	0.0029



	3
	0.408
	0.213
	0.677
	0.0019
	0.982
	0.155
	0.019
	0.0014
	0.0007
	0.0036



	4
	0.418
	0.208
	0.670
	0.0018
	0.986
	0.154
	0.008
	0.0017
	0.0006
	0.0027



	5
	0.415
	0.209
	0.675
	0.0017
	0.986
	0.156
	0.021
	0.0019
	0.0005
	0.0023



	6
	0.404
	0.208
	0.672
	0.0017
	0.978
	0.155
	0.021
	0.0010
	0.0005
	0.0014
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Table 2. Chemical compositions of slag (mass percent).
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	Sample No.
	CaO
	SiO2
	Al2O3
	MgO





	1
	58.6
	8.57
	24.2
	5.33



	2
	56.4
	7.92
	26.5
	5.87



	3
	55.4
	8.26
	27.2
	5.93



	4
	54.2
	8.7
	28.2
	6.31
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Table 3. Calculated values of inclusion radius, interfacial tension, density, and viscosity.
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	Inclusion Type
	RI

(μm)
	σMS

(N/m)
	σIM

(N/m)
	σIS

(N/m)
	μM

(Pa•s)
	μS

(Pa•s)
	ρM

(kg/m3)
	ρS

(kg/m3)
	ρI

(kg/m3)





	Liquid CaO-MgO-Al2O3
	15
	1.36
	1.34
	0.57
	0.0049
	0.089
	7001.65
	2809.42
	3055.52



	Solid MgO-Al2O3
	15
	1.36
	3.13
	0.82
	0.0049
	0.089
	7001.65
	2809.42
	3550 [36]
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