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Abstract

:

This study attempted to estimate the maximum size of inclusions in the ultra-low carbon Bake Hardening (BH) steels of automobile exposed panel. The Probable Maximum Sizes (PMS) of inclusions at the different steelmaking stages for BH steel with different sulfur contents were predicted by two methods of Statistics of Extreme Values (SEV) and Particle Size Distribution (PSD). The S content does not show a relationship with the PMS prediction of inclusions in the molten steel in which Al2O3 is the main inclusion, while the higher content of S leads to a larger PMS value in the slab, due to more number of large-sized Al2O3-MnS inclusions formed during solidification. The PMS value in the slab is greater than that in the molten steel for BH steel. Thus, the PMS of inclusions in the slab cannot be estimated from the molten steel samples. The SEV can be used to predict well the PMS values at different steelmaking stages for BH steels. However, the PSD of exponential function cannot predict well the PMS value in the slab for BH steel when considering all kinds of inclusions due to the large influence of small-sized MnS with high number density on the PSD of exponential function. When only considering Al2O3-MnS inclusions, the PSD of exponential function can make a reasonable PMS prediction in the slab, because the size distribution of Al2O3-MnS with large size can follow the exponential function.
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1. Introduction


The requirements on the surface quality of automobile exposed panel become stricter with the increasing demands of advanced automotive users. It is well known that large-sized inclusions are the key factors affecting the surface quality of steel products, especially for the ultra-low carbon steel of automobile exposed panel [1,2,3,4,5]. The quantitative characterization on the composition, size, quantity and distribution of large-sized inclusions in steel is necessary to control the surface defect. However, the large-sized inclusions with relatively low incidence are difficult to be detected by conventional analysis ways. If a method can be used to estimate the maximum size of inclusions in the steel, it will be of great significance to evaluate the property and quality of the steel for automobile exposed panel.



The Statistics of Extreme Values (SEV) is an effective method to predict the Probable Maximum Size (PMS) of inclusions in the steel, which was developed and standardized by Murakami and co-workers [6,7,8]. A series of randomly chosen areas with the same size are observed on a polished cross-section and the maximum inclusion in each area is identified and measured. A Gumbel distribution function is then used to predict the maximum size in a much larger area. Scholars have applied this method to several kinds of steels, mainly for Cr-containing high-strength steel [9,10,11], clean steel [12,13,14], stainless steel, [15,16] etc. Kanbe et al. [15,16,17,18] studied the inclusion distributions and predicted the PMS by Extreme Value Distribution (EVD) for Fe-10 mass% Ni alloy as well as analyzing the application of EVD in the molten steel, slab, and hot-rolled sheet for AISI304 Stainless Steel. They stated that the regression lines and PMS of inclusions determined by EVD in the molten steel, slab, and hot-rolled sheet are consistent. For improving the accuracy of the SEV prediction, several studies were carried out [19,20,21,22,23]. Beretta et al. [22] clarified that the Maximum Likelihood (ML) method is a reliable method to determine the accurate regression line from EVD. It was also proposed that the correlation coefficient of the regression line increases with an appropriate increase in the number of observed areas [16,23]. Besides, Zhang et al. [11] suggested that prediction accuracy can be improved by the combination of SEV and other statistical methods.



The PMS of inclusions in the steel can be also estimated by applying the Particle Size Distribution (PSD) of inclusions. Varieties of arithmetical functions (Mono-Dispersed, Exponential, Power-Low, Rayleigh, Log-Normal, and Pseudo-Normal, etc.) for inclusions have been used to approximate the PSD, which can be described arithmetically as probability distribution functions [24,25,26,27]. When the size distribution of inclusions is properly plotted by hypothesis, meaningful information can be obtained to estimate the largest size of inclusions [27,28]. Peaks Over Threshold (POT) method [29,30] makes it possible to predict the PMS by applying PSD with an appropriate inclusion size as the threshold for analysis. Kanbe et al. [15] compared the PMS of inclusions in AISI304 stainless steels with low (17 mass ppm) and high (28 mass ppm) oxygen contents by two methods of SEV and PSD. It showed that the PMS determined by SEV agrees with that by PSD in the steel with higher oxygen content.



The previous researches on inclusions in the ultra-low carbon steel of automobile exposed panel are mainly for Interstitial-Free (IF) steel, which mainly contains Al2O3, TiOx, and their complex inclusions [1,31,32,33]. There is little research on inclusions for ultra-low carbon Bake Hardening (BH) steel. It is a kind of automobile exposed panel steel with Mn (about 0.650%), P (about 0.035%), and S (0.010–0.015%) contents, which are much higher than those of conventional ultra-low carbon IF steel. Besides, the PMS of inclusions predicted by SEV and PSD for ultra-low carbon BH steel grade have not been studied, yet.



Therefore, the aim of this study was to predict the PMS of inclusions in RH, tundish and slab by both SEV and PSD methods for ultra-low carbon BH steels of automobile exposed panel and investigate the effect of sulfur content on the PMS of inclusions estimated at the different steelmaking stages. The PMS of inclusions in the molten steel and the slab was discussed and compared based on the analysis of inclusions on the type, size, quantity, and three-dimensional morphology in comparison with those in the conventional IF steels. The difference in PMS values of inclusions determined by SEV and PSD methods as well as the reasons was also clarified, and the optimized prediction method for the PMS values of inclusions was discussed for the ultra-low carbon BH steel.




2. Sampling and Statistical Analysis Methods


2.1. Production Operations and Sampling Methodology


Two ultra-low carbon BH steels of automobile exposed panel with the different S contents of 103 ppm (Steel A) and 150 ppm (Steel B) were selected. The contents of other elements for the two steels are similar except for S. The chemical compositions are presented in Table 1. The production process is the same for the two steels, which includes Kanbara Reactor (KR) desulphurization, Basic Oxygen Steelmaking (BOF), Ruhstahl Hausen (RH) degassing, and then Continuous Casting (CC).



The investigated samples of the two steels include the molten steel samples for inclusion analysis taken from RH ending, tundish inlet and outlet by vacuum suction with the molten steel sampler (ϕ 34 mm × 13 mm), as well as the slab samples with the size of ϕ 35 mm × 10 mm taken from the position of 2–4 cm near the inner surface in the thickness direction and 1/4 in the width direction of a slab. Besides, the molten steel samples were also obtained by vacuum suction with a cylindrical vessel, then the sampled cylindrical rods with a diameter of 5 mm were machined to measure total oxygen (T.O) content. All samples at the different steelmaking stages in Steels A or B were taken from the same heat, respectively.




2.2. Statistical Analysis Methods


The samples after grinding and polishing were analyzed automatically by Scanning Electron Microscope (SEM, VO 18, Carl Zeiss, Oberkochen, Germany)-Energy Dispersive Spectrometer (EDS, Oxford Instruments, Abingdon, UK) equipped with Inclusion Automatic Analysis Software (IAAS). The maximum inclusion in each unit area of samples was measured. The unit area (A0) and total observed area of each sample were 1 mm2 and 40 mm2, respectively.



For the SEV method, according to Murakami’s method [34], the largest values measured in 40 unit areas were ordered in the following increasing order, X1 ≤ Xi ≤ … ≤ Xn (1 ≤ i ≤ n), where Xi represents the largest inclusion size in the i-th unit area. The inclusion size is based on the maximum Feret’s diameter, which is obtained as the longest distance between any two points along the selection boundary. To obtain the EVD data, the reduced variate of each size value, yi, was determined by Equation (1) and plotted against a size parameter:


   y i   =  − ln  [  − ln  (   i   n + 1     )   ]   (   1    ≤    i    ≤    n   )   



(1)




where n is the number of investigated unit areas on the surface of each sample.



The definition of y in Equation (1) is based on the distribution function given by Gumbel [35] as shown in Equation (2):


  G  ( z )   = exp   (  − exp  (  −   z − λ  α   )   )   



(2)




where G(z) is the probability that the size of the largest inclusion is not larger than z. λ and α are the scale and location parameters. If the reduced variate, y:


   y =    z − λ  α   



(3)




is introduced, then from Equation (2), its distribution function is:


   y =  − ln  (  − ln  (  G  ( z )   )   )   



(4)







Besides, the cumulative probability of inclusion size can be simply calculated by:


  G  ( z )   =   i   n + 1     



(5)




According to Equations (2)–(5), the y in Equation (1) can be obtained.



The regression line of EVD data was calculated as a linear function with the ML method, according to the ASTM E2283-03 standard [36]. Then, the obtained regression line was extrapolated to determine the PMS of inclusions in a reference area, Aref. The Aref was decided to be 1000 mm2 in the present study, which is 1000 times larger than A0. The y value for the Aref can be determined from the following Equations [34]:


   y i   =  −  ln [  −  ln (    T − 1  T   ) ]   



(6)






   T =     A  r e f      A 0     



(7)




where T is the return period of the expected area (T = 1000 in this study). Accordingly, the PMS of inclusions in Aref can be predicted by introducing the y value for Aref of 1000 mm2 to the individual regression line of the EVD data.



For the PSD method, the specific distribution characteristic of inclusions with different sizes in the region of 40 mm2 was obtained by IAAS. All the inclusions with size larger than 0.2 μm were measured in this study. Each number density of inclusions, NA (mm−2), in the different size ranges of 0.2–1.0, 1.0–2.0 … 19.0–20.0 and > 20.0 μm was counted. These obtained data were plotted in the same figure to show their PSD by normalizing NA. Some studies [24,25,26,27] found that the PSD of inclusions follows arithmetical distribution functions, such as Exponential, Log-Normal, or Rayleigh distribution function. According to Kanbe et al.’s results [15,16,17,18], applying the exponential function was attempted to approximate the regression line of the PSD data in this study. The PMS in a larger area can be extrapolated from the obtained regression line according to Equation (8):


   N A     = a · e     − b · d     



(8)




where NA is the number density of inclusions on the sample surface (mm−2), a and b are the regression parameters determined by the PSD, and d is the maximum Feret’s diameter of inclusions (μm). The inclusion population probability of NA (d) is 0.001 mm−2 for PSD corresponding to the Aref with a value of 1000 mm2 for SEV.



The PMS values of inclusions in the molten steel of RH ending, tundish inlet and outlet, as well as in the slab were predicted by the SEV and PSD methods. The SEV and PSD data at the different steelmaking stages were compared and analyzed in detail.





3. Results and Discussion


3.1. Observation of Inclusions at Different Steelmaking Stages


The simulation of inclusions formation in liquid, solidified, and solid Steels A and B was carried out by FactSage7.3 based on the compositions of steels in Table 1, which were calculated according to Sheil-Gulliver cooling in Equilib module with Ftoxide (for oxides) and FSStel (for liquid steel) solution databases. The result is shown in Figure 1. The main inclusions in the investigated steels are Al2O3 and MnS. A small number of Al2O3 inclusions are firstly formed in the molten steel. Since the precipitation temperature of MnS is between the solidus and liquidus temperatures, MnS will precipitate during the solidification of the molten steel. The content of MnS in Steel B is higher than that in Steel A due to the higher S content in Steel B. The quantity of MnS precipitates is significantly more than that of Al2O3 inclusions because of the much higher S content than the O content in BH steel. Besides, the sulfur segregation especially towards the end of solidification also plays an important role in the higher MnS precipitates in BH steel.



Figure 2 indicates the T.O contents at the different steelmaking stages of two steels measured by an O, N, and H analyzer (ONH 836, Leco Instruments Hk Limited, St. Joseph, OR, USA). The T.O content from RH ending to slab is well controlled to reach a low level almost below 20 ppm for two steels. It can be therefore considered that the process from RH ending to slab is stably controlled.



The inclusions at the different steelmaking stages for two steels were observed. There are mainly three kinds of inclusions, such as Al2O3, MnS, and Al2O3-MnS because of the high Mn, S and Al contents as well as the high affinity of Mn for S and Al for O. Other inclusions commonly found in IF steels such as TiOx are rarely observed due to the low content of Ti in the present steels. The number densities of different inclusions at the different steelmaking stages for two steels were measured as denoted in Figure 3. Al2O3 inclusions are the dominated inclusions in the molten steel, while MnS in the slab. The sharp rise in the number density of MnS inclusions in the slab comes from the abundant precipitation of MnS inclusions during solidification. Part of MnS would precipitate on the surface of Al2O3 inclusions, forming Al2O3-MnS complex inclusions. There is no significant difference of inclusions in the molten steel between Steels A and B. Because of the higher S content in Steel B, the number densities of MnS and Al2O3-MnS in the slab for Steel B are larger than those for Steel A. The above results are identical with the results of thermodynamic calculation in Figure 1. A small number of MnS inclusions observed in RH and tundish may be formed in the quick solidification during sampling.



The inclusions in the slab for two steels were further analyzed. The proportion of different inclusions with the size smaller or larger than 2 μm and their average size,   d ˉ   (μm), are shown in Figure 4. There is only a small quantity of pure MnS precipitates with size larger than 2 μm in the slab. The   d ˉ   of Al2O3-MnS is the largest among all kinds of inclusions with the NA of Al2O3-MnS inclusions larger than that of Al2O3 inclusions for two steels, as exhibited in Figure 3. Thus, it can be deduced that Al2O3-MnS inclusions play an important role in estimating the PMS of inclusions in the slab.



The changes in NA and   d ˉ   of the total inclusions during the process from RH to slab for two steels are presented in Figure 5a,b. The NA decreases and   d ˉ   increases slightly from RH to tundish for two steels, but the trend from tundish to slab is the opposite. The obviously elevated NA and declined   d ˉ   of inclusions in the slab are attributed to the substantial quantity of small-sized MnS precipitates in the slab, as demonstrated in Figure 3 and Figure 4. Therefore, similar analyses on the inclusions without pure MnS for two steels were carried out. As shown in Figure 5c,d, the NA and   d ˉ   of inclusions descends and ascends significantly from RH to slab, respectively, when MnS is not taken into consideration.



The morphologies of inclusions at the different steelmaking stages were observed. There are globular or block Al2O3 inclusions in the molten steel of RH ending and aggregated Al2O3 inclusions in the tundish outlet, as presented in Figure 6. A certain number of dendritic or clustered Al2O3 and Al2O3-MnS inclusions in the slab can be found in the slab, which are indicated in Figure 7. With the precipitation of MnS on the surface of Al2O3, the   d ˉ   of inclusions is increased. Figure 7e,f shows the typical morphology of Al2O3-MnS inclusions as well as the map scanning results of element distribution. The MnS content on the surface of Al2O3 inclusions in Steel B is greater than that in Steel A due to the larger S content in Steel B.




3.2. SEV (Statistics of Extreme Values) of Inclusions from RH Ending to Slab for Two Steels


The EVD data and corresponding regression lines for RH ending, tundish, and slab of two steels are noted in Figure 8 and Table 2. In the molten steel, the maximum size of inclusions observed in each unit area varies from 1 to 10 μm. The EVD data and PMS values at the different steelmaking stages of the molten steel for two steels are similar, as given in Table 2.



The maximum size of inclusions in the slab observed in the unit area varies from 2 to 19 μm. The slopes of regression lines by SEV in the slabs for two steels are considerably smaller than those in the molten steel. The PMS values in the slabs with an area of 1000 mm2 for Steels A and B determined by SEV are 30.50 and 36.42 μm, respectively, as shown in Table 2, which are larger than those in the molten steel with the size smaller than 20 μm. It is apparently different from the result of Kanbe et al.’s [15,16], they considered that the regression lines and PMS values in the molten steel calculated from SEV well agree with those in the slab. This diversity between the two studies is owing to the difference between the AISI304 stainless steel they studied and the ultra-low carbon BH steel in the present work. Due to the high S and Mn contents in BH steel, the Al2O3-MnS complex inclusions with the largest average size among all kinds of inclusions are numerously formed during solidification by MnS precipitating on the surface of Al2O3, which makes an obvious increment of the PMS in the slab for BH steel. As the S content increases, the PMS in the slab increases. The difference between the PMS in the molten steel and the slab also increases. But it is not the case with AISI304 stainless steel. So the possible reason for the disparity between the PMS data in the molten steel and the slab for the present study is considered to be that the PMS of inclusions is decided by the different types of inclusions, such as Al2O3 for the molten steel and Al2O3-MnS for the slab. Liu et al. [20] also revealed that the difference in inclusion types results in the diverse slopes of the regression lines by EVD. Kanbe et al. [16,18] further proposed that regression lines by EVD for different kinds of inclusions are with diverse slopes due to the different growth mechanisms and rates of inclusions.




3.3. PSD (Particle Size Distribution) of Inclusions from RH Ending to Slab for Two Steels


The PSD of inclusions obtained experimentally at the different steelmaking stages for the two steels is illustrated in Figure 9. The obtained distribution shows a good continuity, especially for the different sizes of inclusions in the molten steel, which implies that each distribution in the whole size range of inclusions could be treated as a unified one. The highest population at the different steelmaking stages is obviously observed in the size range smaller than 2 μm. The NA shows a sequentially decreasing tendency with the increase of inclusion size.



The PSD of inclusions at the different steelmaking stages is plotted in a log-scale in Figure 10a,b, where the exponential regression lines are shown for Steels A and B, respectively. The parameters of a and b in Equation (8) as well as the PMS values determined by PSD are listed in Table 3. The wider distribution of inclusion sizes and the higher NA of relatively large-sized inclusions in the slab make the PMS in the slab greater than that in the molten steel. The distribution of inclusions in the molten steel almost shows a linear relationship. In the slab, however, the inclusions with the maximum Feret’s diameter smaller than 2 μm and larger than 14 μm deviate from the regression line of PSD as indicated by the red circles in Figure 10, which answers to the drop of the correlation coefficient, R, for the regression line of PSD in the slab noted in Table 3. Hence, it is indicated that the size distribution of inclusions for all data in the slab cannot strictly follow the hypothetical exponential relationship for PSD. In the previous studies, from the theoretical and numerical calculation on the PSD function, it was also known that the PSD can change with time during the steelmaking process [28,37,38]. The different PSD can be explained by the different growth mechanisms of inclusions, which are controlled by the physical collision or separation from the different interfacial energies of inclusions [28,37].




3.4. Comparison of the PMS (Probable Maximum Size) Values Determined by SEV and PSD Methods


Based on the above results, the PMS values in Aref of 1000 mm2 determined by the two methods at the different steelmaking stages for two steels are compared as plotted in Figure 11. It can been found that the PMS values in the molten steel can be predicted well and consistently by both SEV and PSD with high correlation coefficients of the regression lines. The PMS in the slab is larger than that in the molten steel. Thus, the PMS of inclusions in the slab cannot be predicted from the molten steel samples. The production processes are the same and are both stably controlled for the two steels. Besides, the contents of elements for the two steels are similar, except for S. Therefore, the effect of S content on the PMS of inclusions for two steels can be analyzed as follows. On the one hand, the Al2O3 inclusions are the dominating inclusions in the molten steel. Therefore, there is little influence of S content on the PMS values in the molten steel. The PMS values in the molten steel are consistent between the two steels because of the similar O and Al contents. On the other hand, the higher content of S in Steel B leads to the larger PMS value in the slab for Steel B than that for Steel A, which is attributed to the fact that the number density and average size of Al2O3-MnS inclusions are both increased in Steel B.



There is a significant discrepancy between the PMS values in the slab obtained by the two methods, which is different from Kanbe et al.’s finding [15]. They concluded that the PMS value determined by SEV agrees well with that of the exponential approximation of PSD. There are two possible following reasons for the difference between the PMS values in the slab by SEV and PSD in this study: (1) Measurement error due to the small number of observed unit areas. (2) Difference in inclusions to determine the PMS values by the two methods.



In order to clarify the assumption (1), the total observed area was increased by adding the number of observed unit areas, n, in each sample. The regression lines by PSD and PMS by SEV as a function of n (= 40, 60 and 80) for Steels A and B are illustrated in Figure 12. The PMS by PSD is treated as the value of the interception between the regression line and X-axis where the NA is 0.001 mm−2 and the PMS value by SEV is also plotted on the X-axis. This treatment enables it to equivalently compare the PMS by the two methods. As shown in Figure 12, the distinction of the PMS calculated from SEV and PSD is not diminished on increasing the number of observed unit areas. Thus, there is little effect of increasing the number of observed unit areas on narrowing the disparity between the PMS values by the two methods when the quantity of observed unit areas is large enough.



About assumption (2), due to large numbers of the small-sized MnS and large-sized Al2O3-MnS in the slab, the inclusions with maximum Feret’s diameter smaller than 2 μm and larger than 14 μm deviate from the regression lines of PSD, as demonstrated by the red circles in Figure 10. Therefore, three attempts were carried out to study how the results change with or without considering MnS or Al2O3-MnS, as denoted in Figure 13.



The PMS value obtained by SEV reduces most obviously when Al2O3-MnS is not taken into consideration, as marked by the blue circles in Figure 13. The reduction of PMS value by SEV is the smallest when without considering MnS, as shown by the triangle marks. The PMS value by SEV is also influenced when only for Al2O3 because the number density of Al2O3 in the slab is less than that of Al2O3-MnS although Al2O3 is also of large size. Then the role of Al2O3-MnS on SEV is greater than that of Al2O3. It is therefore proved that Al2O3-MnS is the most crucial factor on SEV, while there is little influence of MnS on SEV. Only the large-sized inclusions should be taken into account for SEV.



Besides, compared with line 1 for all data, all the regression lines of PSD are changed when without MnS or Al2O3-MnS and with only Al2O3 as noted by lines 2–4. It is implied that the PSD for the slab is influenced by kinds of inclusions with different sizes, as Al2O3-MnS and MnS. Unlike SEV, there is great influence of MnS on PSD.



In order to further clarify the role of Al2O3-MnS on the SEV and PSD, the SEV and PSD when only Al2O3-MnS inclusions are taken into consideration are investigated, as shown in Figure 14. The PMS values by SEV are 28.13 and 35.61 for Steels A and B, respectively, which are similar to the values by SEV for all data of 30.50 and 36.42 for Steels A and B, respectively. The PSM values by PSD when only considering Al2O3-MnS are largely increased compared with line 1 for all data in Figure 13. It can be also found that the PMS values by SEV and PSD are almost consistent. The correlation coefficients, R of the regression lines for PSD are both high about 0.99 for two steels, which proves that the size distribution of Al2O3-MnS inclusions can follow the hypothetical exponential relationship for PSD. Besides, Al2O3-MnS inclusions are of large size. Therefore, when only considering Al2O3-MnS, two methods of SEV and PSD can both predict the PMS values of Al2O3-MnS inclusions, which can reflect the PMS value for all data about all kinds of inclusions in the slab.



Accordingly, compared with Kanbe et al.’s results [15], the discrepancy between the PMS values by the two methods in the present study results from the difference in the inclusion types to determine the PMS values by the two methods. For the slab, SEV is mainly decided by the large-sized Al2O3-MnS inclusions, but PSD is also largely influenced by the numerous MnS precipitates with small size. Hence, because of the same inclusion type to determine SEV and PSD when only considering Al2O3-MnS or Al2O3, the difference in the PMS values by the two methods is minimal, which can also explain the similarity of PMS in the molten steel by the two methods, where Al2O3 is the decisive factor for the two methods.



For the application of SEV and PSD for the ultra-low carbon BH steel, the SEV is decided by large-sized inclusions and can be used to reasonably estimate the PMS in steels containing various kinds of inclusions. Thus, it is feasible to predict the PMS of inclusions in the slab for BH steel by SEV method, which can be also be proven by the high correlation coefficient in this study. However, the PSD of exponential function is affected by inclusions with various sizes. The considerable MnS inclusions with small size in the slab will largely influence the prediction accuracy of PSD but not SEV. Thus, it is not reasonable to use the PSD of exponential function to predict the PMS value in the slab for BH steel when considering MnS inclusions. But the PSD of exponential function can make a reasonable PMS prediction in the slab for BH steel when only Al2O3-MnS inclusions are taken into consideration. Besides, the SEV and optimized PSD methods are based on the inclusions observed in the slab with a small area to predict the maximum size of inclusions for a large area of the slab, which can provide a good reference value for evaluating the quality of the steel.



Based on the above investigation, it is believed that Al2O3-MnS inclusions are the key factor on PMS for ultra-low carbon BH steels of automobile exposed panel. The control of Al2O3-MnS inclusions is one of the keys to solve the surface defects. As high Mn (about 0.650%) and S (0.010–0.015%) contents, it is inevitable that a large amount of MnS will precipitate on the surface of Al2O3 inclusions during solidification. Therefore, when the external factors such as secondary oxidation and instability during the continuous casting process are not considered, in addition to the control of Mn and S content, the control of sulfur segregation, the reduction of large amount of MnS precipitation on Al2O3 inclusions during solidification, and the removal of large-sized Al2O3 inclusions in steel should also be paid much attention in future research.





4. Conclusions


The Probable Maximum Sizes (PMS) of inclusions in RH, tundish and slab were predicted by Statistics of Extreme Values (SEV) and Particle Size Distribution (PSD) methods for ultra-low carbon Bake Hardening (BH) steels of automobile exposed panel with Mn (about 0.650%), P (about 0.035%), and S (0.010–0.015%) contents, which are much higher than those of the conventional ultra-low carbon Interstitial-Free (IF) steel. The effect of S content on the PMS of inclusions estimated at the different steelmaking stages was studied. The difference in PMS values determined by SEV and PSD methods as well as the optimized prediction method for the PMS values was discussed for the ultra-low carbon BH steels. The conclusions for BH steel are as follows:



(1) The S content does not show a relationship with the PMS prediction of inclusions in the molten steel because Al2O3 inclusions are decisive inclusions. The higher S content leads to larger PMS of inclusions in the slab, because the large-sized Al2O3-MnS inclusions are formed during solidification and play a major role on the PMS value in the slab.



(2) Due to the considerable amount of Al2O3-MnS inclusions with large size in the slab, the predicated PMS of inclusions in the slab is much greater than that in molten steel. Thus, the PMS of inclusions in the slab cannot be predicted from the molten steel samples.



(3) The SEV can be well used to predict the PMS values at the different steelmaking stages for BH steels. However, it is not reasonable to use the PSD of exponential function to predict the PMS value in the slab for BH steel when considering all kinds of inclusions due to the large influence of small-sized MnS with high number density on the PSD of exponential function.



(4) When Al2O3-MnS inclusions are only considered, the PSD of exponential function can well predict the PMS values in the slab, because the size distribution of Al2O3-MnS inclusions with large size can follow the exponential function.
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Figure 1. Simulation results of inclusions formation in liquid, solidified, and solid Steels A and B. 
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Figure 2. Changes in total oxygen content at different steelmaking stages. 
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Figure 3. Number density of different inclusions at different steelmaking stages for (a) Steel A and (b) Steel B. 
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Figure 4. Proportion of inclusions with different sizes for each kind of inclusion and individual average size in the slab for (a) Steel A and (b) Steel B. 
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Figure 5. Changes in the number density and average size of total inclusions from RH to slab with MnS for Steels (a) A and (b) B, without MnS for Steels (c) A and (d) B. 
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Figure 6. Typical morphologies of Al2O3 inclusions with different shapes in the molten steel of (a–d) RH ending; (e, f) tundish outlet for Steels A and B. 
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Figure 7. Typical morphologies of inclusions in the slab for Steels A and B: (a–d) Al2O3 and (e,f) Al2O3-MnS, as well as the map scanning results of element distribution for (e) and (f). 
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Figure 8. Comparison of EVD (Extreme Value Distribution) data at the different steelmaking stages for (a) Steel A and (b) Steel B. 
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Figure 9. PSD (Particle Size Distribution) of inclusions at the different steelmaking stages for Steels (a) A and (b) B. 
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Figure 10. PSD of inclusions in a log-scale at the different steelmaking stages for Steels (a) A and (b) B. 
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Figure 11. PMS determined by SEV and PSD at the different steelmaking stages for (a) Steel A and (b) Steel B. 
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Figure 12. Comparison of regression lines by PSD (PMS by PSD noted as the intersection between line and X-axis) and PMS by SEV as a function of n (= 40, 60 and 80) for (a) Steel A and (b) Steel B. 
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Figure 13. Comparison of regression lines by PSD (PMS by PSD is represented as the intersection between the line and X-axis) and PMS by SEV in different cases for (a) Steel A and (b) Steel B. 
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Figure 14. Comparison of regression lines by PSD (PMS by PSD is represented as the intersection between the line and X-axis) and PMS by SEV when only Al2O3-MnS is taken into consideration for Steels A and B. 
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Table 1. Chemical compositions of the steels (mass%).
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	Steels
	C
	Si
	Mn
	P
	S
	Al
	Als 1
	Ti
	O
	N
	Ca





	A
	0.0020
	0.0070
	0.6550
	0.0363
	0.0103
	0.0515
	0.0425
	0.0039
	0.0019
	0.0018
	0.0002



	B
	0.0021
	0.0060
	0.6580
	0.0363
	0.0152
	0.0531
	0.0504
	0.0040
	0.0018
	0.0018
	0.0001







1 Content of acidic soluble Al in steel.
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Table 2. Parameters of regression lines by SEV (Statistics of Extreme Values) at the different steelmaking stages for Steels A and B.






Table 2. Parameters of regression lines by SEV (Statistics of Extreme Values) at the different steelmaking stages for Steels A and B.





	
Steels

	
Stage

	
Slope

	
Intercept

	
R1

	
PMS






	
A

	
RH ending

	
0.75903

	
−2.54754

	
0.99755

	
12.45




	
Tundish inlet

	
0.66567

	
−2.35154

	
0.99752

	
13.91




	
Tundish outlet

	
0.65190

	
−2.58054

	
0.99747

	
14.33




	
Slab

	
0.27591

	
−1.50867

	
0.98474

	
30.50




	
B

	
RH ending

	
0.72763

	
−2.45061

	
0.99864

	
12.85




	
Tundish inlet

	
0.67923

	
−2.50351

	
0.99605

	
13.84




	
Tundish outlet

	
0.65061

	
−2.87232

	
0.99527

	
15.00




	
Slab

	
0.23380

	
−1.61120

	
0.98341

	
36.42








1 Correlation coefficient.
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Table 3. Parameters of regression lines by PSD at the different steelmaking stages for Steels A and B.
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Steels

	
Stage

	
Slope (−b 1)

	
Intercept (a 1)

	
R

	
PMS






	
A

	
RH ending

	
−0.83288

	
4.60367

	
0.98860

	
13.82




	
Tundish inlet

	
−0.75763

	
4.44969

	
0.99257

	
14.99




	
Tundish outlet

	
−0.71951

	
4.41905

	
0.99256

	
15.74




	
Slab

	
−0.51355

	
4.17305

	
0.95785

	
21.58




	
B

	
RH ending

	
−0.83653

	
4.50499

	
0.98731

	
13.64




	
Tundish inlet

	
−0.73693

	
4.43199

	
0.99281

	
15.39




	
Tundish outlet

	
−0.69863

	
4.51202

	
0.99238

	
16.34




	
Slab

	
−0.45341

	
4.38508

	
0.94824

	
24.90








1   N A     = a · e     − b · d     . 
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