

  sustainability-17-01003




sustainability-17-01003







Sustainability 2025, 17(3), 1003; doi:10.3390/su17031003




Article



The Influence of the Melting and Casting Parameters on the Surface Quality of Deep-Drawn Steel Coils



Marek Šolc 1,*, Štefan Markulik 2 and Tomasz Małysa 3





1



Institute of Materials and Quality Engineering, Faculty of Materials, Metallurgy and Recycling, Technical University of Kosice, Letna 1/9, 04200 Košice, Slovakia






2



Department of Quality, Safety and Environment, Faculty of Mechanical Engineering, Technical University of Kosice, Letna 1/9, 04200 Kosice, Slovakia






3



Department of Production Engineering, Faculty of Materials Engineering, Silesian University of Technology, Krasińskiego 8, 40-019 Katowice, Poland









*



Correspondence: marek.solc@tuke.sk; Tel.: +421-55-6022703







Citation: Šolc, M.; Markulik, Š.; Małysa, T. The Influence of the Melting and Casting Parameters on the Surface Quality of Deep-Drawn Steel Coils. Sustainability 2025, 17, 1003. https://doi.org/10.3390/su17031003



Academic Editors: Grigorios L. Kyriakopoulos and Paulo Santos



Received: 23 December 2024 / Revised: 13 January 2025 / Accepted: 24 January 2025 / Published: 26 January 2025



Abstract


Industrial production today increasingly prioritizes sustainability, emphasizing not only efficiency but also minimizing environmental and social impacts. Quality control is key in steel production. The continuous casting process is crucial, as early defect detection can lower costs and prevent unnecessary material use, thereby conserving energy and raw materials. Eliminating defects early reduces the need for costly reworking, saving resources and reducing equipment wear. Additionally, this defect prevention supports efficiency in later steps, like rolling, benefiting overall energy and material consumption. During this research, we identified several parameters whose influence we analyzed on the surface quality of deep-drawn steel. The research confirmed that, for example, the casting speed has a significant influence on the occurrence of surface defects, while, for example, the final bubbling had no statistically significant effect on the surface quality. From a sustainability perspective, monitoring and optimizing key production parameters, like the casting speed, is essential, as improper speeds can cause surface defects that risk the functionality of the final products. By optimizing these parameters, it is possible not only to reduce the risk of product failure but also to contribute to the long-term sustainability of the entire production process, reducing waste and fostering a more considerate approach to natural resources.
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1. Introduction


The iron and steel industry is one of the most important basic industries of the national economy [1]. The basis of all metallurgical processes is the continuous improvement and optimization of all parameters that significantly influence the quality of the manufactured product [2,3].



The appearance of metallurgical defects on the surfaces of thin-walled strips of deep-drawn steels for packaging applications is a specific phenomenon that requires detailed investigation. These defects often remain undetected until later processing stages at the customer end, where they can cause serious operational problems. These defects increase the repair costs and reduce the quality of the final products and thus the reputation of the manufacturing company, which in turn has a negative impact on its competitiveness on the global market.



The main objective of this research was to characterize surface defects in deep-drawn steels resulting from metallurgical processes and to investigate the influence of selected technological parameters, especially during melt preparation and the casting process, and their subsequent occurrence. Using modern statistical methods and quality management tools, the relevant production processes were analyzed and the data obtained were processed and evaluated. Based on the graphical visualization of the selected parameters, those key parameters were identified that had a direct influence on the surface quality of coils of deep-drawn steel grades. The detailed analysis of these defects is fundamental in the context of the sustainability of industrial production, as it makes it possible to prevent the occurrence of defects and thus reduce the waste of materials, energy and other resources, thus reducing the environmental impact of the entire production process. The optimization of the technological parameters leads not only to a reduction in costs, but also to the greater efficiency and long-term sustainability of production.




2. Surface Quality of Deep-Drawn Steels


Continuous casting accounts for more than 96% of the world’s steel manufacturing. The large scale of the operation means that even minor improvements in this important process can lead to tremendous gains in quality, efficiency and profit. Defects during solidification in the mold can lead to serious quality issues downstream [4,5].



Defects arising from continuous casting can compromise the structural integrity of the semi-finished product, as well as affecting the quality of the final product [6,7].



The quality of finished steel products is often affected by “surface” defects, such as fragments, cracks, dents, etc., and/or “internal” defects, such as cracks, porosity, segregation, etc. This can be due to poor steel quality (high content of non-metallic inclusions) during steel production or caused by subsequent operations, such as continuous casting, reheating, hot/cold rolling or drawing. Operating parameters impeding homogeneous solidification during casting, such as high superheat or an improper casting speed in the continuous casting machine (CCM) can enhance micro- and macro-segregation (centerline segregation) within the as-cast structure, leading to internal and surface defects [8]. Such defects often remain undetected in the intermediate stages of processing and finally emerge in the final product during the final inspection. Line defects appear on the surface of the finished strip product, with a width of several tens of micrometers to millimeters and a length of 0.01–1.0 m [9,10,11,12].



There are three main types of line defects (scales) on cold-rolled steel sheets that occur during steel production and casting [9]:




	
iron oxides;



	
aluminum oxides;



	
inclusions of exogenous oxides.








These defects only occur after the cold rolling process. They mainly originate from non-metallic inclusions that remain in the steel due to the deoxidation products of the Al2O3 or/and trapped casting powder, especially large inclusions near the surface of the continuously cast steel. These defects are irregular, flat lamellae of different sizes and shapes that occur in the longitudinal direction of the strip and are distributed irregularly across the width of the strip. This surface defect is thought to be due to non-metallic inclusions that are trapped near the surface of the slab (<15 mm from the surface) and are accompanied by elongated bubbles. The inclusions may be particles of oxide casting powders, alumina clusters, refractory materials, etc. Dumitrescu et al. and Peng et al., while investigating the surface defects occurring on a continuously cast product, found that there are various causes for the identical macroscopic form. In some cases, electron microscopic microanalysis confirmed that these inclusions consisted of Al2O3 that was formed during steel production and “floated” to the surface during hot rolling [10,13,14,15,16].



The metallographic examination of defects and their correlation with the process parameters helps to identify the stages of occurrence of problems that are closely related to the quality [17,18]. These are either inherited from the base material or introduced during subsequent processing operations. Quality problems that can be traced back to the origin of the starting material are called “material defects” [19]. Nagels, E. et al. [20] found that material defects have two causes:




	
the level of purity of the steel, especially with regard to large exogenous non-metallic inclusions trapped during steelmaking or casting;



	
the irregularities present in the cast material on the surface or below the surface. The purity of the steel has a major influence on the properties and quality of the final product.








The steel cannot be completely free of residual impurities or trace elements. It is therefore important to realistically assess the limits of the impurity content and the critical size of inclusions with regard to the specific quality requirements for steel products. The formation of surface defects is, in many cases, associated with foreign particles, both of exogenous and endogenous origin [21]. In general, it is known that not only defects can from during rolling but also their suppression, sometimes with a negative influence on the final product [22,23].



Since steel slabs are often intended for sheet steel rolling, surface defects such as cracks may result in long sections of defects in end-user products. Consequently, the inspection of steel slabs before sending them through to the rolling mill, thereby avoiding related problems at the later stage, is important in the steel industry [24].



In continuous casting, the occurrence of defects is strongly influenced by the steel quality, the design and condition of the machine and the operating parameters of the casting [25,26]. In order to minimize or prevent the occurrence of defects, the mechanisms of defect formation should be precisely known. Internal cracks form at the beginning of solidification, just below the solidus temperature, and are related to the reduced ductility in this area. There are several types of internal cracks, such as cracks in the center of the surface (or half cracks), cracks in the center of the line, cracks outside the corner or below the surface, etc. Cracking is only possible if stresses are present in the semi-finished castings. The level of stress that causes the crack depends on the level of ductility of the steel [27]. Typical stresses that occur during continuous casting are thermal and mechanical stresses. Phase transformations also cause some stress due to volume changes. Thermal stresses are caused by hot temperature gradients in the casting. However, tensile stresses occur at the beginning of solidification, when the cooling rate at the surface of the casting is lower than at the beginning of solidification. In addition, high tensile stresses are generated at the beginning of solidification if the surface of the cast semi-finished product is quickly reheated. This can happen in a crystallization mold if the newly formed crust and the mold lose contact during secondary cooling (due to the improper cooling of the casting jet or an uneven spray configuration for the coolant). The slabs can also heat up quickly immediately after secondary cooling, especially if the casting speed is high and there is still melt in the semi-finished casting. All of these factors can lead to hot cracking. Cracking on the central part of the casting usually occurs in the secondary cooling area and not at the bottom of the crystallizer, where cracks form closer to the surface. In the central part of the casting, the steel usually cools faster at the solidification point than at the surface of the casting. This leads to tensile stresses in the midline and, in addition to the shrinkage of the phase transformations, can lead to cracking in the form of midline cracks. Low-carbon steels are more susceptible than high-carbon steels because low-carbon steels solidify at small intervals and have a phase transformation from ferrite to austenite that causes additional shrinkage. Mechanical stresses can be caused by many factors, e.g., the bending or straightening of the semi-finished casting, ferrostatic pressure and bulging or misalignment of the rolls. All of these factors cause stresses at the beginning of solidification and can lead to internal cracks [28]. Typical surface cracks include the following:




	
lateral longitudinal or corner cracks;



	
transverse surface or corner cracks;



	
star-shaped cracks.








Longitudinal surface cracks usually occur as subsurface hot cracks that form in the crystallization form. In the secondary cooling zone, they open due to high thermal stresses (tensions) on the surface and/or mechanical stresses, with the possible bulging of the solidifying crust into the surface. The carbon content of carbon steels ranges from 0.07% to 0.18%. With increasing sulfur and phosphorus content and a low Mn/S ratio, the steel is extremely sensitive to surface cracking in the longitudinal direction. These steels have uneven heat transfer in the crystallization form due to the shrinkage effect of the phase transformation from ferrite to austenite, as well as relatively high micro-segregation due to the relatively high content of P and S. The uneven heat transfer means that the solidifying crust of the billet grows unevenly, both in the crystallization form and during the ongoing reheating of the surface. Uneven heat transfer can also be caused by the non-optimized and asymmetrical flow of the steel into the crystallizer mold. To avoid cracks on the surface in the longitudinal direction, the heat transfer into the crystallization mold should be uniform, as should the growth of the prefabricated crust [28,29]. Transverse cracks typically form in areas of low ductility. These cracks are usually found in folds from deep oscillations. Microalloyed steels with Nb or V in the carbon range of 0.08% to 0.14% are very susceptible to this type of defect. In microalloyed steels, the ductility is low and a carbon range of 0.08% to 0.14% indicates crustal shrinkage in the mold due to the conversion of ferrite to austenite. This leads to the reheating of the surface and large austenite grains on the surface. Niobium is known to be very damaging in this respect. In order to avoid transverse cracking, the casting machine—particularly the heat transfer of the crystallization mold, the secondary cooling and the casting itself—must be perfectly planned [28]. The star cracks on the surface are due to the weakening of the intercrystalline bonds between the austenite grains. The elements and phenomena that cause the loss of ductility in the low-ductility region lead to the weakening of the grain interfaces and cause star cracks. These are steels with precipitates of (Mn, Fe) S-O, Nb (C, N), V (C, N), Ti (C, N), AlN, etc., which are susceptible to transverse corner cracks and to star-shaped cracks. Strong secondary cooling with high temperature fluctuations should be avoided as it causes high stresses in the surface [28].



During the continuous casting of steel through the water-cooled copper walls of the crystallizer, a solidified steel crust forms in which undesirable non-metallic inclusions can be trapped. These inclusions can be visible after rolling the steel sheets and cause surface problems on the final product [23]. Cold-rolled deep-drawn steel has the following two types of visible surface defects [30]:




	
slivers;



	
blowholes [30].








These defects are caused by free-floating argon bubbles in the melt and by the casting powder added to the crystallizer. Blowholes (also called “pencil tube bubbles”) are caused by free-floating argon bubbles in the melt, but also by argon bubbles in combination with trapped casting powder added to the surface of the melt in the crystallizer [29,30,31].




3. Characteristics of the Deep-Drawn Steel Production Process


Deep-drawn packaging steels are produced in organizations according to EN 10202:2023 by advanced technology in oxygen converters, focusing on compliance with strict process rules to ensure the above properties [32]. These steels are fully quenched and uniformly cast into slabs. The slabs are hot-rolled in a hot rolling mill and then pickled in a pickling line. In the next step, the steel strips are cold-rolled on a five-stand tandem mill. After continuous or discontinuous annealing, they are finally smoothed (SR sheets) or subjected to a second cold thickness reduction (DR sheets). The sheets are provided with continuous electrolytic tinning on both sides. Black sheets (without tin coating) are used for the production of shipping containers, closures, additional components for kitchen utensils, toys and information boards, as well as for painting and coating. Electrolytically tinned sheets are used for the production of food packaging, cans, caps, lids, two-piece cans, three-piece cans, drawn cans, crown caps, technical packaging, decorative items and other products [33]. The following illustration (Figure 1) shows the technological process for the manufacturing of deep-drawn packaging steels.



Steel sheets with low carbon content are suitable for deep drawing and cold bending. Deep-drawn steel sheets are subjected to severe deformation to produce a variety of complex shapes. These sheets are weldable, and the higher-quality steels are suitable for surface treatment by hot dipping, enameling or other coating methods [37]. In order to offer customers the highest steel quality, steel producers treat their steel via a thermochemical exothermic reaction of oxygen and a fuel gas (also known as scarfing) [38]. This is a highly efficient process that removes surface defects from the slabs immediately after casting. There are several surface treatment options, including manual scarfing, robotic scarfing, grinding and mechanical scarfing. Of these options, mechanical scarfing is the most productive method in terms of cost and efficiency. The mechanical surface scarfing method can minimize the number of defects on the surface of the steel casting. In this way, semi-finished steel castings meet the quality requirements and can be considered as high-quality sheets for thin-walled products that require an excellent surface finish without defects and inclusions [39].




4. Parameter Identification and Defect Analysis


The Ishikawa diagram (Figure 2) was used to identify and analyze the melting and casting preparation parameters that affected the surface quality of deep-drawn steels. Six basic areas that can influence the occurrence of defects on the surfaces of deep-drawn steels were analyzed, namely




	
processing at the oxygen converter (OC);



	
processing at the continuous casting equipment (CCE);



	
the status of the continuous casting equipment;



	
human factors;



	
processing via out-of-furnace steel processing (OFSP);



	
scarfing.








The Ishikawa diagram shows that the main parameters influencing the occurrence of surface defects include the following (marked in yellow in the figure):




	
casting speed (required interval 0.97 1.33 m·s−1);



	
final bubbling (required time 120 s);



	
steel purification (required time 480 s):



	
steel holding (required time min. 960 s).








The Pareto diagram (Figure 3) was used to analyze the backup data related to inferior surface quality over the study period, which confirmed the results obtained from the Ishikawa diagram.



The comprehensive analysis and identification of surface defects should include all aspects related to the quality problem and process variation. Metallographic analysis was used to identify surface defects using optical and scanning electron microscopes to observe the microstructural changes associated with the various defects. Subsequently, the types and sizes of cracks, as well as exogenous inclusions, were identified using elemental microanalysis. A suitable method for this purpose is energy-dispersive X-ray (EDX) or wavelength-dispersive X-ray (WDX) [21]. The surface defects investigated in the analysis were captured on the surface of a tinned steel strip produced in an electrolytic tinning line (ETL). Two defect samples with different appearances were subjected to metallographic analysis. The metallographic analysis of samples 1 and 2 (Table 1) was carried out by optical and electron microscopy (EDX) using a scanning electron microscope (SEM).



4.1. Surface Defect Analysis on Sample No. 1


The defect on sample no. 1 was found on a tinned steel strip. It was an approximately 5-mm-thick, straight, long irregularity in the form of scales over the entire length of the sample sheet (at least 30 cm) in the rolling direction. The defect was not located at the edge of the tinned strip and was only present on one side of the sheet. Figure 4 and Figure 5 show defect 1 observed with the naked eye, as well as macro-images of it (a) with the tin coating and (b) after its removal.



Subsequently, a metallographic section through the defect was performed on the specimen (Figure 6). Non-wholeness in the form of scales and separating fragments of the steel substrate was observed.



At the site of the separating steel fragments, the EDX analysis of selected particles of the investigated material in the selected defect region was performed with an electron microscope (Figure 7).



Several findings emerged from the results of the metallographic analysis of the examined sample no. 1:




	
at the site of the defect, surface non-wholeness covered with a tin layer was observed;



	
on the surface of the steel substrate, non-wholeness in the form of a scale was observed, separating flat fragments of the steel substrate from the rest of the steel substrate;



	
in the metallographic section, approximately 20-µm-wide separation fragments were observed on the surface of the steel substrate;



	
the steel fragments were separated at the point where rows of non-metallic particles based on Ca-Si-O-Mg-Al-Na-F (residues of casting powders) appeared;



	
there were no iron oxide particles near the separating steel substrate fragments.









4.2. Surface Defect Analysis on Sample No. 2


The defect on sample no. 2 was found on a tinned steel strip. It was an approximately 4-mm-long dark dashed line in the rolling direction- yellow arrow shows the location of the defect (Figure 8). The defect was not on the edge of the tinned strip and occurred only on one side of the sheet. Figure 9 is a macro-image of the defective part of the tinned steel strip.



Subsequently, a metallographic section through the defect was performed on the specimen (Figure 10). Non-wholeness in the form of scales and separating fragments of the steel substrate was observed.



At the site of the separating steel fragments, the EDX analysis of selected particles of the investigated material in the selected defect region was performed with an electron microscope (Figure 11).



The following facts emerged from the results of the metallographic analysis of the examined sample no. 2:




	
the location of the defect was identified, which was partially covered by a layer of tin;



	
the presence of foreign particles based on Al, O, Ca, S, Mg, Na, and F was found at the location of the defect;



	
in the metallographic section, separation fragments were observed on the surface of the steel substrate and the occurrence of particles based on Al, O, Ca, S, Mg, Na, and F underneath;



	
there were no iron oxide particles near the separation fragments of the steel substrate.








Both defects were metallurgical in nature and originated from the continuous steel casting process. The evaluation criterion was the assessment of the surface quality on the finally tinned strip. The surface quality was monitored visually by the operator of the plant and by camera systems. Suspended coils were subsequently inspected and downgraded to a lower quality grade (hereinafter referred to as DIVERT) due to surface defects (metallurgical scales), at the discretion of the committee, with the aid of a surface inspection using camera systems. The group of coils that met the quality criteria was sent to the customers (hereinafter referred to as NOTDIVERT).




4.3. Statistical Analysis of Selected Parameters


The influence of selected melting and casting preparation parameters on the surface quality of deep-drawn steels was determined by comparing the values of selected parameters in the monitored period for the two slab categories—Quality Code of Slabs (QCS) 1 and QCS2—mentioned above. The error rates for the individual slabs for the period under consideration are given in the following table (Table 2).



The STATISTICA software 14.1.0 was used for the statistical analysis. Specifically, the following graphical tools were used: a normal probability graph, a boxplot and statistical tests such as the Shapiro–Wilk test and the Mann–Whitney U-test. In order to select the appropriate method of comparison, each group of values of the analyzed parameters was subjected to the Shapiro–Wilk normality test. The correlation differences between the parameter values were evaluated using non-parametric tests. The conditions for parametric tests were not met.



4.3.1. Parameter Analysis—Casting Speed


The casting speed data for the QCS1 and QCS2 categories are given in Table 3. For the QCS1 category, the width of the variation range is smaller than for the QCS2 category. The mean speed values are larger for QCS1. The arithmetic means in both the DIVERT and NOTDIVERT groups are the same for the QCS1 category, but, for the QCS2 category, the arithmetic mean is larger in the DIVERT group. The variability in the values in the QCS1 category is smaller than in the QCS2 category.



The normality verification results for both categories are shown in Figure 12 and Figure 13. From the figures, it is evident that the points on the normal graphs do not lie close to the given straight lines and the resulting p-values of the tests are less than 0.05. This means that the null hypothesis (the samples come from the underlying sets with normal distributions) is rejected at the 0.05 significance level. The condition of normality of the frequency distribution is not satisfied for either group of categories analyzed (QCS1, QCS2).



The casting rate values do not come from samples with a normal distribution. For this reason, a non-parametric test (Mann–Whitney U-test) was used. Using this test, the medians of the selected groups were compared. From the graphical representation of the observed values in the QCS1 category (Figure 14) and in the QCS2 category (Figure 15), differences are visible.



The speed in the NOTDIVERT group takes on smaller values than in the DIVERT group. The median is larger for the DIVERT group. The test for the QCS1 category results in a p-value (p = 0.6769 > 0.05) at the 0.05 level of significance and thus the null hypothesis (equality of means) is not rejected. That is, there are no statistically significant differences between the casting speeds in the DIVERT and NOTDIVERT groups for the QCS1 category at the 0.05 level of significance. It can be concluded that the casting speed has no effect on the production defect rate of category QCS1. The differences are due to random effects. The result of the test for the QCS2 category is a p-value (p = 0.0351 < 0.05). The null hypothesis (equality of means) is rejected. That is, there are statistically significant differences between the casting rates in the DIVERT and NOTDIVERT groups for the QCS2 category at the 0.05 level of significance. It can be concluded that the casting speed influences the production error rate of the QCS2 category.




4.3.2. Parameter Analysis—Final Bubbling


The final bubbling time data for the examined coils of the QCS1 and QCS2 categories are presented in Table 4. For both the QCS1 and QCS2 categories, the maximum value in the NOTDIVERT group is the same, but the minimum values are different. For the QCS2 category in both groups (DIVERT, NOTDIVERT), several failures in the minimum times of the last bubble were observed.



To verify the normality of the final bubbling values, non-parametric tests were used because the observed values did not meet the conditions for parametric tests (Figure 16 and Figure 17).



Looking at the shape of the boxplot for QCS1 and QCS2, it can be seen that they are quite similar in principle (Figure 18 and Figure 19). There are more smaller values in the NOTDIVERT group for both categories. Using the Mann–Whitney U-test for both categories (QCS1: p = 0.8488, QCS2: p = 0.7289), with p > 0.05 at a 0.05 level of significance, there was no statistically significant effect of the final bubbling time parameter on the production error rate for either of the studied categories.




4.3.3. Parameter Analysis—Purification


The data on the purification time parameter for the examined coils of the QCS1 and QCS2 categories are given in the following Table 5. For the QCS1 category, the DIVERT and NOTDIVERT groups mainly took values of 481 s and 482 s. For both categories and also groups, the quartile values (Q1, Q2 = Me, Q3) are almost the same. In the QCS2 category in both groups (DIVERT, NOTDIVERT), the isolated noncompliance of the purification times was observed.



Looking at the values shown in Table 5, there are minimal differences between the values of the purification time parameter. Based on this fact, it can be concluded that the steel drawing time during the period under review was within the prescribed requirements, with minor exceptions in the QCS2 category. The noncompliance of the purification times did not have a significant effect regarding defective production in both categories during the period under review. A graphical evaluation and comparison using statistical tests for purification were not carried out for the reasons mentioned above.




4.3.4. Parameter Analysis—Holding


The data for the holding time of the monitored coils for the QCS1 and QCS2 categories are given in Table 6 below. For both the QCS1 and QCS2 categories, the width of the variation range for the DIVERT group is smaller than for the NOTDIVERT group. For the QCS2 category, the median is larger in the DIVERT group, but, for the QCS1 category, the median is larger in the NOTDIVERT group.



As with the previous parameters (casting speed and bubbling), the data were tested for normality (Figure 20 and Figure 21). The result of the Shapiro–Wilk test for the NOTDIVERT groups for both categories was p < 0.05; therefore, a non-parametric test was used for the comparison.



From the visualization of the holding time data, it is evident that there are more smaller than larger values for both categories in the NOTDIVERT group (Figure 22 and Figure 23). The result of the Mann–Whitney U-test for the QCS1 category shows that there are no statistically significant differences between the dwell times in the DIVERT and NOTDIVERT groups for the QCS1 category at the 0.05 level of significance. Based on the result of the test at a 0.05 level of significance, the null hypothesis of equality of means is rejected. There is a statistically significant difference at the 0.05 level of significance between the DIVERT and NOTDIVERT groups’ withdrawal times for the QCS2 category. It can be concluded that the withdrawal time has no effect in terms of erroneous production in the QCS1 category. The differences are due to random effects. In contrast to QCS1, in the case of QCS2, the time of withdrawal influences the error rate of production in the QCS2 category in the observation period.






5. Results


By drawing a Pareto diagram from the frequency of causes regarding the downgrading of defective coils to a lower quality level (DIVERT) (Figure 3), the main causes of surface quality problems were identified. From the statistical results of the selected parameters analyzed, it can be concluded that the casting speed has a significant influence on the occurrence of surface defects. The stability of the casting speed in the range of 1.0 to 1.1 m/min is decisive with regard to the desired surface quality. The parameters of final bubbling and purification did not have a statistically significant influence on the surface quality of the deep-drawn steels during the observation period. The parameter of holding shows a statistically significant effect on the defect rate in production when the time is more than 25 min. It should be emphasized that compliance with the prescribed time for the final bubbling, purification and holding parameters can be achieved with well-adapted production technology during the production of deep-drawn packing steels and through technological discipline.




6. Discussion


Understanding and reducing the defects that occur in continuous steel casting is a challenge due to the many interrelated, multidimensional phenomena and process parameters that play a role in this complex process. Corrective actions, such as responding to alarms from online systems to detect overflows and a variety of other problems often related to melt preparation, are usually associated with a sudden slowdown in the casting speed, which can lead to quality problems due to the transient conditions [40]. Various techniques for defect detection in the steel industry can be found in the literature. The conventional inspection of the surface quality of slabs can be carried out using radiological methods, electrical and magnetic methods, vibration and sound measurement methods (ultrasonic and mechanical impedance measurements), visual and optical methods (holographic interferometry and dye penetration) and thermal methods [24,41]. Digital technologies are sometimes used in the organization to monitor the surface quality of the products and to create a digital defect register for the manufactured parts. The organization lacks equipment in the production node of continuous steel casting, which would provide digital information on the status of the surface quality of the slabs. A possible solution to optimize the casting process parameters and minimize surface defects is to identify the surface condition of the already hot slab immediately after casting. There are already several suppliers on the market, e.g., Partysec ISRA with the SLAB MASTER system or the X-3Dvision system from Surcon GmbH. The X-3Dvision system from Surcon GmbH combines 3D and 2D surface inspection. X-3Dvision works in real time and provides immediate information about the casting status [42,43,44]. Researchers from the Iran Mobarakeh Steel Company state, in their publication [41], that they expect a 45% improvement in product quality, a further 25% reduction in costs, a 50% improvement in process control and a 65% time saving in quality assessment by introducing a similar automatic surface inspection [41].



The application of electromagnetic fields [40] provides an additional parameter to control the presence of inclusions that occur during solidification in the crystallizer and cause surface defects. Electromagnetic fields have the potential to be easily controlled during casting to suit different casting conditions and are also of great interest for their ability to control solidification-related phenomena as they can be easily adjusted during operation.




7. Conclusions


Quality control is an essential part of modern industrial production. Continuous casting is a critical node in the steel production process, where the early detection of defects on the slab saves time, reduces costs and avoids unnecessary process steps and quality problems during subsequent rolling. Currently, the inspection process for the surface quality control of slabs is carried out visually by human inspectors. However, human inspection is subjective, error-prone, tedious and time-consuming, and the reliability of the human factor (inspector) decreases greatly during routine activities. In addition, the severe environmental conditions in steel mills, such as hot temperatures, air pollution and noise, can affect the general health of workers. The most effective way to eliminate these human “imperfections” is to replace them with modern automated equipment that brings the necessary efficiency and reliability to the surface quality assessment process. The impetus for the use of automated inspection techniques is to achieve a comprehensive, reliable assessment beyond human limitations, even in the harsh conditions of a steel plant. The current state of the art in the detection and assessment of surface defects on slabs is based on data collected retrospectively or, ideally, in real time. The data thus obtained are then processed by operators or by a computer system [23,41,45].



In this research, selected effects of melt preparation and the casting parameters on the surface quality of deep-drawn packaging steels were analyzed. Surface defects of metallurgical origin are among the most serious in terms of the risk of failure within the intended end-use function of the product. The difficulty in detecting these inherently dangerous defects in the period immediately after the slab is produced is extremely difficult and complicated under the current conditions and requires a high level of skill and knowledge in the manufacturing process.



The evaluation of data from selected process parameters leads to the conclusion that the casting speed parameter is the problematic node in the steel casting production process. A detailed investigation into the causes of faulty coils revealed that the presence of faulty coils has a statistically significant correlation with the casting speed. Up to 28% of defective production is attributable to casting speeds below 0.9 m/min, 22% to casting speeds below 0.67 m/min and 18% to casting speeds above 1.4 m/min. The evaluation of the steel service life parameter before casting shows that a time period of more than 25 min has a statistically significant influence on defective coils. The other parameters investigated had no statistically significant effects on the defect production rate during the investigated period. For these two parameters, and for the steel ageing parameter, however, the need for technological discipline in complying with the required regulations during production must be emphasized.



Without sophisticated camera systems that record the surface quality during the entire production process, it will be very difficult to remain competitive on the market for high-quality steel products in the future.



Future research will focus on a more detailed investigation of the casting process parameters following the introduction of new equipment that allows the surface condition of the hot slab to be monitored immediately after casting in order to optimize the process parameters and improve the surface quality of the slabs.
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Figure 1. Technological scheme of processing of deep-drawn packaging steels. Reprinted with permission from ref. [34,35,36]. Copyright 2023 ArcelorMittal. 
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Figure 2. Ishikawa diagram for the identification and analysis of parameters influencing the occurrence of surface defects. 
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Figure 3. Pareto diagram showing the number of individual errors. 
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Figure 4. Defect observed with the naked eye (sample no. 1). 
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Figure 5. Macro-images of defect areas on specimen 1: (a) before removal of tin coating; (b) after removal of tin coating. 
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Figure 6. Metallographic section of the defective part of sample 1 at 200 µm magnification. 
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Figure 7. EDX analysis of the defect area in the metallographic section of the examined sample no. 1. 
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Figure 8. Defect observed with the naked eye (sample no. 2). 
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Figure 9. Macro-image of the defect area on the examined sample no. 2. 
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Figure 10. Metallographic section of the defective part of sample no. 2 at magnification of 200 µm. 
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Figure 11. EDX analysis of the defect area in the metallographic section of the examined sample no. 2. 
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Figure 12. Data normality verification for QCS1—casting speed [m/min]. 
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Figure 13. Data normality verification for QCS2—casting speed [m/min]. 
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Figure 14. Boxplot of the QCS1 category—casting speed [m/min]. 
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Figure 15. Boxplot of QCS2 the category—casting speed [m/min]. 
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Figure 16. Verification of data normality condition of the QCS1 category—final bubbling [s]. 
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Figure 17. Verification of the data normality condition of the QCS2 category—final bubbling [s]. 
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Figure 18. Boxplot of the QCS1 category—final bubbling [s]. 
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Figure 19. Boxplot of the QCS2 category—final bubbling [s]. 
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Figure 20. Verification of data normality condition of the QCS1 category—holding [s]. 
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Figure 21. Verification of data normality condition of the QCS2 category—holding [s]. 
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Figure 22. Boxplot of the QCS1 category—holding [s]. 
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Figure 23. Boxplot of the QCS2 category—holding [s]. 
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Table 1. Chemical composition of steel in % by weight in balance to Fe.
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	Sample
	C
	Mn
	Si
	P
	S
	Al
	N
	Cr
	Cu
	Ti
	V
	Mo



	S1
	0.035
	0.220
	0.011
	0.009
	0.008
	0.041
	0.004
	0.014
	0.028
	0.001
	0.001
	0.002



	S2
	0.069
	0.327
	0.013
	0.015
	0.009
	0.052
	0.005
	0.015
	0.023
	0.001
	0.001
	0.002










 





Table 2. Error rates of slabs for the reference period.
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QCS1

	
QCS2

	
∑




	
[%]

	
[pcs]

	
[%]

	
[pcs]

	
[%]

	
[pcs]






	
NOTDIVERT

	
28.19

	
645

	
6.84

	
1598

	
98.03

	
2243




	
DIVERT

	
0.31

	
7

	
1.66

	
38

	
1.97

	
45




	
∑

	
28.50

	
652

	
71.50

	
1636

	
100

	
2288











 





Table 3. Casting speed [m/min].
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QCS1

	
QCS2




	
NOTDIVERT

	
DIVERT

	
NOTDIVERT

	
DIVERT






	
Min

	
0.99

	
1.01

	
0.61

	
0.61




	
Quartile [25%]

	
1.01

	
1.05

	
0.84

	
0.82




	
Med [50%]

	
1.02

	
1.10

	
0.91

	
1.02




	
Quartil3 [75%]

	
1.11

	
1.11

	
1.05

	
1.42




	
Max

	
1.32

	
1.11

	
1.67

	
1.62




	
xp [arit. mean]

	
1.08

	
1.08

	
0.98

	
1.13




	
s [standard deviation]

	
0.11

	
0.04

	
0.23

	
0.35











 





Table 4. Final bubbling [s].






Table 4. Final bubbling [s].





	

	
QCS1

	
QCS2




	
NOTDIVERT

	
DIVERT

	
NOTDIVERT

	
DIVERT






	
Min

	
120

	
141

	
22

	
72




	
Quartil1 [25%]

	
149

	
150

	
166

	
168




	
Med [50%]

	
184

	
191

	
187

	
182




	
Quartil3 [75%]

	
215

	
211

	
215

	
220




	
Max

	
689

	
312

	
689

	
450




	
xp [arit. mean]

	
201

	
191

	
202

	
200




	
s [standard deviation]

	
85.2

	
56.7

	
73.6

	
68,1











 





Table 5. Purification [s].
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QCS1

	
QCS2




	
NOTDIVERT

	
DIVERT

	
NOTDIVERT

	
DIVERT






	
Min

	
481

	
481

	
308

	
308




	
Quartil1 [25%]

	
481

	
481

	
482

	
481




	
Med [50%]

	
482

	
481

	
482

	
482




	
Quartil3 [75%]

	
482

	
482

	
482

	
482




	
Max

	
965

	
482

	
965

	
847




	
xp [arit. mean]

	
509

	
482

	
496

	
498




	
s [standard deviation]

	
96.1

	
0.49

	
72.1

	
82.7











 





Table 6. Holding [s].
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QCS1

	
QCS2




	
NOTDIVERT

	
DIVERT

	
NOTDIVERT

	
DIVERT






	
Min

	
969

	
1036

	
350

	
969




	
Quartil1 [25%]

	
1555

	
1436

	
1380

	
1633




	
Med

	
1814

	
1759

	
1721

	
1987




	
Quartil3 [75%]

	
2167

	
2013

	
2100

	
2377




	
Max

	
5567

	
2301

	
5567

	
3023




	
xp [arit. mean]

	
1885

	
1713

	
1822

	
2005




	
s [standard deviation]

	
537.3

	
404.8

	
711.4

	
554.6
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Oxygen steel furnace to transform the pig iron into low carbon steel
with the correct chemical composition and specifications.

Continuous casting to transform the liquid steel into solid slabs (typical
thickness 235 mm).

Hot rolling (temperature range 900/1200°C) to transform the slabs
into hot rolled coils (thickness range 1.5 to 3.5 mm, typical width 800-
1300 mm and typical weight 25 tonnes or more).

Cold phase

© Pickiing to remove scale from the surface.

© Cold rolling to reduce the strip thickness close to the requested final
gauge.

@ Continuous Annealing (CA, left) or Batch Annealing (BA, right) to
recrystallise (and soften) the steel and restore its ductility.

© Skinpass or temper rolling to adjust the mechanical properties, the sur-
face roughness and the final gauge.

© Tinplating or chromium plating of the black plate.
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