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Abstract

:

Surface cracks are easily produced after friction between continuous casting billets and copper layers in mold cavity, but the formation mechanism is not clear. Based on a steel-based hot-dip copper plating experiment, this study simulated the action behavior of copper adhering to the surface of a continuous casting billet after mold wear and systematically analyzed the formation mechanism of cracks caused by copper infiltration on the surface of the continuous casting billet. It is shown that when the copper liquid adheres to the surface of the slab, in addition to the diffusion of Cu in the steel, Fe is also dissolved in the copper liquid, accelerating the solidification of the copper liquid on the surface of the slab and forming a stable fusion combination between copper and steel. At the same time, due to the enrichment of the Fe-C phase and a large number of vacancies at the grain boundary, the grain boundary becomes the dominant area of copper–steel fusion bonding. For a continuous casting process in which the temperature is kept higher than 900 ℃, Cu’s solubility is high and the diffusion coefficient is very low in Fe, which makes it very difficult for Cu accumulated in the grain boundary to diffuse into the steel matrix during the continuous casting process, resulting in a grain boundary with a greatly weakened strength becoming the origin of cracks in the bending and straightening deformation of the billet.
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1. Introduction


The enrichment of copper in the grain boundary region can easily lead to the generation of surface cracks in continuous casting billets [1]. Under general conditions, copper-induced surface cracks can be divided into two categories. In one, the steel itself contains copper, and the segregation of copper at high temperatures causes cracks, such as weather-resistant steel and acid-resistant steel [2,3]. In the other, the steel itself does not contain copper, but the friction between the primary shell and the copper mold under the action of static pressure from the molten steel leads to copper infiltration on the surface of the billet and causes surface cracks in the billet [4].



For copper-containing steel, Cu-Fe is extremely difficult to dissolve at room temperature, and some scholars classify it as a binary immiscible system [5,6], which indicates that even if there is only a small amount of copper in the steel, the trend of local enrichment can emerge. In particular, the high-temperature environment in the continuous casting process will accelerate the diffusion of copper and segregation in the grain boundary area, resulting in the grain boundary weakening, and then tearing in the subsequent deformation process.



Li et al. [7] found that high superheat casting and uneven cooling of continuous casting billets would lead to an abnormal coarse austenite grain and increase the enrichment of copper by studding the surface cracks of EAF steel billets. Imai N et al. [8] believed that the oxidation of steel surfaces would also aggravate the diffusion and enrichment of copper in the steel matrix to the surface. At the same time, they also found that during the diffusion process of copper, along with the deposition of nitrides and sulfides in the grain boundary, the grain boundary brittleness was improved, and the crack sensitivity was enhanced, so the deformation of copper-bearing steel in the third brittle zone should be avoided. There is still some controversy about the segregation behavior of copper at grain boundaries. Most scholars believe that the segregation of copper increases with time [9,10]. However, through experimental analysis and theoretical calculation, Xu [11] found that there was a limit value for the segregation behavior of copper, that is, when the copper segregation reached the limit, it would reversely diffuse into the crystal under the action of the concentration gradient. Xu Ting Dong defined the time corresponding to this limit value as the critical time, and with the increase in temperature, the critical time would be greatly shortened. Although there is no definite conclusion about the segregation behavior of copper in steel, it can be seen that for the continuous casting of copper-bearing steel, the strength of the secondary cooling water distribution should be appropriately reduced, and the uniform spray cooling should be ensured, which is beneficial to the control of copper-induced cracks.



For steel without copper, when the local surface of the slab rubs with the copper layer in the mold cavity, the probability of copper-induced cracks on the surface of the slab will increase significantly, especially the large section billets such as the slab and bloom. There is a general consensus that when a shell with a certain strength makes contact with the lower part of the mold, if the slag layer on the shell surface ruptures, and the exposed area of the billet makes contact with the copper layer of the mold and produces strong friction, the surface of the billet will be covered with a layer of copper. Under high temperatures, the copper will diffuse into the steel matrix along the grain boundary, thereby reducing the strength of the grain boundary, and then cracks are generated in the subsequent deformation process. This consensus is based on the discovery of enriched copper at the root of slab cracks, i.e., since the steel itself does not contain copper, the enriched copper may only come from the wear of the mold [1,4]. However, the consensus above does not reveal the nature of cracks on the surface of continuous casting billets due to copper infiltration in the mold, and its formation mechanism remains to be further studied.



The temperature of the primary shell at the outlet of the mold is usually above 1100 °C, which exceeds the melting point of copper. When the protective slag layer on the slab surface is partially damaged or discontinuous, the slab will have excessive friction with the mold, resulting in the stripping of the mold copper layer. The exfoliated copper adheres to the shell surface, which will melt into liquid under the action of high temperatures and keep adhering to the surface of the steel substrate. After being out of the mold, the exfoliated copper will repeatedly rise and cool under the action of secondary cooling water and will always be in the process of the repeated phase transformation of melting, solidification, re-melting and re-solidifying. Therefore, it is not difficult to see that in the continuous casting process, the adhesion of copper on the surface of the steel substrate is the root and key to the generation of copper-induced cracks, and the core is the interaction between the liquid copper and the high-temperature steel substrate. In order to clarify this problem, a hot-dip copper plating test of steel under continuous casting conditions was designed in this study to analyze the behavior of the stripped copper layer of the mold attached to the surface of the slab after remelting at high temperatures, so as to determine the formation mechanism of the cracks caused by copper infiltration on the surface of the slab.




2. Materials and Methods


Based on the temperature range of the outer surface of the continuous casting billet at the lower part of the mold and the foot roll area, hot-dipping experiments of a copper solution at 1100 °C, 1125 °C, 1150 °C, 1175 °C and 1200 °C were designed in this study, and the dipping time was 60 s. At the same time, in order to simulate the effect of casting speed to a certain extent, hot-dip plating experiments were designed at 1125 °C for 30 s, 45 s, 60 s and 180 s, respectively.



The experimental device was a high-temperature tube furnace. Ar gas was used to protect the furnace body during the heating and experiment. The specific experimental device is shown in Figure 1.



The raw material copper used in the hot-dip plating experiment was T2 industrial copper, the steel substrate was Q195 plain carbon steel, and the steel substrate size was 20 mm × 4 mm × 45 mm. The preheating temperature of the hot-dip plating was 600 °C, and the preheating time was 60 s. In order to prevent the oxidation of the steel surface during the preheating process, it was necessary to carry out alkali washing, acid washing and plating aid coating on the steel substrate surface before preheating. The specific components of the water solutions were:



Alkali washing solution: sodium hydroxide 50 g/L, sodium phosphate 30 g/L, sodium carbonate 20 g/L, sodium metasilicate 7 g/L, OP emulsifier 3 g/L, temperature 70 °C;



Acid washing solution: 10% dilute hydrochloric acid, room temperature;



Coating aid: potassium fluoride, 30g/L, room temperature.



Graphite flakes were added on the surface of the copper liquid after melting to prevent oxidation of the copper liquid. The cooling method of the hot-dip plating sample was water cooling.




3. Results


The potassium fluoride plating aid might form a dense protective film on the surface of the steel substrate, but its stabilizing temperature was within 700 ℃. Therefore, the steel substrate had to be kept in the 600 °C range, calibrated by the high-temperature furnace. After holding for 60 s, the steel substrate was quickly immersed in the copper solution for the hot-dip plating experiment.



When the copper liquid contacted the steel substrate far below its own temperature, it rapidly solidified on its surface and instantaneously formed a certain thickness of copper shell. Subsequently, the copper shell began to remelt rapidly under the convective heat transfer of the surrounding constant-temperature copper liquid. With the low temperature of steel substrate, when the temperature of plating aid was higher than 700 °C, it began to separate from the steel substrate. When the plating aid was completely stripped, the copper liquid could make full contact with the steel substrate. According to the mathematical model of the heat transfer of the hot-dip plating and the stability test results of the plating aid, it was estimated that the total time required from the beginning of the hot-dip plating to the copper liquid reaching the predetermined temperature and making full contact with the steel substrate would be about 10 s, so the designed experimental time met the necessity of making full contact between the copper and steel.



The solid-line temperature of the Q195 steel was above 1500 °C, which was much higher than the experimental temperature of the hot-dip plating. After the immersion plating was completed, the copper liquid attached to the surface of the steel substrate first cooled down and solidified and shrunk. Since the solidification shrinkage of the copper liquid at room temperature is much larger than that of steel [12], the formation of a stable bonding between copper and steel was the cause of the copper-induced cracks on the steel surface. Therefore, this study first analyzed and compared the cross-sectional microstructure of hot-dip coating samples to determine the bonding between copper and steel.



3.1. Microstructure Analysis


Figure 2 shows the cross-sections of the copper–steel bonding area during hot-dip plating for 60 s at different experimental temperatures. It can be seen from Figure 2 that although the thickness of the copper layer on the surface of the corresponding sample at different hot-dip temperatures is different, there is no obvious crack on the copper–steel interface. There is no obvious rule to follow for the thickness of the hot-dip copper coating at different temperatures. This is mainly because the thickness of the copper coating is affected by the pulling speed of the hot-dip plating sample. In the pulling process, the copper liquid will move downward due to inertia, resulting in the thickness of the copper layer on the upper part of the dip-plated sample being significantly smaller than that on the lower part of the sample [13]. Since the lifting speed was not fixed in this experiment, the irregular thickness of the hot-dip coating under different temperature conditions was formed. However, it can be seen from Figure 2 that the coating thickness has no effect on the bonding between copper and steel, indicating that the hot-dip temperature has little effect on the bonding between copper and steel.



For continuous casting, because the heat transfer in the corner of the billet belongs to two-dimensional heat transfer, and the heat transfer in the middle area belongs to one-dimensional heat transfer, there were some differences in the outer surface temperature of the whole cross-section of the billet. However, according to the experimental results of the hot-dip plating at different temperatures, the area of the copper-induced cracks on the surface of the billet had little relationship with the corresponding temperature, mainly depending on the contact state between the billet and the mold cavity. Local hot spots increased the friction between the mold and the shell at the corresponding position, increasing the risk of copper-induced cracks.



Figure 3 shows the cross-section of a copper–steel bonding zone at 1125 °C for different hot-dip plating times. It can be seen from Figure 3 that stable bonding can be formed between copper and steel under different hot-dipping times, which also means that the copper-induced crack on the slab surface had little relationship with the casting speed. However, it should be noted that with the increase in casting speed, the shell became thinner, and the friction between the slab surface and the mold wall increased, which leads to an increase in mold wear and further aggravates the generation of cracks.




3.2. Analysis on Combination of Copper and Steel


The metallographic structure analysis under a light microscope can only determine whether there is a defect in the bonding between the copper and steel under different process conditions, and cannot reflect the specific combination. Therefore, in this study, the copper–steel transition layers of three typical samples at 1100 °C, 1150 °C and 1175 °C were selected for electron probe line scanning analysis, and the results are shown in Figure 4a–c, respectively.



It can be seen from Figure 4 that a stable copper–steel transition layer formed at 1100 °C, 1150 °C and 1200 °C, but the thickness of the transition layer was thin. The thickness of the copper–steel transition layer under different hot-dip temperatures was extracted from the scanning results of the electron probe wire, and the results are shown in Figure 5. It can be seen from Figure 5 that although the thickness of copper–steel transition layer corresponding to 1150 °C was relatively large, the thickness of the transition layer corresponding to three hot–dip plating temperatures was not more than 1.5 μm, and the difference was not large.



Due to the severe impact of cooling water and the extrusion deformation of the fan section roller in the secondary cooling zone, if the bonding strength of the ultra-thin copper/steel transition layer is not high, the two will be stripped under the action of water scouring and mechanical extrusion in the secondary cooling zone. If the copper and steel are separated, copper-induced cracks will not occur due to mold friction. Therefore, the bonding strength of the copper–steel transition layer of the hot-dip coating sample was tested in this study. In the strength test experiment, the electronic tensile testing machine was used to bond the polished copper layer and the steel matrix layer on the steel bar of the tensile sample with strong adhesive. In this study, the samples with the thinnest transition layer after hot dipping at 1100 °C for 60 s were selected for detection, and the specific results are shown in Figure 6.



It can be seen from Figure 6 that the fracture of the sample occurred on the interface between the copper layer and the strong adhesive, and the load before the fracture was once more than 700 N, indicating that the bonding strength of the copper–steel transition layer was great. This shows that in the continuous casting process, the copper that has been attached to the surface of the steel substrate will not be peeled off due to the mechanical extrusion of the secondary cold roll and the erosion of the secondary cold water, and the extrusion of the secondary cold roll will also aggravate the expansion of copper on the surface of the steel substrate to a certain extent, which also lays a foundation for the generation of copper-induced cracks on the surface of the billet.





4. Analysis of Copper-Induced Crack Formation Mechanism/Analysis of the Formation Mechanism of Copper-Induced Cracks


It can be seen from the above experimental results that under the continuous casting process conditions, no matter the surface temperature of the continuous casting slab corresponding to the melting-loss position of the copper layer in the mold and the length of the melting loss combination time, a stable combination will be formed between the slab surface and the melting-loss copper layer.



Figure 7 shows the CuFe binary phase diagram. It can be seen from Figure 7 that under the standard state, Cu-Fe is a typical binary immiscible system, and there is no intermediate phase between the two. However, when the system increases to a certain temperature, Cu-Fe can be infinitely immiscible.



The melting point of pure copper is 1083 °C. When Fe is dissolved in a copper solution, the melting point of the Cu-Fe alloy increases slowly with the increase in Fe content. When the Fe content in the copper exceeds 4%, the melting point of the Cu-Fe alloy increases rapidly. This shows that if the bonding temperature between the slab surface and the molten copper is higher than 1083 °C, the Fe on the slab surface will be partially dissolved in the copper, but the melting point will also increase after the dissolution of Fe in the copper liquid, thereby accelerating its solidification on the slab surface. On the other hand, in terms of dissolution kinetics, the rough zone on the steel side of the copper–steel interface tends to preferentially dissolve in the copper liquid, and the rough zone is the relatively coarse grain boundary of the steel matrix.



In order to further analyze the bonding of the copper–steel interface, the copper layer on the surface of the hot-dip plated sample was milled in this study, and a surface scanning analysis of the steel substrate at the copper–steel interface was carried out by scanning electron microscopy under the working conditions of 1125 °C and 30 s. The results are shown in Figure 8.



It can be seen from Figure 8 that the Cu element at the interface is concentrated in the original austenite grain boundary position, and there is also segregation of the C element at the corresponding position, but there is no obvious segregation of the P and S elements. Xiong [14] found through the preparation of Cu-Fe-C composites at high temperatures, the addition of C would make the Fe-Cu change from the metastable state to the stable state, whereas for steel, the grain boundary was precisely the Fe-C phase enrichment region, which made the Cu more stable at the grain boundary. At the same time, a large number of vacancy defects at the grain boundary further accelerate the diffusion of Cu in the grain boundary region [15].



For continuous casting billets, coarse grain boundaries are both the enrichment regions of the C element and the vacancy and weak links of the steel matrix interface, which will accelerate the enrichment of the Cu element in the original austenite grain boundary region. Kajitani et al. [16] found that when Cu segregation and enrichment occurs, the interface energy required for the formation of cracks is only 1/1700 of the normal value. Under the bending–straightening effect of the tension-straightening roll, the probability of cracks forming in the surface copper penetration area of the continuous casting slab is greatly increased.



G. Salje et al. [17] systematically studied and summarized the dissolution and diffusion behavior of Cu in Fe. The solubility and diffusion coefficients of Cu in Fe at different temperatures are shown in Figure 9.



It can be seen from Figure 9 that when the temperature is higher than 925 °C, although the solubility of Cu in Fe is high, reaching more than 4%, the corresponding diffusion coefficient of Cu in Fe is extremely low. For continuous casting, the temperature of the billet is above 900 °C during the operation of the continuous caster, which makes it difficult for the Cu accumulated in the grain boundary to diffuse into the steel matrix and form the copper-rich phase on the surface of the billet. The probability of crack formation along the grain boundary, i.e., copper-rich phase, increases significantly for billets requiring bending and straightening deformation.



When the steel is in the austenite temperature range, the diffusion coefficient of Cu in Fe is large, but the solubility of Cu in Fe is very low, which is not conducive to the uniform diffusion of Cu in steel. Further, only when the billet is out of the caster is the temperature likely to leave the austenitizing temperature range, but at this time the surface cracks have been generated. In addition, the low solubility of Cu in steel makes it easier for Cu to accumulate in the micro-defects of steel. At this time, the diffusion of Cu cannot eliminate cracks, and the uneven diffusion of Cu into the steel matrix will further aggravate the propagation of cracks on the surface of slab during rolling.




5. Conclusions


After the contact wear between the copper layer and the casting billet, the worn copper will remelt when it is attached to the surface of the casting billet. At this time, in addition to the diffusion of Cu on the surface of the steel, Fe in the steel will also begin to dissolve in the copper liquid, which improves the melting point of the copper liquid and accelerates the solidification of the copper liquid, and forming a stable fusion bonding between copper and steel. When the temperature is 1100 °C and the hot-dip coating is 60 s, the load of the sample before fracture exceeds 700 n, indicating that the bonding strength of the copper–steel transition layer is great. Due to the enrichment of the Fe-C phase and a large number of vacancies at the grain boundary of the steel, the Cu initially combined with the steel matrix is more likely to accumulate at the grain boundary. Moreover, because the continuous casting temperature is higher than 900 °C, the Cu at this time has a high solubility in Fe, which can reach more than 4%, but the diffusion coefficient is very low, which makes it very difficult for the Cu accumulated at the grain boundary to diffuse into the steel matrix during the whole continuous casting process, and forms a copper-rich phase on the surface of the slab, leading to the formation of surface cracks in the bending and straightening deformation of the slab.
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Figure 1. Experimental equipment. 






Figure 1. Experimental equipment.
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Figure 2. The microstructures of the Cu–steel interface with hot-dipping time of 60 s under different temperatures. 
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Figure 3. The microstructures of the Cu–steel interface with different hot-dipping times under 1125 °C. 
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Figure 4. Changes in Cu and Fe elements of Cu–steel transition layer under different temperatures. 






Figure 4. Changes in Cu and Fe elements of Cu–steel transition layer under different temperatures.



[image: Processes 10 00797 g004]







[image: Processes 10 00797 g005 550] 





Figure 5. The thickness of Cu–steel transition layer under different hot-dipping temperatures. 
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Figure 6. The bounding strength of Cu–Steel interface. 
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Figure 7. Cu-Fe binary phase diagram. 
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Figure 8. Surface scan results of the steel substrate surface at the Cu–steel interface. 
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Figure 9. The solubility and diffusion coefficients of Cu in Fe under different temperatures. 
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