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Abstract

:

Edge-drop control is important for silicon strip cold rolling, as the silicon strip is mainly used as a laminated core. Moreover, cold rolling is the key process for the thin strip edge-drop control, and a Sendzimir mill is one of the most popular cold rolling mills for silicon strips. Thus, the mastery of edge-drop control behavior for silicon strip cold rolling with a Sendzimir mill is beneficial for the improvement of the strip profile quality. With the finite element method, two models are built to analyze the edge-drop control behavior, one is the roll system and strip integrated elastic-plastic deformation statics model, and the other is the strip plastic deformation dynamics model. The first model provides the roll gap contour for the second model, then the strip profile can be calculated in the second model, which considers the transverse flow of the metal. Firstly, the compositions of edge-drop for the silicon strip are analyzed systematically, which are the edge-drop for work roll bending, the edge-drop for work roll flattening, and the edge-drop for transverse flow of the metal. Secondly, the influence of different rolling process parameters on the three parts are analyzed, such as the entrance thickness, the rolling reduction, the rolling tension, and so on; further, the influence of the roll contours are also analyzed. Finally, the edge-drop control behavior of the different rolling process parameters and roll contours are obtained. The research results provide theoretical guidance for edge drop control in the Sendzimir mill.
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1. Introduction


Cold-rolled silicon strips, which are widely used in manufacturing production such as for motors and transformers, is an important soft magnetic functional material in the power electronics industry. Due to the requirement of service performance, the quality of the silicon strip transverse thickness deviation directly affects the performance of the laminated core, and the heat and efficiency of the entire product, which has a great influence on the performance of the motor. Therefore, there is a higher quality requirement for the transverse thickness deviation of the silicon strip [1,2]. The production practice shows that the transverse thickness deviation of silicon strip mainly results from the edge drop, so that the effective control of edge-drop can improve the quality of the transverse thickness deviation and increase the yield rate of the strips [3,4,5]. The universal crown mill (UCM) cold rolling mill, four-high rolling mill, six-high rolling mill and the Sendzimir mill are all common equipment for the production of cold-rolled silicon strips. The Sendzimir mill, with a small working roll diameter, the large overall stiffness of the rolling mill, and rich edge-drop control methods, is the mainstream mill for the production of cold-rolled silicon strips. However, the edge-drop control for the silicon strips has always been a research hotspot of various mills [6,7,8].



In past years, many researchers had focused on edge-drop control, and some positive results have been obtained [9,10,11,12]. Cao et al. [13] built a three-dimensional finite element model of roll stacks and strip deformation and analyzed the integrated design of roll contours for strip edge drop and crown control in tandem cold rolling mills. Chang et al. [14], Lu et al. [15], and Xuan et al. [16] proposed the reasons of edge drop in the silicon strips cold rolling for the four-high rolling mills and six-high rolling mills, and the edge drop was improved to a certain extent. Malik and Grandhi [17] proposed a new computational method for predicting the statics cross-sectional thickness profile of the rolled strips. Yu et al. [18] developed the software SM4SM based on the contact element double coordinate method to accurately predict the edge drop of silicon strips under different rolling conditions. Hamada et al. [19] performed numerical calculations on the edge drop of the Sendzimir mill through the influence function method, and studied the influence of the three-dimensional deformation of the small-diameter work rolls on the edge drop and the high-order waves of the silicon strips. Zhang et al. [20] and Liu et al. [21] established the finite element model of the 20-high mill to analyze the effect of different control methods of the mill on the roll gap. Cho and Hwang [22] put forward a mathematical model to predict the strip exit profile of the Sendzimir mill based on the finite element simulation results. Yuan et al. [23] used the boundary integral equation method to establish a flattening model between the rolls of the Sendzimir mill, and studied the edge drop caused by the elastic flattening of the work rolls. The above research results achieved a relatively accurate calculation of the edge drop. However, quantitative analysis of the composition of silicon strip edge drop in the Sendzimir mill was not carried out, so it is impossible to quantitatively analyze the main sources of silicon strip edge drop in the Sendzimir mill.



During the rolling process of the Sendzimir mill in actual production, the transverse thickness deviation of the cold-rolled silicon strips cannot meet the customers’ requirements after trimming, so the problem of the silicon strip edge drop control needs to be solved urgently. In order to effectively control the silicon strip edge drop, the edge-drop control behavior for silicon strip cold rolling with the Sendzimir mill must be mastered. In this paper, the roll system and the strip integration elastic-plastic deformation statics model, as well as the strip plastic deformation dynamics model, are established to quantitatively analyze the composition of the edge drop for the silicon strips, and the influence of different rolling process parameters and roll contours on the composition of the edge drop. The results provide a theoretical guide for silicon strip edge drop control in the Sendzimir mill.




2. Establishment and Verification of the Simulation Model of Silicon Strip Rolling Process


In this paper, the following methods are used to establish the finite element simulation model: a roll system and strip integration elastic-plastic deformation statics model and a strip plastic deformation dynamics model are established. On the one hand, the statics model is used to analyze the roll gap contours under different rolling process parameters such as the entrance thickness, the rolling reduction, the entrance and exit tensions, the roll shifting, the friction coefficient, as well as the roll contour configurations. On the other hand, the dynamics model, whose work roll is set as a rigid roll, takes the roll gap contour obtained in the statics model as the initial roll contour to simulate the rolling process of the silicon strips, and calculates the exit profile of the silicon strips and the transverse flow of the metal under different factors. This approach takes the advantages of the statics model and the dynamics model into consideration, and uses an indirect method to achieve the application of different rolling process factors in the dynamics model. Then, the transverse flow of the metal that meets the actual rolling conditions is obtained. The approach significantly reduces the calculation time and improves the calculation efficiency [24].



2.1. Roll System-Strip Integrated Statics Model


A certain Sendzimir mill has a longitudinal anti-symmetry for the work rolls and the first intermediate rolls. Based on the actual production, the geometrical and physical parameters of the rolls and the silicon strip are shown in Table 1. Considering the bilateral symmetry of the rolls, a three-dimensional elastic-plastic finite element simulation analysis model, including the roll system and the strip, is established using the common ANSYS finite element software (ANSYS 15.0, ANSYS Inc., Pittsburgh, PA, USA, as shown in Figure 1), and the roll gap contours are calculated under different factors. In the modeling process, it is assumed that each roll is a homogeneous isotropic material, and the friction between the rolls, the work roll, and the strip is the Coulomb friction.



Considering the deformation of the roll system, a soft–soft contact pair was established between the rolls, the roll, and the strip when setting the contact pairs of the finite element model. The contact units were attached to the contact surface between the rolls. The upper contact surface was designated as the target surface, whose unit type is TARGET170. The lower contact surface was designated as the contact surface, whose unit type was TARGET174. Finally, a total of 14 face–face contact pairs were established in the finite element model. In the unit division of the model, the SOLID186 element is selected in the contact areas of the rolls, and the rest was meshed by the SOLID185 element. In order to ensure the calculation accuracy of the statics model, the contact areas of the rolls and the edge of the silicon strip are subdivided. Finally, there were 192,158 elements and 371,513 nodes.



According to the actual rolling conditions of the rolling mill and the characteristics of the rolling process, the following displacement constraints were imposed on the finite element model: Symmetrical constraints were added on the symmetry planes; In addition, axial displacement constraints were applied to all nodes of the rolls, as well as to the central plane of the silicon strip, to prevent axial rigid body movement. Coupling constraints were added onto all nodes of the end face of the silicon strip along the rolling direction. The displacement loadings of A, B, C, and D backup rolls were applied to the corresponding nodes, and each backup roll had seven segments that could realize eccentricity in the range of 0 to 1.75 mm, as shown in Figure 2. The displacement loadings of A and B backup rolls were applied to achieve the reduction function for the thickness control; the displacement loadings of C and D backup rolls were applied to determine the ASU adjustment function.




2.2. Dynamics Model of the Rolling Process


The dynamics model of the silicon strip rolling process was established by using the common finite element software ABAQUS (ABAQUS 6.14, Dassault Systemes, Providence, RI, USA). The work roll was defined as a rigid roll in the model. Considering the symmetry, only a quarter silicon strip was used in the model, and the SOLID186 element was used to divide the silicon strip. Finally, there were five layer nodes along the thickness direction, and a total of 39,600 elements and 51,615 nodes, as shown in Figure 3. The friction between the work roll and the strip was also the Coulomb friction. The dynamics model took the roll gap contour of the statics model as the initial roll contour to simulate the rolling process of silicon strip. First, the rolling strip was contacted with the roll by the action of the push plate, then, it was bitten into the roll gap to complete the rolling process under the action of the friction force and the entrance and exit tensions.




2.3. Verification of the Finite Element Model


In order to more accurately verify the feasibility of the finite element model, the parameters of the first pass and fifth pass of the actual rolling process, whose entrance thickness, rolling reduction, work roll diameter, etc. are different, were taken as the input condition of the model. At the same time, the roll gap contour was extracted from the statics model and used as the initial roll contour of the dynamics model to calculate the actual rolling process of silicon strip, considering the transverse flow of metal. Finally, the simulation values of the strip exit profile and the values of metal transverse flow at nodes of each layer were obtained along a certain width direction, as shown in Figure 4. Comparing the simulated exit profile with the actual rolling exit profile (as shown in Figure 4a,c) along the strip width direction, it was seen that the profiles were basically consistent, and that the values of metal transverse flow were almost the same (as shown in Figure 4b,d). Therefore, the method for calculating the edge drop by the finite element models was reliable, which lays the foundation for subsequent analysis of silicon strip edge drop.





3. The Composition of Edge Drop for Silicon Strip


The edge drop of the silicon strip was mainly caused by the bending of the work roll, the unequal flattening of the work roll, and the unequal transverse flow of the metal in the Sendzimir mill [14,15]. Considering the unavoidable thickness drop, due to different factors in the actual rolling process, the edge drop was defined as the deviation between the thickness of 100 mm and 5 mm from the edge, which is described as Ed. The finite element model was used to calculate the edge drop based on the condition in the production to characterize the compositions of the edge drop for the silicon strip. In order to conveniently describe the edge drop caused by work roll bending, the unequal elastic flattening of the work roll and the unequal transverse flow of the metal are expressed as Eb, Ef, and Et, respectively. The compositions of silicon strip edge drop Eb, Ef, and Et, can be calculated according to Figure 5.



3.1. Edge Drop for Work Roll Bending


The edge drop Eb can be determined by the change of the relative position of the central axis of the work rolls. The distance of the central axis between the upper and lower work rolls along the roll body direction is defined as d (as shown in Figure 6a), and the edge drop Eb caused by the work roll bending is further shown in Equation (1). The Eb mainly results from two aspects: On the one hand, it is caused by the harmful contact zone within the contact range of the work roll and the first intermediate roll. In particular, because the contact length of the first intermediate roll and the work roll exceeds the width of silicon strip, the contact pressure of the extra length acts on the work roll to cause flexural deformation. On the other hand, the deformation of the rolls above the work roll forces it to deform correspondingly. The coordinates of each node of the upper and lower work roll axis were extracted from the finite element calculation results, and the relative values of the distance of central axis between each node in the upper and lower work rolls along the direction of the roll body were calculated, as shown in Figure 6b.


Eb = d1 − d2



(1)




where the d1 is the distance between the axis of the upper and lower work rolls at 100 mm from the strip edge; d2 is the distance between the axis of the upper and lower work rolls at 5 mm from the strip edge.




3.2. Edge Drop for the Unequal Elastic Flattening of the Work Roll


The edge drop Ef can be calculated by the inconsistent flattening of the work roll of the silicon strip along the width direction. The flattening values of the work roll along the roll body direction are defined as δ (as shown in Figure 7a), and the edge drop Ef caused by the unequal elastic flattening is further shown in Equation (2). The main reason for the edge drop Ef is that the rolling pressure, which acts on the work roll, is not equal along the width of the silicon strip. Due to the presence of the free end surfaces on both sides, the rolling pressure acting on the edge of the work roll is smaller than that in the middle of the work roll along the width direction when the strip is plastically deformed. Thus, the values of flattening on both sides are smaller than in the middle of the work roll, which results in the edge drop of the silicon strip. The coordinates of each node of the upper and lower work rolls, which are in contact with the strip, are extracted from the results of the finite element calculation, and the relative values of the distance between each node in the upper and lower work rolls are calculated along the direction of the roll body, as shown in Figure 7b.


Ef = 2 × (δ1 − δ2)



(2)




where the δ1 is the flattening value of the work roll 100 mm from the strip edge; δ2 is the flattening value of the work roll 5 mm from the strip edge.




3.3. Edge Drop for the Unequal Transverse Flow of the Metal


The edge drop Et cannot be directly calculated from the finite element. The method is as follows: If there is no transverse flow of the metal during the rolling process, the strip thickness is the same along the width. If the metal flow is unequal, as shown in Figure 8a, it can result in unequal thickness reduction of the strip at any position along the width direction. Based on the principle of the metal volume invariance during the rolling process, the transverse thickness deviation at any position along the width direction is calculated, as shown in Figure 8b, and the calculation method of Ex and Et is shown in Equations (3) and (4). The main reason for the edge drop Et is that the flow principles of the metal are obviously different along the width direction of the strip in the rolling process. The farther the distance from the midpoint of the strip is, the smaller the flow resistance of the metal is, which makes the transverse displacement of the metal more obvious. The transverse flow resistance of the outermost point is almost zero. Therefore, in the edge region of the silicon strip, in addition to the longitudinal flow of the metal, traverse flow obviously occurs, which results in the edge drop of the silicon strip.


Ex=k×(Hx−hx)=k×2×θxx+θx×Hx



(3)






Et=k×(E100−E5)=k×(2×θ100x100+θ100−2×θ5x5+θ5)×Hx



(4)




where x is the distance from the midpoint of silicon strip along the width direction; Ex is the transverse thickness deviation at any point along the strip width; Hx is the exit thickness with no transverse flow; hx is the exit thickness under the unequal transverse flow; k is the deviation coefficient in the calculation; θx is the value of the transverse displacement at any point along the strip width.





4. Results and Discussion


According to the forming mechanism of the edge drop, all factors that affect the rolling pressure and the transverse flow of the metal will affect the rolling pressure distribution and the work roll flattening directly, which inevitably affects the edge drop of the strip. During the process of the rolling silicon strip in the Sendzimir mill, different process parameters and roll contour configurations have different effects on the composition of silicon strip edge drop. By analyzing the influence of these factors, a theoretical basis is obtained to provide an effective means and effective strategies for controlling edge drop.



4.1. The Effect of Process Parameters on Edge Drop


Combining the finite element model and the analysis of the composition of edge drop for the silicon strip, the effects of different process parameters, such as the entrance thickness, the rolling reduction, the entrance and exit tensions, and the friction coefficient on the edge drop were calculated, as shown in Figure 9.



It can be seen in Figure 9a that the Ed increased slightly with increasing entrance thickness, and in the composition of edge drop for silicon strip, Et increased significantly. The reason for this was that when the entrance thickness increases, the metal is relatively easy to deform, and the area of the free-end surfaces on both sides is also relatively large, which makes the silicon strip more susceptible to the occurrence of transverse flow.



It can be seen in Figure 9b that with increasing rolling reduction, the Ed increased steeply, in which the Eb and Ef increased more steeply than Et. When the rolling reduction increases, on the one hand, the rolling pressure increases; on the other hand, the silicon strip is more susceptible to the occurrence of transverse flow. However, during the rolling process in actual production, the distributions of the rolling reduction and the entrance thickness are basically fixed at each pass for the same specification silicon strip, which makes it difficult to effectively control the edge drop by adjusting the entrance thickness and the rolling reduction.



It can be seen in Figure 9c,d that as the entrance tension and the exit tension increased, the silicon strip edge drop Ed decreased slightly, while the Et decreased significantly, followed by Eb and Ef. According to the principle of minimum resistance, with the entrance and exit tensions increasing, the resistance that prevents the deformed metal from moving to the rolling direction decreases; thereby, the transverse flow of the silicon strip is suppressed. On the other hand, with the tension increasing, the rolling pressure decreases, which ultimately results in a corresponding decrease of Eb. However, in order to consider the stability of the rolling process, in actual production, the increases of the entrance tension and the exit tension are limited; thus their abilities to control the edge drop are limited.



As can be seen from Figure 9e, with increasing friction coefficient, the silicon strip edge drop Ed increased very slightly. In the composition of edge drop for the silicon strip, Eb and Ef increased, and the Et decreased. When the friction coefficient increased, on the one hand, the transverse flow of the metal was hindered. However, on the other hand, the rolling pressure increased. Finally, it can be seen that the change of the friction coefficient hardly controlled the edge drop.




4.2. The Effect of Roll Configuration on Edge Drop


When the rolling mill is determined, the roll configuration is the most effective method to control the edge drop. Combined with the finite element model and the analysis of the composition of edge drop for silicon strip, the effect of the shifting of the first intermediate roll, the chamfer depth of the work roll, the crown of the second intermediate roll, and the diameter of the work roll on the edge drop are calculated. The results are shown in Figure 10.



It can be seen in Figure 10a,b that with increasing shifting of the first intermediate roll and the chamfer depth of the work roll, the edge drop Ed of silicon strip was steeply reduced, and in the compositions of edge drop for silicon strip, the Eb can be controlled effectively, but hardly had any influence on Ef and Et. The reason was that the shifting of the first intermediate roll and the chamfer depth of the work roll can effectively reduce the harmful contact area while compensating for the work roll bending. Therefore, it was known that the shifting of the first intermediate roll and the chamfer depth of the work roll could effectively control the silicon strip edge drop.



It can be seen in Figure 10c that with increasing crown of the second intermediate roll, the edge drop Ed decreased significantly. In the composition of the edge drop for the silicon strip, the Eb decreased steeply; however, it hardly had influence on the Ef and Et. The reason was that the crown of the second intermediate roll could compensate for the bending of the work roll. However, the excessive second intermediate roll crown was not favorable for the central flatness control of the silicon strip in actual production.



It can be seen in Figure 10d, that with an increasing diameter of the work roll, the edge drop Ed of the silicon strip increased slightly, while Eb, Ef and Et increased to varying degrees. The reason is that the contact area between the strip and the work roll increased when the diameter of the work roll increased, so that the rolling pressure increased, which eventually led to the increase of the bending of the work roll, and the unequal elastic flattening of the work roll. However, due to the very small allowable range of the work roll diameter, the control of the work roll diameter for the edge drop was also limited.





5. Conclusions


(1) The roll system and strip integrated statics model and the strip elastic-plastic deformation dynamics model of Sendzimir mill are established respectively. The statics model provides the roll gap contour for the dynamics model to take the transverse flow of the metal during the rolling process into account. The models are verified through the actual working conditions in the production. The accurate calculation of the exit profile and the transverse flow of silicon strip lay a foundation for the subsequent analysis of the edge drop.



(2) The edge drop of silicon strip is caused by the bending of the work roll, the unequal elastic flattening of the work roll, and the unequal transverse flow of the metal. Combined with the finite element models, the compositions of edge drop for the silicon strip are calculated.



(3) The study of the influence of different process parameters and the roll configuration on the edge drop shows that the entrance thickness, the rolling reduction, the entrance tension, and the exit tension, the friction coefficient, the crown of the second intermediate roll, and the diameter of work roll have limited control for the edge drop; the shifting of the first intermediate roll and the chamfer depth of the work roll have obvious effects on the edge drop by compensating the work roll bending. The research results provide theoretical guidance for the control of silicon strip edge drop in a Sendzimir mill.
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Figure 1. Roll system and strip-integrated statics model. 
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Figure 2. The diagram of the backup roll. 
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Figure 3. Dynamics model of the rolling process. 
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Figure 4. Verification of the finite element models: (a) The exit profile of the first pass; and (b) the metal transverse flow of the first pass; (c) the exit profile of the fifth pass; and (d) the metal transverse flow of the fifth pass. 






Figure 4. Verification of the finite element models: (a) The exit profile of the first pass; and (b) the metal transverse flow of the first pass; (c) the exit profile of the fifth pass; and (d) the metal transverse flow of the fifth pass.



[image: Metals 08 00783 g004]







[image: Metals 08 00783 g005 550]





Figure 5. The method of calculating the edge drop Eb, Ef, and Et. 
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Figure 6. The edge drop for work roll bending: (a) Distance at any point between the upper and lower work roll axis; and (b) finite element calculation results. 
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Figure 7. The edge drop for the unequal flattening of the work roll: (a) Value of flattening at any point of the work roll; and (b) finite element calculation results. 






Figure 7. The edge drop for the unequal flattening of the work roll: (a) Value of flattening at any point of the work roll; and (b) finite element calculation results.



[image: Metals 08 00783 g007]







[image: Metals 08 00783 g008 550]





Figure 8. The edge drop for the unequal transverse flow of the metal: (a) Value of transverse displacement at any point of the metal; and (b) finite element calculation results. 
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Figure 9. The effect of process parameters on edge drop: (a) Entrance thickness; (b) rolling reduction; (c) entrance tension; (d) exit tension; and (e) friction coefficient. 
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Figure 10. The effect of roll contour configuration on edge drop: (a) The shifting of the first intermediate roll; (b) the chamfer depth of the work roll; and (c) the crown of the second intermediate roll; (d) the diameter of the work roll. 
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Table 1. Key parameters for the finite element model.






Table 1. Key parameters for the finite element model.





	Parameter Type
	Value





	Work roll diameter × roll length (mm × mm)
	Φ 80 × 1677



	The first intermediate roll diameter × roll length (mm × mm)
	Φ 138 × 1500



	The second intermediate roll diameter × roll length (mm × mm)
	Φ 234 × 1450



	Backup roll diameter × roll length (mm × mm)
	Φ 405 × 1417



	Roll elastic modulus/GPa
	210



	Roll Poisson ratio
	0.3



	Silicon strip width/mm
	1100



	Silicon elastic modulus/GPa
	220



	Silicon Poisson ratio
	0.3



	Friction coefficient
	0.05
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