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Abstract

:

Grain-oriented electrical steel (GOES) has been used for many years for application in transformed cores due to its excellent magnetic properties. Magnetic properties are strongly influenced by obtaining a texture with a certain orientation (110) [001] for BCC structure. This is related to the easy direction of magnetization [001]. So far, the main research has been focused on obtaining a strong texture in the last stages of the process. The aim of the present study was to additionally trace textural changes for a slab after the continuous casting (CC) process and for a sheet after the hot rolling process. The scope of such an analysis has not been conducted before. With regard to the state after continuous casting (CC), the texture was related to measurements of the anisotropy of Barkhausen magnetic noises and the macrostructure of the slab. Based on the X-ray diffraction examinations that compared the texture intensity calculated from the texture coefficient of the slab, the hot rolled steel and the final product of grain-oriented electrical steel contained 3.1% of Si. The studies performed with the material taken from three different production steps showed high differences in the values of textural intensity indicating the occurrence of a crystallization texture, especially in the area of the columnar crystal zone; textural weakness after the hot rolling process and high texturing in the final product for textural components corresponding to the desired Goss texture.
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1. Introduction


Grain-oriented electrical steels (GOES) are still one of the most important soft magnetic materials widely used in the electrical power and electronic industries [1,2]. Electrical energy is indispensable for the development of modern society. Nowadays, low-carbon, energy-saving and environmentally friendly products are required for the sustainable development of modern society; this requires the manufacturers to provide better energy-saving, larger capacity, higher voltages and reduced emission transformers and electrical machines [3]. To obtain the superior magnetic properties, the texture microstructure called Goss-oriented grains with a crystalline direction of (110) and <001> should be developed [4]. Commercially, GOES production starts with steelmaking, then continuous casting, hot rolling and cold rolling followed by annealing which are usually conducted in two stages such as primary and secondary recrystallization. A number of studies investigating the distribution of cold-rolled textures and their influence on recrystallization textures have been carried out. Goss-oriented grains usually evolve as recrystallized grains during the primary recrystallization stage which subsequently develops a Goss texture during the secondary recrystallization stage via abnormal grain growth [5,6,7,8,9]. However, it is also reported that in the conventional processing route, the origin of the final Goss texture is obtained from the hot rolling stage, where the Goss texture develops below the sheet surface due to shear deformation [10]. Goss-oriented grains are retained after cold rolling which subsequently develops the Goss texture during the final annealing process when fine primary recrystallization grains are firstly formed, and abnormal grain growth is formed with further annealing. Then, a portion of fine grains with an exact {110}〈001〉 orientation of grains (Goss texture) absorbs other grains due to surface energy differences, resulting in the sharp Goss texture [11,12]. In addition, the role of inhibitors (second-phase particles) in promoting secondary recrystallization, such as MnS and/or AlN precipitations, has also been widely investigated, and those investigations have shown that these inhibitors are used to control the texture in the steel strip [13,14,15]. A fine dispersion of precipitates is a key requirement in the manufacturing process of Fe-3%Si grain-oriented electrical steel. In order to obtain finely dispersed inhibitors, slabs are heated as far as temperatures above 1350 °C to achieve complete dissolution, and then inhibitors can be finely distributed either in the hot rolling process or in the subsequent cooling process [16]. In the production of high permeability GOES, precipitations of copper, manganese sulfides, and aluminum nitride delay the normal grain growth during primary recrystallization, causing the preferential growth of grains with a Goss orientation during secondary recrystallization. The sulfides precipitate during the hot rolling process. The aluminum nitride particles are formed during hot rolling and annealing process [17]. As is generally known, the grain size, the texture, precipitations and the internal stresses, and their distribution across the sheet thickness determine the magnetic properties of the FeSi materials, i.e., the magnetization behavior and the magnetic losses. The relevant structural features are influenced by all the production steps, especially by hot rolling, cold rolling, and final annealing [18]. This paper focuses on the changes in the texture in the material obtained in the first stages of the production process. Despite the widely described textural development during the cold rolling and annealing process, very little research work has been performed in relation to the texture of casting and hot rolling products. Park et al. [19] reported on the occurrence of Goss texture in strip-casted steel containing 4.3 wt.% of Si. Lu et al. indicated, a “texture memory” mechanism while investigating the texture of hot rolled strip. They concluded there was a lack of Goss texture at this stage [20]. Based on this “texture memory” mechanism, the objective of this work is to examine the texture of continuous casted steel containing 3.1 wt.% of Si, and then its texture after hot rolling. Moreover, the aim of this study was to analyze crystallographic texture changes, including the impact of the crystal formation effect in slabs on the texture and determination of texture intensity in the final product. In addition, the purpose of this study was to analyze the magnetization of steel, determined using Barkhausen noise measurements. In real conditions, creating a more precise texture and reducing the thickness of the final sheet leads to an increase in the magnetic domain size which also has an impact on core losses. The reduction in iron loss is one of the most important industrial issues and until now, lower iron loss materials have been developed, in particular through improvements in the texture, production of thinner sheets and refinements of the magnetic domain wall spacing in order to reduce the domain wall velocity and consequently reduce edgy current losses (as the size of magnetic domains decreases, the number of domain walls increases and their velocity also decreases) [21,22].




2. Materials and Methods


The investigated material was high silicon steel containing 3.1% of Si. After continuous casting, the sample was cut out from the face of 70 mm thickness slab over the entire width of 960 mm. The sample was cut off with a large margin and then milled and ground to the thickness of 10 mm in order to minimize the impact of structural defects on the texture of the investigated material that might arise from the cutting process. The slab sample was cut into 3 parts and then etched. A total of 5 samples, having the geometry of 45 mm × 45 mm, were taken from hot rolled coils from different heats and 4 samples were taken from the GOES final product. All investigated materials were of similar chemical composition for the same grade of steel (Table 1).



2.1. X-ray Diffraction


X-ray diffraction (XRD) tests were performed for all samples on a D8 Advance diffractometer from the Bruker Corporation using filtered cobalt anode lamp radiation (λCoKα = 0.179 nm). Measurements were performed in the angular range 2θ = [40 − 130°] in step mode with a step of Δ2θ = 0.04° and an exposure time per step of 10 s. The phase analysis was performed using PDF (powder diffraction file) patterns from the International Center for Diffraction Data (ICDD) database. The diffraction methods used were based on Bragg’s law [23]:


  λ =   2 d   { h k l }       sin  ⁡  θ     { h k l }    








with being the monochromatic wavelength of the scattered beam. Knowing λ, Bragg’s law allows the direct determination of the lattice spacing by measuring the corresponding scattering angle of the Bragg reflection. The scattering vector direction normal for the lattice planes is the bisecting angle between the incoming and outgoing beam and describes the measurement direction in the sample of interest [24].



The aim of this study was to determine whether material texturing occurs and, if so, to what extent it is advanced. The material texture was characterized via the texture coefficient (TC) determined by the formula [25]:


  T C =       J   h k l       J   0 h k l         1   n   Σ     J   h k l       J   0 h k l        








where Jhkl—measured intensity diffraction line hkl; J0hkl—hkl intensity diffraction line of a reference material taken from the ICDD database; n—number of reflections taken into account.




2.2. Magnetic Barkhausen Noise (MBN)


Additionally, the STRESSCAN 500C (produced by STRESSTECH OY, Finland) measurements were used to determine the magnetoelastic parameter (MP), being the effect of magnetic noise and also known as the Barkhausen phenomenon. This physical phenomenon originates from collisions of magnetic domain walls (DWs) with lattice imperfections (i.e., grain boundaries), where the motion of magnetic domain walls (Bloch walls) is hindered. The tensile and compressive residual stress weaken and strengthen the pinning effect, respectively. The pinning and unpinning of domain walls generates irreversible jumps and the corresponding electromagnetic pulses are detectable with a pick-up coil; when the electrical pulses produced by all domain movements are added together, a noise-like signal called Barkhausen noise is generated [26,27,28].



The sample taken from the righthand side of the slab was measured, and the areas of approximately 15 mm × 15 mm each were marked on the cross-section of the slab (Figure 1). A STRESSCAN sensor head was placed at the intersection points and magnetoelastic parameter (MP) measurements were performed on 0.2 mm depth with applied magnetizing circuit resistance of 50 kΩ.





3. Results and Discussion


3.1. Analysis of Macrostructure, Texture and Magnetic Properties of the Slab Obtained after Continuous Casting Process


The observations of the macrostructure were performed on the cross-section of the slab, which was etched with a chemical reagent revealing its macrostructure. During the continuous casting process, molten steel was poured into water-cooled molds and the strand gradually started to solidify. As a result, the solid shell of the strand forms and moves out of the mold toward the next cooling zone in order to finally fully solidify [29]. The macrostructure of the slab is characterized by three distinct zones corresponding to individual stages of crystallization. Additional subzones were identified and are indicated in Figure 2.



	
FCZ—frozen crystal zone,



	
SCCZ—small columnar crystal zone,



	
LCCZ—large columnar crystal zone,



	
ECZ—equiaxed crystal zone.






FCZ’, SCCZ’, LCCZ’—similarly, the zones located on the other side of the slab.



It can be observed that the continuous casting slab macrostructure mainly consisted of solidified columnar grains. It is reported that the strong anisotropy of the coarse columnar grains had a notable impact on the subsequent microstructure, texture and resulting properties [30].



The research into the slab texture was performed for two zones: LCCZ and ECZ. The samples were cut out from 1/3 of the cross-section of the slab. X-ray diffraction patterns were recorded, and the TC parameter was calculated based on a comparison of the intensity of individual peaks originating from the appropriate crystallographic planes relating to the standard (Figure 3, Figure 4, Figure 5 and Figure 6). X-ray diffraction pattern shows that the investigated material is single-phase BCC material which allows the conclusion to be drawn that it is ferrite. The results presented in Figure 3 and Figure 4 and obtained for the samples No. 1 and No. 2 taken from the area of columnar crystal zone show great similarity. The TC parameter is most deflected in columnar crystal zones for lattices {200} and {220}, and there is no texture intensity for lattice {310}. At this point, it is worth mentioning that the greater the deviation of the value of TC from 1, the stronger the intensity texture occurs for a given crystallographic direction. Based on the obtained results and strong intensity of texture corresponding to the direction (100), it can be concluded that this direction is preferred for the columnar crystals’ growth. The results obtained for the sample No. 3 (Figure 5) differ from the previous ones. In this case, a strong texture is observed for each crystallographic plane, because the investigated sample was taken from the area of the largest columnar crystals, and it can be expected that the information was obtained from practically a single grain. In the zone of equiaxial crystals, texture intensity is noticed only for the crystallographic lattice {310} (Figure 6). For other lattices, TC resulted in being close to 1, probably due to larger number of grains in the investigated area and independent growth of equiaxial crystals and their small size. This can be related to the low anisotropy of the MP parameter when examining magnetic Barkhausen noises, which is why the results of the MP parameter measurements in the region of equiaxed crystals generally give average values. It should also be noted that the greatest accumulation of impurities occurred in this area, which resulted in the separation of non-metallic inclusions from the liquid in the first place, which served as a basis for the heterogeneous nucleation of equiaxed crystals with a random crystallographic orientation.



Magnetic properties are highly dependent on the grain orientation and therefore the deviation of the 〈001〉 crystal axis from easy magnetization direction {100} [31]. Registered Barkhausen noises are generated by the movement of Bloch walls. The easier the occurrence of these displacements, the higher is the MP parameter. This means that when higher MP values are obtained, there is an easier magnetization of the material in that direction; consequently, it may mean that there are crystallographic planes in that direction characteristic of easy magnetization. However, it should be noted that the MP parameter also depends on the state of stress. The physical background of these phenomena is connected with the creation of stress-induced anisotropy and its influence on the total free energy of the magnetic material [32]. Analyzing Table 2 and Table 3, it can be seen that higher MP parameters were obtained when the measuring head was placed parallel to the direction of the columnar crystals compared to measurements made perpendicular to these crystals. This indicates a noticeable anisotropy of magnetic properties in the range of columnar crystals. Greater anisotropy occurs in the area of columnar crystals located in the upper part of the slab cross-section. This anisotropy is reduced in the area of the presence of equiaxial crystals and also in the area of the edge of the slab cross-section, where columnar crystals in two directions from its side edge as well as from the top and bottom edges come into contact (marked by black line in Table 2 and Table 3). It can be concluded that the material is more isotropic due to magnetic parameters. These results also indicate that the boundaries of the formed crystals make it difficult for Bloch walls to move, and consequently increase the magnetic hardness of the the material.




3.2. Analysis of Texture after Hot Rolling Process and Final Production of GOES


When initial columnar grains are rolled to 90% reduction, a strong α-fiber deformation texture takes place [33]. Rolling temperature has also an influence on the texture and microstructure evolution. The texture formed by hot rolling also affects the texture and microstructure evolution during the cold rolling process [34]. The hot rolling process was performed in two stages: initial rolling and finishing rolling realized in six finishing mills. Slabs were heated to 1280 °C–1290 °C and then rolled in the range of the temperature of 1100 °C–980 °C. The thickness of the slab was reduced from 220 mm to 1.8 mm. The hot rolling process brings technical challenges, such as very high rolling temperature and long rolling campaign for the same width of the sheet. Comprehensive measures were taken to solve these problems. Before the hot rolling of GOES steel, all rolls were exchanged; additionally, after rolling of a certain amount of the material, it was necessary to withdraw the rolls for reconditioning. Details of the hot rolling process are given in [35]. To investigate TC after the hot rolling process, five samples were investigated. The tested material was taken from the hot rolling process after coiling. The results of the TC calculation after X-Ray diffraction are shown in Figure 7 and Figure 8.



Samples 1, 3 and 4 show a higher intensity of texture than sample 2. Tests performed for the {211} and {310} planes reveal a weak texture. However, for the {110} group planes, this parameter fluctuates, which indicates the lack of clear texture in relation to the crystallographic planes. In the case of sample 2, it is clearly visible that values of TC do not differ from the black line on the graph, which indicates the lack of texture for a given crystallographic lattice. In these cases, for the {310} crystallographic plane, the TC coefficient was 1.36 and 1.61, which indicates a certain degree of textural intensity of the material. However, taking into account the remaining crystallographic planes, it can be concluded that there is no texture, especially in the direction of easy magnetization {200}. Song et al. [19] also reported that with increasing hot rolling reduction, α and γ fiber textures are enhanced at the expense of the initial solidification texture. At the hot rolling reduction of 5–30%, the Goss texture is very weak in the hot rolled strips, but significantly increases at the hot rolling reduction of 50%. For the grain-oriented silicon steel produced via the conventional route, it is generally understood that the primary Goss grain is inherited from the hot rolled grains via the, “texture memory” mechanism; nevertheless, in the present study, a very weak texture is exhibited in the hot rolled material. Lu et al. also concluded that the weak Goss texture exhibited in hot rolled bands cannot serve as “Goss seeds” [36].



The final product was obtained via performance of the following processes after hot rolling: initial annealing and sheet etching, cold rolling, decarburization annealing and secondary recrystallization high-temperature annealing. Initial annealing and etching of sheet metal is carried out in the temperature range of 900 °C–950 °C to form the microstructure of the material, which also affects the form of the carbide phase. During etching, an oxide layer is removed from the surface of the sheet using a mixture of sulfuric and hydrofluoric acid. Annealed and etched sheets are rolled in two stages of cold rolling. The first stage produces an intermediate thickness of the strip, and the second stage produces a final thickness in the range of 0.23 mm to 0.35 mm. Between the two stages of cold rolling, the sheets are subjected to recrystallization–decarburization annealing, where dislocations generated by plastic deformation during cold rolling are eliminated by primary recrystallization. The second stage of cold rolling again increases the energy of the deformed system, which plays an important role in the process of secondary recrystallization. During the next stage of production process, during recrystallization–decarburization annealing, the steel strip is annealed in a nitrogen–hydrogen atmosphere at a temperature of about 850 °C. In the first stage, the primary recrystallization of the deformed material takes place and the formation of the initial structure for the process of secondary recrystallization in the next stage, leading to the formation of the texture (110) [001]. In the second stage, decarburization of the steel takes place. However, concurrently with the decarburization reaction, there is an oxidation reaction of the silicon contained in the iron. At the end of this process the material is coated with MgO layer and coiled [37,38]. Then, coils are subjected to a high-temperature annealing process at a temperature of up to 1200 °C in a nitrogen–hydrogen atmosphere. During annealing, normal grain growth occurs with the formation of potential nuclei of secondary grains with a Goss texture. Further heating of the material should take place very slowly to allow further development of only those potential secondary grain nuclei that have an orientation closest to the ideal one, i.e., (110) [001], and thus a higher growth rate. After annealing, the texture is dominated by the Goss component [39]. In order to illustrate the texture of the final product that has gone through all processes of grain-oriented electrical steel sheet production, X-ray diffractometric tests for four samples marked FP (final product) was performed. The results of the TC evaluation are summarized in Figure 9. They reveal a strong texture, especially for the {110}, {220} planes, and the reverse for the {200} plane. This indicates that a strong Goss texture is obtained in the final product, which is necessary to achieve the required magnetic properties of grain-oriented electrical sheets. It can be concluded that the strongest Goss texture was obtained for the samples FP-1 and FP-4.





4. Conclusions


The study of X-ray diffraction and the analysis of texture coefficients which may by used to describe the texture intensity in GOES containing 3.1 wt.% of Si after different production steps (after continuous casting, after hot rolling and at the final product state) lead to the following conclusions:




	
The structure of the slab after the continuous casting process is composed of zones of frozen crystals, columnar crystals and equiaxed crystals in the center of the slab. The macrostructure of the slab at the side edges is devoid of an equiaxed crystals area. The crystallographic texture of the slab is strongest in the area of columnar crystals, while it is much weaker in the area of equiaxial crystals.



	
The anisotropy of the magnetic properties is particularly high in the columnar crystal region of the slab structure, while in the region of the equiaxial crystals and the side edges of the slab, the magnetic properties should be considered largely isotropic.



	
The hot-rolling process caused a strong weakening of the material’s crystallographic texture.



	
The process of the production of grain-oriented electrical steel resulted in a very strong texturing coefficient, corresponding to the crystallographic directions and planes for the Goss texture.
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Figure 1. Sample of the slab after etching marked with a grid. 
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Figure 2. Individual zones of steel crystals related to the crystallization of the slab. 
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Figure 3. Analysis of texture for the sample No. 1 from LCCZ zone: (a) X-ray diffraction pattern (b) TC parameter calculation. 
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Figure 4. Analysis of texture for the sample No. 2 from LCCZ zone: (a) X-ray diffraction pattern; (b) TC parameter calculation. 






Figure 4. Analysis of texture for the sample No. 2 from LCCZ zone: (a) X-ray diffraction pattern; (b) TC parameter calculation.



[image: Crystals 14 00107 g004]







[image: Crystals 14 00107 g005] 





Figure 5. Analysis of texture for the sample No. 3 from LCCZ zone: (a) X-ray diffraction pattern; (b) TC parameter calculation. 
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Figure 6. Analysis of texture for the sample from ECZ zone: (a) X-ray diffraction pattern; (b) TC parameter calculation. 
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Figure 7. TC calculation for the hot rolled specimens after polishing: (a) sample No. 1; (b) sample No. 2. 
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Figure 8. TC calculation for the hot rolled specimens without polishing: (a) sample No. 3; (b) sample No. 4. 
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Figure 9. TC calculation for the final product specimens: (a) sample No. FP-1 polished, (b) sample No. FP-2 polished, (c) sample No. 3 without polishing, (d) No. 4 without polishing. 
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Table 1. Chemical composition of the investigated material.
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	Elements
	C
	Mn
	Si
	S
	Cu
	Fe





	Nominal content
	0.028–0.040
	0.22–0.30
	3.00–3.25
	max. 0.007
	0.048–0.55
	bal.










 





Table 2. Barkhausen noise measurements results (MP)—direction parallel to the slab cross-section side edge. Black lines reflect the contact of columnar crystals growing from the top and from the bottom of the continuous ingot.
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Table 3. Barkhausen noise measurements results (MP)—direction perpendicular to the slab cross-section side edge. Black lines reflect the contact of columnar crystals growing from the top and from the bottom of the continuous ingot.
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