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Abstract

:

In this work, the effect of cold deformation prior to annealing treatment on the microstructure and magnetic hysteresis energy losses in a low carbon grain non-oriented semi-processed electrical steel with 0.60 mm thickness was investigated. The samples were subjected to different percentages of deformation, in a range of 5–20% reduction and annealed at temperatures between 650 and 950 °C for 60 min, these were characterized by Optical Microscopy. Meanwhile the energy losses were calculated from the magnetic hysteresis loops using a Vibrating Sample Magnetometer. The experimental results showed that cold deformation increases energy losses by 50% when the steel is deformed 20%, due to microstructural defects that are introduced to the material during deformation. The presence of the microstructural defects was verified through measurements of Full Width at Half Maximum by means of X-ray diffraction. On the other hand, it was observed that annealing at temperatures below   A  c 1    causes only small changes in the microstructure of the steel, however, it promotes the recovery of magnetic properties by 50% with respect to the deformed material. In contrast, when the material is annealed between   A  c 1    and   A  c 3    ( α + γ  ) magnetic properties are recovered ~33% with respect to the initial state and, at values higher than 65% compared to the state of greatest deformation (20%), as a result of both microstructural modification and the evolution of the grain size experienced by the material.
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1. Introduction


The generation, transmission and transformation of energy are the pillars of modern industry. In these processes devices such as transformers, generators and electric motors are the main protagonists. The cores of these devices are manufactured using electrical steels, which are soft magnetic materials and rank first in importance among magnetic materials worldwide in terms of tonnage and value produced in the market. Approximately, 50% of the worldwide produced electrical energy is used in motors, and the awareness of the need to save energy has generated interest in the development of high-performance electrical steels [1]. There are two types of electrical steels: grain oriented -GO- and grain non-oriented (GNO). The appropriate microstructural characteristics that lead to optimal magnetic properties are obtained through steel processing. Losses of magnetic properties in electrical steels are sensitive to both chemical composition (Si + Al) and structure, and are highly dependent on a number of metallurgical factors, such as material cleanliness, crystallographic texture, grain size and shape, the stress-strain state, and the existence of anisotropic distributions of some microstructural elements such as secondary phases, inclusions, etc., [2,3]. Manufacture of final forms from electrical steel sheets includes additional deformation processes, all these forming operations have a determining effect on energy losses and magnetic permeability due to the effect they cause on grain size and texture. Therefore, it is very important to assess the extent of the deterioration of the magnetic properties when the steel is plastically deformed [4,5]. Several investigations have been conducted on these topics. Hou [6] found that the magnetic losses are directly proportional to the dislocation density generated by rolling. Shiozaki et al. [7] carried out a study to relate magnetic hysteresis losses, grain diameter and silicon content by means of an equation, under different magnetic field conditions, reporting that hysteresis losses are proportional to grain size, while eddy current losses are inversely proportional to grain diameter. Jiles et al. [8] pointed out that the energy loss to pinning is proportional to the density and average pinning energy of dislocation. Bailey and Hirsch [9] demonstrated that the flow stress is proportional to the square root of the dislocation density. Accordingly, dislocations exert a considerable effect on magnetic properties [10]. The generation and accumulation of dislocations in a disorderly manner produce entanglements that are fixation centers for the walls of the magnetic domains, therefore, they prevent their free movement, which generates an important effect on magnetic hysteresis. In contrast, other investigations asseverate [11,12,13], that as the grain size increases, the hysteresis losses decrease while the eddy current losses increase, therefore, there is an optimal grain size that minimizes the total energy losses. These results suggest that when the material is treated at high temperatures, the residual stresses are decreased, in addition, the recrystallization and grain growth processes are activated depending on the imposed deformation degree [14,15], which indicates that, there is the possibility to produce electrical steel sheets with acceptable, even better, magnetic characteristics with short annealing times [16,17]. In general, GNO electrical steels are manufactured from continuous casting by hot rolling, cold rolling, continuous annealing or batch annealing and temper rolling [18]. Subsequently, they are subject to long periods of heat treatment at temperatures below   A  c 1    to promote decarburization and grain growth. Recently, different investigations [19,20,21] have proposed alternative processing routes to improve the production processes for different grades of electrical steels. These include optimization of hot rolling, annealing prior to cold deformation or rolling in stages with intercritical annealing, obtaining a good relationship of mechanical-magnetic properties in electrical steels with Si + Al contents greater than 1%. Therefore, this investigation offers a methodology that allows evaluating the effect of cold deformation and annealing heat treatment on the microstructure and magnetic properties of a low carbon GNO semi-processed commercial electrical steels with low Si + Al content (~0.6%). The results obtained indicate that it is possible to obtain electrical steels with low magnetic losses and high permeability, when they are subjected to a cold deformation process prior to the annealing stage, at relatively low temperature, between   A  c 1    and   A  c 3    (  α + γ  ) and short times (1 h). The described, allow the recovery of magnetic properties in ~33% with respect to the initial state and higher than 65% when it has been deformed, taking advantage of those obtained by conventional batch annealing processing during 16 h at 750 °C. The proposed processing route converts the used material in this investigation into very attractive product which is favorable to both energy and socioeconomic aspects.




2. Materials and Methods


A commercial semi-processed grain non-oriented electrical steel sheet with a thickness of 0.60 mm was used as research material. Table 1 shows the chemical composition (wt%) determined by optical emission spectroscopy based on the ASTM E-403 standard. Critical transformation temperatures   ( A  c 1    and   A  c 3  )   were calculated by dilatometric analysis, the values obtained were 722 °C and 912 °C, respectively. In this case, 20 samples of 15 cm wide by 30 cm long were cut from the tail-end of the GNO electrical steel coil. Subsequently, they were cold deformed at 5, 10 and 20% in stages (0.01 mm thickness reduction per pass) in the original rolling direction, in a HILLE Helicon MK4 Series 2 rolling mill, at a roll rotation speed of 18 rpm and with the use of lubricant to reduce friction. 5 samples were cold rolled for each of the rolling conditions. The final thicknesses after reduction were: 0.57, 0.54 and 0.48 mm, respectively. The annealing heat treatments of the initial state and deformed samples were carried out in a muffle furnace in air atmosphere at temperatures of 650 °C, 750 °C, 850 °C and 950 °C for 60 min at an average heating rate of 10 °C/min and subsequent air cooling. In order to have a strict control of the temperature during the thermal cycles, samples were instrumented with thermocouples (K-type). The reading of the thermocouples was recorded by means of a FLUKE model 2680 data acquisition system. Samples for microscopic examination were prepared by conventional metallographic techniques and etched with 3% Nital during 7 s to reveal the material microstructure. Microstructural characterization of the deformed and annealed samples was carried out using an Olympus Vanox AHMT3 model (Tokyo, Japan) metallographic microscope. The images were processed in an image analyzer with the Image Pro-Plus program (version 7.0), while the average grain size for each of the experimental conditions was calculated by the linear intercept method based on the ASTM E-112 standard [22]. To obtain a representative result, 10 fields were measured and, 10 lines were used for each sample. The samples analyzed by X-ray diffraction (Bruker, Billerica, MA, USA, D8 Advance), were cut in dimensions of 1 cm long × 1 cm wide, both for the deformed steel (5–20%) as well as for sample subject to the highest percentage of deformation (20%) and annealed at different temperatures (650–950 °C). The normal planes of both deformed and annealed samples were grinded and polished to achieve a mirror-like surface. Analysis was performed using CuKα monochromatic radiation (λ = 0.15418 nm), 35 kV, 25 mA, step 0.02°, scan rate 2°/min and 2θ range 0–160°. The full with half maximum (FWHM), defined as the width of the distribution at a level that is just half the maximum ordinate of the peak, was calculated with the software DIFFRAC.EVA 5.2 from XRD data for the diffraction peaks (100), (200), (211), (220) and (222). FWHM was then associated with the dislocation density in the analyzed samples. Finally, magnetic properties were measured on a Lake Shore Series 7300 VSM System vibrating sample magnetometer (Lake Shore Cryotronics, Inc., Westerville, OH, USA 1993) at 50 Hz. The electrical steel samples were magnetized until reaching saturation magnetization at 2.1T [23,24]. 10 samples of 1 mm wide × 3 mm long were cut, with an approximate weight between 25 and 30 mg. 10 samples were analyzed for each experimental condition. Through the Lake Shore VSM version 3.0 program, the magnetic hysteresis cycles were obtained, which allowed calculating the coercivity, remanence, and energy losses.




3. Results and Discussion


3.1. Effect of Plastic Deformation on Microstructure and Magnetic Properties


Microstructures of the samples in the initial state (without deformation) and deformed at 5, 10 and 20% are shown in Figure 1. As can be seen, there are no significant changes in the morphology of the ferrite grains associated with the applied plastic deformation. The microstructure of the deformed samples Figure 1b–d have morphological characteristics very similar to the initial state as show in Figure 1a. In Figure 1c,d some deformation lines can be observed, as well as small elongated grains located in the vcinity of the bands, as a result of higher percentage of lamination imposed on the material. In general, all the samples exhibit quasi-equiaxial ferrite grains, with a heterogeneous grain size of approximately 25 µm.



ASTM A683 standard [25] establishes values of energy losses in the cores made of semi-processed grain non-oriented electrical steel from the Si + Al contents measured in the Epstein frame at 1.5T, at 50Hz and 60Hz. For contents close to 1% Si + Al, the standard indicates an energy loss value of ~6.1 W/kg. Figure 2 shows the effect of deformation on the magnetic properties of the studied steel. The properties were calculated from the magnetic hysteresis curves obtained in the VSM. It can be seen in Figure 2a that the coercivity increases to values close to 75% with respect to the initial state as the deformation increases. The deformation effect on the coercive force is well known, since it increases the area of the hysteresis loop, which leads to a decrease in permeability. In contrast, in Figure 2b it can be seen that the remanence decreases as a consequence of the deformation imposed on the material. However, such behavior is not desirable since it is one of the characteristic required in steel. Figure 2c shows the energy losses for the steel without deformation and with different percentages of deformation (5–20%). In the case of steel in the undeformed state, the losses correspond to 3.4 W/kg according to the ASTM A683 standard. The value obtained is related to the chemical composition of the material, since the Si + Al content for the steel used in this investigation is approximately 0.59%, which is 40% lower than the minimum value reported in the standard. Meanwhile, in Figure 2c it can be seen that the graph experimentally obtained exhibits an almost linear behavior, in such a way that, as the deformation increases, the energy losses increase proportionally. The most important change is obtained when the steel is deformed above 10%, since the sample with the highest percentage of deformation (20%) exhibits a 50% increase in magnetic hysteresis losses compared to the undeformed state, reaching values higher than 6.7 W/kg. The behavior observed in the properties is due to the introduction of defects in the microstructure, mainly to the dislocations accumulation in a disorderly manner [26]. The last agrees with those pointed out by some researches [9,10], where they establish that the main mechanism to explain the deterioration of the magnetic properties is related to the interaction between the magnetic domains wall and the dislocation density associated with deformation.



When a material undergoes non-uniform deformation, as in the case of a grain embedded in a polycrystal, depending on the orientation of neighboring grains, the crystal planes can be compressed or stretched. Therefore, the X-ray diffraction peaks of the deformed material show a decrease in maximum intensity and an increase in width at half the maximum intensity—FWHM—[27]. Figure 3 shows the effect of plastic deformation on the FWHM for the most important diffraction peaks obtained by X-ray diffraction of the steel studied. As can be seen, the FWHM significantly increases as the strain, however, the changes are more significant in the case of peaks (220) and (222), even with low strain values (between 5 and 10%). The increase in FWHM is mainly associated with dislocation density and non-uniform strain across the sheet microstructure. As the strain increases, the number of defects introduced to the material increases considerably. These defects (dislocations) are not found in the structure of the material in an orderly manner, and due to this disorder, when the material is exposed to a magnetic field, high coercive fields are required to force the magnetic dipoles to align in the direction that the magnetic field is being applied (see Figure 2a), since the crystalline defects act as barriers obstructing the rotation of the magnetic dipoles, which increases the area of the hysteresis loop and, consequently, increases the energy losses as can be seen in Figure 2c [3,5,6,7,8,9].




3.2. Effect of Annealing Temperature on the Microstructure


Figure 4 shows the effect of annealing temperature on the microstructure of the deformed samples. As can be seen, annealing causes important changes in morphology and ferrite grain sizes as the treatment temperature increases. Figure 4a shows the results corresponding to the samples treated at 650 °C   ( T < A  c 1  )  ; as can be seen, the microstructural characteristics between the original and deformed samples (5–20%) are very similar. In general, the microstructure is composed of ferrite grains with equiaxed morphology and a non-uniform size of ~28 µm. These results suggest that annealing in the ferrite phase field (  α − F e ,     T < 722   ° C  ), only causes some effects associated with the rearrangement of dislocations or the released of residual stresses. In contrast, the microstructural modification of the annealed samples in the intercritical region (  α + γ )   is remarkable. Figure 4b shows the micrographs of the steel annealed at 750 °C. As can be seen, the microstructures of samples with deformations equal or lower than 10% are characterized by the presence of a non-uniform microstructure constituted by a mixture of large ferrite grains located on the edge of the sheet, and smaller grains in the center. For the same temperature, the microstructure of samples with 20% of deformation shows large ferrite grains with average grain size of about 130 µm, which suggests that the small grains have completely been consumed. A similar type of growth is observed when temperature is increased up to 850 °C, Figure 4c. A mixture of large and small ferrite grains is obtained for deformation levels equal or lower than 10%, but for a higher deformation degree (20%), only large ferrite grains with average grain size of about 170 µm are observed. The amount of small grains observed in samples annealed at 750 °C and 850 °C, tend to decrease with the increase in the deformation level. Furthermore, for a given deformation condition, the size of both small and large grains, increases with the increase in temperature from 750 °C to 850 °C. These results suggest that the kinetic of the abnormal growth occurs faster with the increase in the strain level and temperature. Similar results were reported for a steel containing 0.07 wt% C and Si + Al = 0.78 wt%, after tensile deformations of 8%, 12% and 25% and subsequent annealing at 700 °C and 800 °C. It was observed that, annealing at these temperatures, in samples with 8% and 12% of deformation, resulted in microstructures consisting of a mixture of large and small ferrite grains. In contrast, annealing in samples with previous deformation of 25%, resulted in microstructures consisting mainly on larger and equiaxed ferrite grains [28]. They found that abnormal growth in samples with 12% of deformation was faster than in samples with 8% of deformation, and the effect was more significant at 800 °C, which is a similar behavior than the one observed in the present work. The abnormal growth was explained in terms of the so-called strain induced boundary migration (SIBM) mechanism, which commonly occurs in materials with low deformation [28]. Growing of grains by SIBM initiate in high-strain grains and progresses until a new low-strain grain is formed and separated from the original; growing is driven by minimization of stored energy leading to a lower strain condition. Growth is followed by coalescence of grains resulting in larger grains as observed in Figure 4b,c. Figure 4d shows the microstructures of the samples thermally treated at   T > A  c 3    (912 °C). The microstructure of the undeformed sample consists mainly of large ferrite grains (average size > 100 µm), which suggest that the abnormal growth is favored by the increase in temperature due to a higher driving force for grain boundary motion, compare the microstructures of samples without deformation in Figure 4c,d. A different behavior is observed in samples with deformations of 5%, 10% and 20%, in this case, the grain size is significantly smaller than the one observed either in the undeformed condition or in samples annealed at 750 °C and 850 °C. The grain size decreases with the increase in the deformation level. In addition, it is important to notice that the grain size of samples annealed for 60 min at 950 °C (  T > A  c 3   ) is very similar than the one observed in samples annealed at 650 °C (  T < A  c 1   ), even when the driving force for grain boundary motion is higher (∆T = 300 °C). During heating of steel at temperatures above Ac1 and below Ac3, austenite nucleates at ferrite grain boundaries and at carbides interfaces. Growth of austenite mainly occur during holding due to the more time available for boundary motion [29,30]. It appears then that the effect of deformation relies on the increase in the number of nucleation sites. The higher the deformation, the higher the number of nucleation sites and the smaller the austenite grain, which on final cooling leads to a smaller ferrite grain. This could explain the reduction of grain size with the increase in the deformation level in samples annealed at 950 °C, Figure 4d. Some authors reported the simultaneous oxidation and decarburization process of an electrical steel containing 0.05 wt%C and Si + Al = 0.78 wt% during annealing conducted after hot-rolling [30]. The critical transformation temperatures reported for the steel used in such work were, Ac1 = 763 °C and Ac3 = 946 °C, which are about 41 °C and 34 °C higher than the critical temperatures of the steel used in the present work. Annealing was conducted in still air for 150 min at 700 °C, 750 °C, 800 °C, 850 °C, 950 °C and 1050 °C. It was found that annealing at temperatures below the Ac1 (700 °C), causes only a marginal effect on the grain size. However, annealing in the intercritical region (800 °C, 850 °C), resulted in abnormal large ferrite grains with columnar structure, which grow from the surface towards the mid-plane of the steel thickness. They conclude that columnar grains are only formed if the decarburization annealing is performed in the two-phase field region and a sharp interface exists between the decarburized ferrite and two-phase area [30]. The quasi-equiaxial structure obtained in the present work at 750° and 850 °C, which differs from the columnar structure reported by these authors at 850 °C, can be related to variations in the critical temperatures. For the same temperature, the proportions of austenite and ferrite during the thermal treatment should be different, and this can affect the steel decarburization kinetics and grains morphology. These authors also found that, annealing at temperatures above the Ac3 (950 °C, 1050 °C) led to small and equiaxed ferrite grains, which were significantly smaller than those observed after annealing in the two-phase field region (800 °C, 850 °C). Annealing at T ≥ 950 °C caused a reduction in the variation of decarburization, which was attributed to the combination of large oxide thickness and the absence of defects (pores or cracks) in the oxide structure. These results are similar to the ones observed in the present work in deformed samples, the increase in the annealing temperature from 850 °C to 950 °C leads to a significant reduction in grain size, compare Figure 4c,d. Some authors conducted an EBSD investigation on the abnormal columnar grain growth in non-oriented electrical steels [31]. They varied the deformation level (0%, 5%, 15%, 25%) applied to hot-rolled electrical steel bands and observed that, the abnormal grain growth that took place after annealing at 850 °C in the undeformed material, was not observed when the steel was deformed 15% prior to annealing at 850 °C. It was concluded that, the increase in the deformation level caused a more uniform distribution of strain along the steel thickness resulting in equiaxed grains. In such work, annealed samples exhibited shorter grain sizes for higher plastic deformation levels, which was related to higher nucleation sites. This behavior is also similar to the one observed in the present work. Therefore, it appears then that, the reduction in grain size in deformed samples annealed at temperatures above Ac3, is related to both the increase in the nucleation sites due to deformation and the variation in the oxidation/decarburization process at high temperatures [30,31]. On the other hand, independently of grain structure, from the magnetic properties point of view, it is expected that the increase in grain size obtained during intercritical annealing leads to a reduction of energy losses and to an increase in permeability, since the increase in grain size reduces the numbers of barriers that prevent the movement of the magnetic domain walls.




3.3. Magnetic Properties


Magnetic properties of the annealed samples for 60 min at different temperatures are shown in Figure 5. Annealing recovers all magnetic properties, only the remanence shows values very close to the sample in initial state. In Figure 5a it can be observed, the decrease in coercivity as the treatment temperature increases. Recovery is more important when annealing is carried out in the two-phase region (  α + γ )  . On the other hand, samples annealed at   T > A  c 3   , show an opposite behavior, the coercive field increases as the deformation increases. Additionally, it can be seen that the sample without deformation annealed at 950 °C has a low coercivity values, even lower than the samples treated at   T < A  c 1    (650 °C). According to Figure 4, the described behavior is associated with the microstructure of the material, since the deformed samples (>10%) with treatment between 750 °C and 850 °C are composed of large ferrite grains. These same characteristics are shown in the sample without deformation annealed at 950 °C. Figure 5b shows the remanence values as a function of the deformation level and the annealing temperature. As can be seen, at temperatures between 750 °C and 850 °C, the highest remanence values are shown, which is favorable because remanence is a desired quality in electrical steel. However, treatment at high temperatures (950 °C) causes the opposite effect due to the decrease in grain size. Finally, in Figure 5c it can be seen that the most important recovery in energy losses corresponds to the samples annealed at 850 °C, since even without previous deformation, the energy losses decrease from 3.4 W/kg to 3.1 W/kg, which relates to the changes observed in the microstructure by heat treatment. Similarly, it can be seen that by increasing the magnitude of the plastic deformation to 10% at the same annealing temperature (850 °C), the energy losses decrease by percentages greater than 50% with respect to the material in initial condition, due to that recover from 6.7 W/kg to 3.4 W/kg. However, the highest recovery in the magnetic properties was observed in samples with deformation of 20% and subsequent annealing at 850 °C, since it shows a decrease in energy losses greater than 65% (from 6.7 W/kg to 2.2 W/kg). On the other hand, it is important to highlight the unusual behavior shown in Figure 5c, where it is observed that the samples annealed at   T > A  c 3    shows higher loss values in the deformed samples. The undeformed steel annealed at 950 °C shows low energy losses, even lower than those of undeformed samples annealed at   T < A  c 1   , although, the treatment is only effective for such treatment conditions. The behavior described above can be explained in terms of the microstructure showed in Figure 4, since the optimum grain size is obtained when the material is deformed above 10% and annealed in the intercritical range (  α + γ  ). However, higher temperatures promote a higher oxidation of steel as mentioned elsewhere [30], and thus affecting both steel decarburization and grain growth, and as a consequence, magnetic properties recovery is lower. The decrease in energy losses observed is related to different mechanisms; on the one hand, when steel is heat treated, internal stresses are released and rearrangement of the dislocation structure that were introduced during the deformation process occurs; on the other hand, the processes of recrystallization and grain growth are activated [7,8,9,10,11,12]. These phenomena are responsible for the recovery in the magnetic properties observed in the material, as a result of the decrease in the number of barriers that affect the magnetization process. Therefore, the magnetization process can be carried out at smaller magnetic fields compared to the deformed state, consequently reducing the area of the hysteresis loop [32,33,34]. Figure 6 shows the results of the X-ray diffraction analysis for the sample subject to the highest percentage of deformation (20%) and annealed at different temperatures. The diffraction peaks obtained via the FWHM show a considerable decrease compared to the deformed samples (see Figure 3). This behavior indicates that the internal stresses have been relieved and dislocations have been annihilated, therefore, it considerably improves the energy gain, which is in agreement with the results shown in Figure 5.




3.4. Magnetic Properties-Grain Size Relationship


Figure 7 shows the effect of annealing temperature on the grain size-energy loss relationship. In general, there is a decrease in energy losses as the annealing temperature increases, which is associated to grain growth. The sample without deformation (initial condition), shows grain sizes between ~28 and 100 µm, when the steel is thermally at    T < A  c  1      and   T > A  c 3   , respectively, which allows the energy loss values to be reduced by 3.2 and 2.9 W/kg, respectively. A similar behavior is observed in samples with 5% and 10% of deformation, however, this is only significant when the annealing is carried out at high temperature and high deformation, since the thermal treatment between 750 °C and 850 °C with ~10% deformations is not enough to complete the grain growth process. Therefore, average grain sizes of ~83.5 and 122 µm, respectively, are reached; although, grain growth under such conditions is only partial, it allows to obtaining energy losses of less than 2.5 W/kg, which means a reduction of 27% with respect to the initial state and 63% in reference to the state with the greatest deformation. On the other hand, the best magnetic properties are obtained when the 20% deformed sample is subjected to annealing at 850 °C, due to grain growth, reaching sizes >170 µm, which leads to a significant decrease of losses to 2.1 W/kg, and which represents a decrease of ~70%. In contrast, the treatment at   T > A  c 3    of the deformed samples experiences a behavior opposite to that described above, due to the fact that the increase in energy losses is preferentially observed. In Figure 7, it can be seen that the losses are situated at 2.78 W/kg, which is slightly lower than that obtained in the treated samples   T < A  c  1       due to the decrease in grain size; therefore, the energy losses only are recovered to a limited extent. In the electrical steels case, the most important thing is to control the energy losses associated with the hysteresis cycle. To reduce losses, it is necessary to carry out the alignment and growth of the magnetic domains at low magnetic fields [35,36]. When grains grow, the amount of area and grain boundaries decrease, therefore, the number of barriers that limit the growth and free movement of the magnetic domains walls decrease considerably and, in this way, the magnetization process becomes energetically economical, so that the results described above reasonably support the findings obtained in the investigation.





4. Conclusions


In this work, the study of the effect of cold deformation on the grain size-magnetic properties relationship, in a commercial electrical steel GNO-type with low Si + Al, was studied, and the following is concluded:




	
Plastic deformation applied to grain non-oriented electrical steel sheets caused a significant increase in energy losses, from 10% for 5% strains to a 50% increase in energy losses for 20% strain, which indicates that the magnetic properties are very sensitive to small deformations. The affectation of the properties due to the deformation shows that the dominant mechanism during this process is the interaction of the dislocations with the magnetic domains’ walls. However, other microstructural defects as well as residual stresses also play an important role.



	
The microstructural differences observed in this research show that the microstructure can change substantially due to the used processing parameters used, since the microstructural characteristics strongly depend on the deformation imposed on the material prior to the annealing treatment, which can affect or favor the magnetic steel properties.



	
Annealing at different temperatures allows to recovery of the magnetic properties. Experimentally it was shown that small deformations prior to heat treatment provide better results in energy losses. The lowest values were obtained when the steel is annealed in the two-phase range      α + γ    , with a combination of 20% deformation and 850 °C temperature, which produce grain size of 170 µm, allowing energy losses to be reduced in 70%. In contrast annealing in  γ -phase produced only limits the recovery in the magnetic losses since growth is limited.



	
The results obtained in this research suggest an attractive processing route to produce electrical steel sheets from a commercial steel grade (% Si + Al < 0.6) with low magnetic hysteresis losses, even lower than those obtained through the conventional route in higher grades of electrical steels, which is beneficial both energetically and economically.
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Figure 1. Microstructures of deformed semi-processed grain non-oriented electrical steel (a) 0%, (b) 5%, (c) 10% and (d) 20%. 
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Figure 2. Effect of deformation on the magnetic properties of steel: (a) coercive field, (b) remanence, (c) energy losses. 
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Figure 3. Effect of plastic deformation on the FWHM for different diffraction peaks. 
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Figure 4. Microstructures of the semi-processed GNO electrical steel annealed at (a) 650 °C, (b) 750 °C, (c) 850 °C, (d) 950 °C, in initial condition (without deformation) and with prior deformation. 






Figure 4. Microstructures of the semi-processed GNO electrical steel annealed at (a) 650 °C, (b) 750 °C, (c) 850 °C, (d) 950 °C, in initial condition (without deformation) and with prior deformation.



[image: Metals 12 01211 g004]







[image: Metals 12 01211 g005 550] 





Figure 5. Effect of temperature on the recovery of energy losses in samples deformed at different percentages of reduction and annealed at different temperatures. (a) coercivity, (b) remanence, (c) energy losses. 
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Figure 6. FWHM for different diffraction planes corresponding to the sample with 20% strain annealed for 60 min. 






Figure 6. FWHM for different diffraction planes corresponding to the sample with 20% strain annealed for 60 min.



[image: Metals 12 01211 g006]







[image: Metals 12 01211 g007 550] 





Figure 7. Effect of annealing temperature on grain size-energy losses relationship in deformed electrical steel samples.  →  energy losses,  ←  grain size. 
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Table 1. Chemical composition of steel (wt%).
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	Element
	Si
	C
	Mn
	Al
	Cr
	P
	Mo
	Ti
	Nb
	S
	Fe





	%
	0.383
	0.03
	0.594
	0.217
	0.053
	0.043
	0.018
	0.003
	0.0002
	<0.0005
	98.56
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