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Abstract: Grain-oriented silicon steels were produced by the shortest processing route involving 

twin-roll strip casting, two-stage cold rolling with intermediate annealing, and simulated 

continuous annealing. The secondary recrystallization behavior of grain-oriented silicon steels 

under different inhibition conditions was in-situ observed by combining the confocal laser scanning 

microscopy (CLSM) and electron backscattered diffraction (EBSD) techniques. The results revealed 

that the optimal temperature of secondary recrystallization showed a proportional relationship with 

the Zenner pinning force. In the case of weak pinning force, the abnormal grain growth occurred 

quickly at ~1050 °C. The corresponding growth rates were in the range of 60–1400 μm/min and 

decreased gradually as the secondary recrystallization proceeded. In the case of strong pinning 

force, the incubation time and onset temperature of the secondary recrystallization was significantly 

increased, but the total time of the secondary recrystallization was obviously shortened from 685 s 

to 479 s, and the final magnetic induction of B8 was increased from 1.7 T to 1.85 T. After the 

secondary annealing, some island grains and coarse primary grains were retained. The formation 

of island grain was related to the low migration of grain boundaries. The findings of coarse γ- grains 

indicated that the primary grain size also played a crucial role during secondary recrystallization, 

apart from the primary recrystallized texture, which attracted more attention previously. 

Keywords: secondary recrystallization; grain-oriented silicon steel; strip casting; in-situ 

observation; secondary annealing 

 

1. Introduction 

Grain-oriented silicon steel is an important soft magnetic material, which is mainly used as the 

core material of transformers [1]. Its excellent magnetic properties are attributed to the extremely 

strong Goss texture obtained by secondary recrystallization. Since this steel was proposed in 1934, 

remarkable progress has been made in sharping Goss texture and in improving the magnetic 

properties [2–5]. To date, the maximum magnetic induction of B8 is 1.98 T, approaching the theoretical 

limit of 2.03 T [6,7]. However, the excessive aspiring after the magnetic properties lead to a 

complicated processing route. From the melting states to finished products, the grain-oriented silicon 

steel undergoes a series of physical metallurgical processes such as continuous casting, slab 

reheating, hot rolling, normalization, cold rolling, decarburization annealing, nitriding, and 

secondary annealing, among others. Recently, a simplified processing route known as twin-roll strip 

casting was proposed to manufacture the grain-oriented silicon steel [8,9]. This novel process directly 

provides the thin as-cast strip from the liquid steels, which has similar thickness as the conventional 

hot-rolled sheet. Thus, some conventional processes such as continuous casting, slab reheating, and 
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hot rolling can be eliminated. Furthermore, this twin-roll strip casting process has significant 

potential to obtain the desired microstructure and texture for secondary recrystallization and 

magnetic properties due to its advantages of rapid solidification [10,11]. 

It is well established that secondary annealing is the most time-consuming process in both the 

conventional route and twin roll casting route. This is because the heating rate is extremely slow (15–

20 °C/h), which is responsible for secondary recrystallization and the temperature homogeneity of 

steel coils in the box furnace. After that, a long-term isothermal purification annealing at 1180–1200 

°C is adopted to remove impurities from steel and then further decrease the iron loss in the industry. 

The whole process of secondary batch annealing usually takes 7–10 days, leading to a high cost and 

low efficiency [12]. Therefore, simplifying the secondary annealing has attracted much attention. 

Fortunati [13,14] stated that the secondary recrystallization could be achieved in continuous 

annealing within ~8 min by the integration of high-temperature nitriding into this cycle. The 

subsequent purification annealing was still processed by batching annealing and the length of time 

can be shortened into 10 h. Afterward, Kovac [15] used the vanadium carbide (VC) particle as 

addition inhibitors and introduced a low strain following decarburization annealing. They 

demonstrated that the kinetic of secondary recrystallization was significantly accelerated by strain 

induced boundary migration mechanism. Recently, Jiao [16] reported a low-cost grain-oriented 

silicon steel manufacturing method by using a reduced inhibition state and two-stage cold rolling, 

and the secondary recrystallization was complete in continuous annealing. Furthermore, Lu [17] 

observed that some non-Goss {110} <227> grains abnormally grew during short-term isothermal 

secondary annealing in strip-cast Fe-4.5%Si grain-oriented silicon steel, and deemed that this non-

Goss abnormal growth would lead to the decrease of magnetic properties. As mentioned above, the 

previous studies mainly concentrated on the relationship between the annealing parameters and final 

magnetic properties. The detailed secondary recrystallization behavior, especially the effect of the 

pinning force on the secondary recrystallization, is still far from being understood. 

In this study, a simplified processing route involving twin-roll casting process two-stage cold 

rolling and simulated continuous secondary annealing was introduced to manufacture grain-

oriented silicon steel. The secondary recrystallization was in-situ observed by combining the confocal 

laser scanning microscopy (CLSM) and electron backscattered diffraction (EBSD) techniques. This 

study aims to clarify the secondary recrystallization behavior of grain-oriented silicon steel with 

different inhibition states. 

2. Experimental Procedure 

The chemical composition (%, in weight percent) of the grain-oriented silicon steel used in this 

study is C 0.0043, Si 3.0, Mn 0.21, S 0.017, Al 0.033, N 0.083. The molten steel was directly poured into 

a twin-roll strip caster as described previously [8,18]. The width and thickness of the as-cast strip 

were 254 mm and ~2.0 mm, respectively. The as-cast strip was firstly cold rolled to 0.6 mm with 

reduction rate of 70%, and then the cold rolled sheets intermediate annealed at 1050 °C for 15 min, 2 

h, and 20 h, respectively. After that, all the three intermediate annealed sheets were cold rolled to 0.2 

mm. The final cold rolled sheets were secondary annealed at 1000 °C, 1025 °C, 1050 °C, 1075 °C, and 

1100 °C for 20 min to simulate the continue annealing. Both the intermediate annealing and secondary 

annealing were carried out under 100% H2 atmosphere by a special atmospheric furnace made by our 

group [17]. Note that here, the actual annealing time is 5–8 min shorter than the setting value due to 

the non-negligible decrease of temperature caused by steel specimens and transport devices. 

The microstructure and texture of intermediate annealed sheets along the longitudinal section 

defined by rolling direction (RD) and normal direction (ND) were characterized by electron 

backscattered diffraction (EBSD) attached to a Zeiss ultra 55 field emission scanning electron 

microscope. The EBSD samples were mechanically polished slightly with 1500# waterproof abrasive 

paper and then electropolished at 25 V for 20 s in a mixed solution of 10% perchloric acid and 90% 

ethanol. The EBSD measurement was performed at 20 kV, and the work distance was 16.3 mm. The 

step size was 1 μm. The EBSD data was processed by the software package (HKL-CHANNEL 5, 

Oxford, UK) and presented in the form of orientation maps and orientation distribution functions 
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(ODF) in φ2 = 45° section. The ODFs were calculated by series expansion method (Lmax = 22) assuming 

orthorhombic sample symmetry and by superimposing a Gaussian peak for each orientation with a 

spread of 5° around the exact orientation. The precipitation observation was carried out in a Tecnai 

G2 F20 transmission electron microscope (TEM, FEI, Hillsboro, OR, USA). The TEM samples were 

prepared by twin jet polishing in a solution of 10% perchloric acid and 90% ethanol. The magnetic 

induction at 800 A/m (B8) was measured using a single sheet tester in the rolling direction of the 

secondary annealed specimens of 100 mm length and 30 mm width. Finally, the in-situ observation 

of secondary recrystallization was carried out by confocal laser scanning microscopy (CLSM). The 

CLSM samples were cut to a circle with 7.5 mm diameter and then mechanically polished slightly 

with 1500# waterproof abrasive paper. The heating rate is 300 °C/min and the isothermal annealing 

temperature is 1050 °C and 1100 °C for different inhibition specimens. To prevent the oxidation of 

the observed surface, Ar gas was used during annealing. After the in-situ observation, the 

corresponding texture analysis was also carried out by EBSD. 

3. Results and Discussions 

3.1. The Microstructure, Texture, and Precipitates in Intermediate Annealed Sheets 

In conventional processing routes, both the formation of Goss texture acting as the seeds of 

secondary recrystallization and the precipitation of MnS inhibitors occurred in hot rolled step. 

However, the hot-rolled step was omitted in strip casting processing routes. The microstructure 

refinement, texture optimization, and precipitation control can be achieved by two-stage cold rolling 

and intermediate annealing. 

Figure 1 shows the microstructure and texture of intermediate annealed sheets with different 

annealing time. The intermediate annealed sheets were mainly composed of fine-equiaxed 

recrystallized grains and a few of elongated recovery grains (indicated by the black oval in Figure 

1a), together with a strong γ-fiber with a peak of {111} <112>, a moderate Goss texture and a weak 

cube and α-fiber with {001} <110>–{112} <110> (as shown in Figure 1b,d,f). The average grain size of 

the intermediate sheets annealed at 1000 °C for 15 min, 2 h, and 20 h was 19.4 μm, 18.7 μm, and 26.4 

μm, respectively (as shown in Figure 1a,c,e). It is noteworthy that the average grain size did not 

increase, but decrease slightly with increasing annealing time from 15 min to 2 h. This is because the 

recrystallization behavior was not complete in the intermediate sheet annealed for 15 min. The 

existence of some elongated grains showing cube texture or α-fiber brings about a relatively larger 

average grain size (19.4 μm) and a slight inhomogeneity of microstructure. With the annealing time 

extended to 2 h, most of the elongated grains were consumed by the recrystallized grains, leading to 

smaller average grain size (18.7 μm) and higher homogeneity. Correspondingly, the sum fraction of 

cube and α-fiber decreased from 15.8% to 13.4%, and the fraction of recrystallized Goss texture and 

γ-fiber (sum of {111} <112> and {111} <110>) increased from 11.5% to 13.8% and 17.4% to 26%. When 

the annealing time was further extended to 20 h, the average grain size was obviously increased to 

26.4 μm, and the microstructure homogeneity deteriorated slightly once more. Simultaneously, the 

fraction of Goss texture increased from 13.8% to 19.2%, while the γ-fiber decreased from 26.01% to 

18.64%. These results indicated the precipitates, which are called grain growth inhibitors in grain-

oriented silicon steel, have been coarsened to some extent, and the Goss texture preferential grows 

by consuming the γ-fiber grains. 

To be interesting, the Goss texture was distributed homogeneously through the normal direction 

of intermediate sheets (indicated by black arrows in Figure 1e), which was different from that of the 

conventional route. In the conventional route, the Goss texture was formed due to the high fraction 

between rollers and hot-rolled sheets and mainly distributed in the subsurface layer of hot-rolled 

sheets [18]. However, in the strip casting processing route, the hot rolling was omitted and the Goss 

texture mainly nucleated in the cold-rolled shear bands [19]. It is known that the shear band is closely 

related to the initial grain size prior to deformation. The as-cast strip containing coarse initial grains 

are prone to form shear bands due to the strong geometrical softening effect [20]. The shear bands 



Metals 2020, 10, 660 4 of 11 

 

were widely distributed through the thickness of cold-rolled sheets, which lead to the Goss texture 

distributed homogeneously in the subsequent intermediate sheet [19]. 

The distribution of Goss texture had a significant effect on the kinetics of secondary 

recrystallization. Usually, abnormal growth occurs first in the subsurface layer where the Goss 

texture is aggregated. Then the abnormal Goss grains extend to the center layer with stronger {111} 

<112> texture. Finally, the growing Goss grains consume the surface layer and other island grains 

[21]. Based on this, Kawasaki Steel Corp [22] demonstrated that the rate of secondary recrystallization 

was obviously increased when the surface layer of the primary recrystallized sheets was removed. In 

this study, the abnormal growth of Goss texture may occur simultaneously in the whole region of the 

annealed sheets because of the homogeneity distribution of Goss texture, which was beneficial for 

accelerating the process of secondary recrystallization. 

 

Figure 1. EBSD mainly orientation maps (a,c,e) and the corresponding φ2 = 45° sections of ODFs of 

intermediate sheets annealed at 1000 °C for different times. (a,b) 15 min; (c,d) 2 h; (e,f) 20 h. 

Figure 2 displays the TEM images of the precipitates and their distributions in the intermediate 

sheets annealed at 1000 °C for different times. The average size of precipitates in intermediate sheets 

annealed for 15 min, 2 h, and 20 h was 28 nm, 35.9 nm, and 67.5 nm, and the corresponding density 

in number was 3.0 um−2, 7.4 um−2 and 3.4 um−2, respectively. We can see that the average size of 

precipitates increases while the number density first increases and then decreases with increasing 

annealing time. These results illustrate that these precipitates experienced a process of precipitation 

first and then coarsening. According to the Zener pinning theory [23], the pinning force was inversely 

proportional to the precipitate’s diameter and proportional to the number density. We can conclude 

that the specimen annealed for 2 h had the highest pinning force, followed by the specimen annealed 

for 15 min, and the weakest specimen for 20 h. 

Figure 3 displays the high resolution-TEM (HR-TEM) images of the typical precipitate in the 

intermediate sheet annealed at 1000 °C for 15 min. The particle is hexagonal type and its average size 

is ~25 nm (Figure 3a). The fast Fourier transform (FFT) diffractogram (Figure 3d) shows that the 

precipitate is in a face-centered cubic (fcc) structure and the lattice constant is ~0.412 nm. Combining 

the chemical composition of the test steels and the FFT diffractogram, we can confirm that the 

precipitate is AlN, whose lattice constant is in the rage of 0.410–0.417 nm [24]. Furthermore, the AlN 

precipitate bears the following orientation relationship with ferrite matrix [110] γ-AlN//[111] α-Fe and 

{002} γ-AlN//{110} α-Fe (Figure 3b). 
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Figure 2. Precipitates micrographs (a,c,e) by TEM and size and distribution of precipitates (b,d,f) in 

the intermediate sheets annealed at 1000 °C for 15 min (a,b), 2 h (c,d), and 20 h (e,f). 

 

Figure 3. HR-TEM micrograph of the precipitate (a) and the corresponding FFT diffractogram (b) in 

the intermediate sheet annealed at 1000 °C for 15 min; (c) the magnified micrograph of precipitate, 

and (d) the FFT diffractogram of the white square zone. 
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It should be noted that the AlN precipitation behavior was totally different between the strip 

casting route and the conventional route. In the conventional route, a great number of AlN inhibitors 

precipitated quickly during the cooling stage of hot band annealing with the help of austenite to 

ferrite transformation [25]. While, in the strip casting route, an ultra-low carbon design was gradually 

accepted to eliminate the subsequent decarburization annealing [8]. There was no transformation 

occurrence in the solid state. The AlN inhibitors were supersaturated solved in the as-cast strip due 

to the rapid solidification, and mainly precipitated during the intermediate annealing. Compared to 

the conventional route, the size and distribution of AlN inhibitors can be controlled flexibly by 

adjusting the intermediate annealing process. 

3.2. The Magnetic Properties and Secondary Recrystallization 

It is well established that the magnetic induction of grain-oriented silicon steel is closely related 

to the secondary recrystallization of Goss texture. Therefore, the condition of secondary 

recrystallization can be deduced by its magnetic induction. Figure 4 shows the magnetic induction of 

grain-oriented silicon steel after secondary isothermal annealing at different temperatures for 20 min. 

With the increasing of annealing temperature, the magnetic induction firstly increased and then 

decreased. This result means that grain-oriented silicon steels have an optimum temperature for 

secondary recrystallization. The specimen intermediate annealed for 20 h showed a weak inhibition 

state, and the onset temperature (1000 °C) and optimum temperature (1050 °C) for secondary 

recrystallization was lower. The corresponding magnetic induction (B8 is 1.7 T) was also inferior. In 

the case of the specimen intermediate annealed for 2 h, the pinning force of precipitates was relatively 

high. After isothermal annealing at 1100 °C for 20 min, a good magnetic induction (B8 is 1.85 T) was 

obtained. These results indicated that the kinetic of secondary recrystallization was closely related to 

the inhibition conditions and the isothermal annealing temperature. 

In addition, the atmosphere of isothermal annealing has a significant influence on secondary 

recrystallization and magnetic properties of grain-oriented silicon steel. Cardoso [26] also studied the 

relationship between the isothermal annealed temperature and magnetic properties of the grain-

oriented silicon steel, and reported that excellent magnetic properties (B8 is 1.9 T) could be achieved 

by isothermal annealing at 1070 °C for 50 h under an atmosphere of 75% H2 and 25% N2. The suitable 

annealing atmosphere can decrease the coarsening rate of AlN particles and is beneficial to improve 

magnetic properties. However, the occurrence of secondary recrystallization is also delayed. In this 

work, an atmosphere of 100% H2 was applied, which will accelerate the decomposition of AlN 

particles, leading to a significant decrease of isothermal secondary annealing times, although the 

magnetic properties decreased slightly. 

 

Figure 4. Magnetic induction of grain-oriented silicon steel isothermally annealed at different 

temperatures for 20 min. 
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In order to further investigate the secondary recrystallization behavior, the high-temperature in-

situ observation analysis was adopted by CLSM. Figure 5 shows the microstructure evolution of 

silicon steel with weak inhibition states (intermediate annealed for 20 h) during secondary 

recrystallization annealing. The primary recrystallization was complete at just 370 s, and the average 

grain size was ~20 μm (as shown in Figure 5a). After annealing for 392 s, the abnormal growth 

occurred. The secondary grain size was over 500 μm, and the corresponding primary matrix, with a 

grain size of ~20.8 μm was nearly unchanged (as shown in Figure 5b). The average growth rate of 

secondary recrystallized grains was about 1400 μm/min. Figure 5c,d displayed the in-situ 

microstructure evolution from 514 s to 1055 s. The black dotted lines in Figure 5c,d represent the 

secondary grain boundaries. The white dotted line in Figure 5d represents the previous secondary 

grain boundary, which is the same boundary as shown Figure 5c. During this period, the secondary 

grains boundaries migrated ~570 μm. The average growth rate of secondary recrystallized grains was 

about 60 μm/min. It should be noted that the annealing atmosphere in CLSM is Ar gas, which is 

different from the H2 atmosphere during simulated continuous annealing. It is known that the 

atmosphere of secondary annealing has a significant influence on the surface energy of different 

orientations. Compared to Ar atmosphere, H2 atmosphere can reduce the surface energy of {110} 

grains and promote the Goss grain selective growth. Moreover, H2 atmosphere can accelerate the 

coarsening and decomposition of the inhibitors, and further promote the occurrence of secondary 

recrystallization. Thus, the secondary recrystallization observed by CLSM is not complete, and some 

island grains with a size of 20–80 μm were observed in the interior of secondary recrystallized grains 

(as shown in Figure 5c,d). Even if we continue to extend the annealing time, the fraction of secondary 

recrystallization is not increased significantly, and thus we can deem that the secondary 

recrystallization has been finished when the samples annealed time extended to 1055 s. However, in 

this case, the aim of secondary recrystallization has not been achieved. 

 

Figure 5. Microstructure evolution of weak inhibition specimens during secondary recrystallization 

by CLSM (intermediate annealed for 20 h). (a) 370 s; (b) 392 s; (c) 514 s; (d)1055 s. 
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Figure 6 shows the microstructure evolution of silicon steel with strong inhibition states 

(intermediate annealed for 2 h). The average grain size of the steels after primary recrystallization 

was 16.7 μm, which was obviously refined than the specimen with weak inhibition states (as shown 

in Figure 6a and Figure 5a). The abnormal growing grains were observed in the specimens with 

annealing time in the rage of 530–540 s (as shown in Figure 6b,c). The secondary recrystallization was 

almost finished when the annealing time was increased to 850 s (as shown in Figure 6d). Compared 

to the specimens with weak inhibition states, the onset of secondary recrystallization was delayed 

(shown in Figure 5b and Figure 6b), while the whole time of secondary recrystallization was 

significantly shortened from 685 s to 479 s. These findings revealed that the secondary 

recrystallization proceeded very quickly in the weak inhibition states, and the growing rate of 

secondary recrystallization was gradually decreasing during short-term isothermal annealing. 

 

Figure 6. Microstructure evolution of strong inhibition specimens during secondary annealing by 

CLSM (intermediate annealed for 2 h). (a) 371 s; (b) 530 s; (c) 540 s; (d) 850 s. 

It is noteworthy that there were two kinds of grains hindering the secondary recrystallization. 

One was the coarse primary recrystallized grain, the other was the island grains in the interior of 

secondary recrystallized grains. Figure 7 shows the texture and grain boundaries characterization of 

these grains. In the early stage of secondary recrystallization, some of the primary grains were located 

at the grain boundaries between two abnormal Goss grains (as indicated by grain A and grain B). 

After the secondary annealing, the fine primary grains were consumed by the abnormal grains, while 

the coarse primary grain (as indicated by grain C) was retained. Chang et al. [27] studied the effect of 

primary grain size on the behavior of secondary recrystallization. They found that the primary 

recrystallization can be divided into two types. One was the large grain with {110} <001>texture, the 

other was smaller grain with {111} <112> texture. The large grains of primary recrystallization provide 
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sites for Goss orientation of secondary recrystallization, while the small primarily recrystallized 

grains provide a place for the growth of secondary recrystallization Goss texture. In this work, 

surprisingly, this grain C showed an ideal γ-fiber measured by the microstructure in-situ observation 

and EBSD technique. Usually, the {111} <112> grains are easy to be consumed by abnormal Goss 

grains due to their special grain boundaries, especially for the γ-fiber. However, this finding 

indicated that the grain size of primary recrystallization also played a significant role in the secondary 

recrystallization, besides the primary recrystallized texture. 

 

Figure 7. Orientation image map after secondary annealing in weak inhibition specimens (a), early 

stage of secondary annealing in the same position (b), orinetion image map of the island grains and 

abnormal grains (c), and the CSL boundaries distribution of island grains (d). 

In the case of the island grains, the grain boundaries angle was 50° and 60° (as shown in Figure 

7c), which can be explained by the high-energy (HE) boundary theory of secondary recrystallization. 

This theory assumes that grain boundaries with 20–45° angles have a high migration; the preferential 

growth of Goss grain is attributed to the highest density of HE boundaries around it [28,29]. In 

contrast, the formation of island grains, which cannot be consumed by abnormal growth grains, is 

related to the lower migration of boundaries showing angles in the range of less than 20° or greater 

than 45°. Additionally, it was also found that some specific coincidence site lattice boundaries (CSL, 

Σ15 and Σ17b) were formed between the island grains and the secondary recrystallized grains. This 

seems to contradict the CSL secondary recrystallization theory, which indicates that grain boundaries 

with higher migration are CSL boundaries rather than HE boundaries [30,31]. In fact, the migration 

of grain boundaries is determined by grain boundary energy and distribution of inhibitors. Before 

the secondary annealing, the distributions of inhibitors play a dominant role in grain boundaries 

migration. The low energy of CSL boundaries will lead to fewer inhibitors precipitated at them. 

Hence, the CSL boundaries possess higher migration. However, the pinning effect of inhibitors was 

obviously decreased at the later stage of secondary annealing, the migration of grain boundaries was 

mainly governed by grain boundaries’ energy. Therefore, the lower energy CSL boundaries have 

lower migration, and it is reasonable that the island grains show special CSL grain boundaries with 

secondary recrystallized grains. 
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4. Conclusions 

(1). Three inhibition states of grain-oriented silicon steel can be obtained by intermediate annealing 

in strip casting routes. In the case of weak inhibition conditions, the optimum secondary 

recrystallization temperature was 1050 °C. After continuous annealing for 392 s, secondary 

recrystallization occurred. It took ~685 s to complete the secondary recrystallization. The growth 

rates of secondary recrystallized grains were in the range of 1400–60 min/μm. In the case of strong 

inhibition conditions, although the onset of secondary recrystallization was relatively late, the 

total time of the secondary recrystallization was shortened to ~479 s, and the optimum magnetic 

induction (B8 was 1.85 T) was obtained. 

(2). After the secondary annealing, two types of residual grains were found. One was coarse primary 

grains with γ-fiber located at the secondary grain boundaries. The other was island grains in the 

interior of secondary recrystallized grains. It was not easy for the larger primary recrystallized 

grain size to be consumed by the secondary recrystallized grains, although it had an ideal texture. 

The boundaries of island grains not only met the inference of HE theory, but also presented a 

special feature of CSL grain boundary, which is of certain significance in further understanding 

of the formation of island grains. 
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