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Abstract
In this study, the influence of the rolling process on magnetic properties of Fe-3.3 wt% Si non-oriented electrical steel was 
investigated. The strip samples were cast using a high solidification cooling rate vacuum sampling method to simulate the 
solidification conditions of the industrial twin roll thin strip casting (TRSC) process. As-cast samples were subjected to 
various thermo-mechanical processing routes with different levels of hot-rolling (HR) and cold-rolling (CR). The influence 
of carbon and sulfur (C&S) contents in the steel were also investigated. Core loss (P1.5/50, P1.5/60, P1.0/50, P1.0/60) and mag-
netic induction (B25, B50) of the final annealed strip samples were measured to investigate how the magnetic properties are 
influenced by the final grain-size and texture. It was observed that increased HR deformation increased average final grain 
size after processing. This larger grain size resulted in lower core loss and higher magnetic induction. For the same level of 
HR deformation, low C&S steel compositions had exhibited a larger average grain size after the recrystallization annealing 
than high C&S steels. Using texture measurements, it was observed that the intensity of Goss orientation decreased with an 
increase in HR deformation.

Keywords  Electric steel · Magnetic properties · Rolling process · Texture · Twin-roll thin strip casting

1  Introduction

Electrical steel is a low carbon iron–silicon soft magnetic 
alloy which is widely used in electric motors, sensors, power 
generators, and transformers. Electrical steels can be clas-
sified into non-grain-oriented (NGO) and grain-oriented 
(GO) electrical steels. Cold-rolled non-grain-oriented steel 
(CRNGO) is generally less expensive than cold-rolled grain-
oriented steel (CRGO). Thus, when the cost is important, or 
when the direction of magnetic flux for the application is not 
constant, NGO electrical steel is used [1].

Based on the application, it is important to control the 
magnetic properties of the NGO electrical steel [2, 3]. The 
magnetic properties of the NGO electrical steel are highly 

influenced by the grain size and texture, which are in turn 
influenced by the rolling and recrystallization annealing 
processes [4, 5]. Park et al. reported that, after final anneal-
ing, 2.0 wt% Si NGO electrical steel has strong {110}〈001〉 
(Goss) texture [6]. Lu, Yukuan et al. reported that, for 4.5 
wt% Si NGO electrical steel, a two-step cold rolling can 
help to form coarse grains with a strong Goss and near Goss 
recrystallization texture in the annealing process [7].

The magnetic properties for electrical steels are highly 
influenced by the texture. In electrical steels, the <001> axis 
direction is easily magnetized, while the <111> axis direc-
tion is more difficult to magnetize. Goss and Cube orienta-
tions are ideal for magnetic properties [8, 9]. Brass and Goss 
orientations are reported to be formed in the BCC metals 
through shear deformation texture [10]. Many Goss grains 
and Cube grains are formed at the shear bands within the 
γ-fiber deformed regions [11]. Some Cube components are 
retained after the heavy cold rolling process because the 
Cube deformation bands also serve as the nucleation sites 
of the new Cube grains [8, 9].

For NGO electrical steel, it is difficult to control tex-
ture during the recrystallization annealing process. In 
some cases, a phase transformation is used to obtain the 
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ideal orientation for magnetic properties. During the 
annealing process, because of anisotropic strain energy, 
some {100} oriented grains are formed when austen-
ite transforms to ferrite [8, 9]. However, this method is 
not available for fully ferritic steel compositions. Thus, 
methods to achieve ideal crystallographic orientations 
with chemical compositions without a phase transforma-
tion has also been studied in literature [12, 13]. Pedrosa 
et al. reported the influence of initial annealing on tex-
ture evolution and magnetic properties for a 3.4 wt% Si 
electrical steel with 0.003 wt% C [14]. The recrystal-
lization kinetics of a 3 wt% Si electrical steel were also 
studied [12].

The rolling process also has a significant influence on 
texture evolution, grain growth, and magnetic properties 
[12, 15]. In the annealing process, some ideal textures 
evolve from deformed shear bands which are formed by 
the rolling process [8]. Furthermore, the phase transfor-
mation during hot deformation also affects the recrystal-
lization rate and grain size in the subsequent annealing 
process [12]. Liu et al. reported that for a 6.2 wt% Si 
electrical steel with C < 0.01, hot rolling was beneficial 
to the final magnetic properties [16]. Xu et al. reported 
the beneficial effects of annealing prior to cold rolling on 
the electrical steel microstructure and magnetic proper-
ties [17].

Although there have already been some studies conducted 
that examine the influence of the rolling process on the NGO 
electrical steels [18–20], there are few studies about the 
influence of hot rolling on the thin strip produced by the 
TRSC process. Because the TRSC process can directly cast 
2 mm thick strip, the process has the potential for producing 
NGO electrical steel laminations, with improved time and 
energy savings. Thus, it is worthwhile to study the influ-
ence of the rolling process on the NGO electrical steels with 
conditions that simulate the solidification conditions of the 
TRSC process.

In this study, Fe-3.3 wt% Si non-oriented electrical steel 
was produced using a vacuum assisted fast cooling sam-
pling method to simulate the solidification conditions of the 
TRSC process. The influence of rolling deformation on the 
magnetic properties, grain growth, and texture are analyzed 
and discussed.

2 � Materials and methods

2.1 � Materials

Two non-oriented electrical steels with different carbon and 
sulfur content were melted in a coreless medium frequency 
induction furnace under an Argon protective atmosphere. 
Table 1 shows the chemical composition of these steels. 
Steel 1 was produced using a high carbon and sulfur (C&S) 
composition, while Steel 2 was produced using a low C&S 
chemistry to avoid the negative influences of precipitates and 
phase transformations on NGO Si steel magnetic properties. 
The low C&S composition is generally more suited to indus-
trial NGO electrical steel production. Samples were directly 
taken from the induction furnace at 100 ºC superheat using 
a vacuum sampler, described in the following subsection.

2.2 � Sampling method

In this study, a vacuum assisted fast cooling (VA) sampling 
method was used to take samples that simulate the solidifica-
tion conditions of the TRSC process. As reported in previous 
studies, a vacuum assisted process is used to draw liquid 
steel into a thin internal cavity inside a copper mold [3, 21] 
to produce a strip sample with high solidification cooling 
rate. The as-cast samples were 2 mm thick. Figure 1a shows 
a schematic diagram of the VA sampler, and Fig. 1b shows 
an as-cast sample after solidification in the VA sampler.

2.3 � Processing schedules

In this study, as-cast samples were thermo-mechanical 
treated, simulating the industrial TRSC process. Three 
thermo-mechanical processing routes were designed 
with different hot rolling (HR) deformations (0, 25 and 
47%). After hot rolling, all samples were cold rolled to a 
final thickness of 0.35 mm. Thus, higher HR deformation 
resulted in lower CR deformation with a combined total 
HR + CR reduction from 2 to 0.35 mm thickness. After 
the rolling process, samples were batch annealed at 1050 
ºC for various times (1, 6, 18 and 24 h). The schematic 
diagram of the thermo-mechanical processing route is 
shown in Fig. 2.

Table 1   Chemical composition 
of the studied 3.4 wt% Si steels 
(wt%)

Steels C Si Mn Al S P Cr N

High C&S 0.0098 3.44 1.48 0.002 0.0087 0.010 0.028 0.0074
Low C&S 0.0046 3.45 1.50 0.001 0.0038 0.008 0.030 0.0044
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2.4 � Microstructure characterization and magnetic 
properties test

Samples were prepared metallographically, etched using 
water-based picric acid to reveal the dendrite structure and 
Nital etchant to reveal the grain structure. The linear inter-
cept method according to ASTM E112–13 was used for per-
forming the secondary dendrite arm spacing (SDAS) and 
grain size measurement [22].

The solidification cooling rate of the VA as-cast sam-
ple was calculated from the measured SDAS. Based on the 
expected cooling rate and the chemical composition, the 
Suzuki’s equation was used for this calculation [23].

where S
2
 is the SDAS in µm, and  r is the solidification 

cooling rate in K/s.

(1)S
2
= 688(60 × r)−0.36

The optimum grain sizes are used to minimize the core 
loss for different test conditions. This is because exception-
ally coarse grain sizes can lead to higher permeability, lower 
coercivity, and large domain size, which in turn can increase 
the core loss [24]. De Campos [4] reported that the optimum 
grain size (GsOp) can be described as follows:

where c is an experimentally determined constant, ρ is the 
resistivity, B is the magnetic induction, t is the sample thick-
ness, and f is the operating frequency.

Magnetic properties were measured using a single sheet 
tester, which is based on the ASTM A1036 [25].The test 
samples were prepared by cutting processed material into 
100 mm long, 30 mm wide strips in the rolling direction. 
Core loss was measured at 50 and 60 Hz, 1.5 and 1.0 T 

(2)GsOp =

(

c�

B0.4t2f 1∕2

)2∕3

Fig. 1   a Schematic diagram of 
vacuum assisted fast cooling 
(VA) sampler, and b as-cast 
sample

Fig. 2   Schematic diagram of 
thermo-mechanical processing 
route
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conditions (P1.5/50, P1.5/60, P1.0/50, P1.0/60). Magnetic induc-
tion was measured at 2500 and 5000 A/m conditions (B25, 
B50). The final recrystallized crystal orientations were ana-
lyzed using electron backscatter diffraction (EBSD) in a 
Helios SEM (30 kV, 11nA). Scans were conducted on the 
RD-ND (rolling direction—normal direction planes) cross 
section. The harmonic series expansion method was used in 
the orientation distribution function (ODFs) calculations.

3 � Results and discussion

3.1 � Solidification cooling rate

The dendrite structure of the VA as-cast sample is shown 
in Fig. 3. Using the linear intercept method, the SDAS was 
measured to be ~ 10 µm. Using Eq. (1), the solidification 
cooling rate was calculated to be ~ 1700 K/s, which is in the 
range reported for industry 2 mm thick strip TRSC process 
[26, 27].

The 0% HR (100% CR) processed sample is shown in 
Fig. 4a. As observed, many edge cracks propagated after the 
cold rolling process. This was caused by the residual stresses 
and microstructure of the steel, which formed based on the 
high solidification cooling rate. On the other hand, little to 

no edge cracking was observed during the processing of the 
25% HR and 47% HR samples, as shown in Fig. 4b.

3.2 � Grain size

To minimize the core loss of 0.35 mm thick 3.3wt% Si 
NGO electrical steel (4.70 × 10−7 Ω·m) at 1.5 T and 50 Hz 
condition, Eq. (2) was used to calculate the optimum grain 
size, which was determined to be ~ 250 µm for the testing 
conditions. Thus, steel with a grain size close to 250 µm is 
expected to exhibit a decreased core loss at the 1.5 T and 
50 Hz condition.

The average grain sizes after 1, 6, 18, 24 h batch anneal-
ing at 1050  °C are shown in Fig. 5. For the high C&S 
samples with 24 h annealing, with the increase of the HR 
deformation, the average grain size increased to 89, 148, 
and 190 µm. For low C&S samples with 24 h annealing, 
with the increase of the HR deformation, the average grain 
size increased to 136, 199, 249 µm. The measured average 
grain sizes were all smaller than the calculated optimum 
grain size. Among samples at the same HR deformation, 
the samples with lower C&S level showed coarser average 
grain sizes at each of the measured annealing times. Among 
the samples with similar C&S level, the samples with higher 
HR deformation showed coarser average grain sizes at each 
of the measured annealing time (Sample 47% HR > Sample 
25% HR > Sample 0% HR).

For samples with high C&S levels, the final grain size 
was influenced by the α–γ phase transformation during the 
annealing process which likely retarded grain boundary 
migration. It is reported that for the 3.3 wt% Si steel, there is 
no austenite when carbon is less than 0.02 wt%. With 0.036 
wt% C, after 1 h annealing at 1000 °C, ~ 12% austenite esti-
mated to be present [12]. Furthermore, the presence of aus-
tenite during hot deformation has been reported to increase 
the recrystallization rate during subsequent annealing and 
reduce the recrystallized grain size [12]. Among samples 
with different HR deformation, the increased HR process-
ing resulted in less cold reduction which reduces dislocation Fig. 3   Dendrite structure of the as-cast VA sample (etched by water-

based picric acid)

Fig. 4   VS sample been hot rolled and cold rolled to 0.35 mm a No HR sample, b 25% (top) and 47% (bottom) HR sample
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density and decreases the number of nucleation sites in sub-
sequent recrystallization process, favoring coarser grains.

3.3 � Magnetic properties

Because the measured average grain sizes were all smaller 
than the calculated optimum grain size, the best magnetic 
properties were expected to be observed with the 24 h 
annealed samples. The magnetic properties were measured 
on samples processed at 1050 ºC with 24 h batch annealing. 
Measured results are shown in Table 2. For all C&S levels, 
the 25 and 47% HR final annealed samples all met the mag-
netic properties requirement for the 35W250 NGO electrical 
steel at GB/T 2521.1, which is 2.50 W/kg for P1.5/50 [28].

In general, samples processed at higher HR deformation 
(with same chemical composition), and the samples with 
lower C&S level (with same HR deformation) show better 
magnetic properties. The results are directly related to the 
average grain size that was discussed previously. Comparing 
magnetic property and average grain size results in Table 2, 
larger grain size is helpful to decrease the core loss. The 
only exception was the samples with 25% HR. Although 
the low C&S sample had a coarser average grain size than 

the sample with high C&S, they show similar core loss at 
1.5 T test condition.

Based on the inclusion analysis reported in a previous 
study [21], VA samples all had a similar inclusion size dis-
tribution. Thus, other than the grain size differences that 
were discussed previously, the magnetic properties are also 
influenced by texture, which will be discussed in the follow-
ing subsection.

3.4 � Texture effect

Figure 6 shows the typical textures expected in the ODF 
section of fully processed electrical steel samples, while 
Figs. 7 and 8 reveals the evolutionary texture intensities and 
patterns influenced by the rolling process. The Cube {100}
〈001〉, Brass {110}〈112〉, Goss {110}〈001〉 are the main 
orientations obtained in these ODF images results. The main 
texture fraction evolution with HR deformation is shown in 
Fig. 9.

For the high C&S samples, increasing the HR deforma-
tion showed a decrease in the intensities of Goss orientation. 
There are high intensities of Cube orientation on the sample 
with 47% HR, while there are less on the sample with 25% 
HR and 0% HR. The γ-fiber has disappeared in each of the 

Fig. 5   Average grain size after 
batch annealing at 1050 °C for a 
High C&S samples, and b Low 
C&S samples

Table 2   Magnetic properties after final annealing

P1.5/50 P1.5/60 P1.0/50 P1.0/60 B25 B50 Average 
grain 
size

(W/kg) (W/kg) mT µm

High C&S ( 0% HR) 2.90 3.67 1.38 1.73 1672 1782 90
High C&S (25% HR) 2.38 3.05 1.18 1.49 1860 1999 148
High C&S (47% HR) 2.27 2.87 1.08 1.36 1970 2096 190

Low C&S ( 0% HR) 2.79 3.52 1.35 1.69 1786 1924 136
Low C&S (25% HR) 2.38 3.05 1.13 1.45 1910 2079 199
Low C&S (47% HR) 2.02 2.59 0.95 1.22 1990 2109 249
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samples after annealing, which is beneficial to the magnetic 
properties. Compared to γ-fiber texture, the Cube and Goss 
textures are more ideal for magnetic properties [29].

For the low C&S samples, a rotated Goss orientation is 
observed in each of the samples. On the sample with 0% HR, 
there are low intensity Cube orientations and some rotated 
Goss orientations. This 0% HR sample is highly influenced 
by the presence of γ-fiber formed during the cold rolling 
process, while it is absent in the samples with 25% HR and 
47% HR.

The recrystallization textures after final annealing are 
highly influenced by the deformation structure and texture 
during the rolling process. The strain induced boundary 
migration (SIBM) and subgrain growth at grain boundaries 
are considered to be the principal mechanisms for grain 
nucleation [13]. The subgrain growth is usually observed 
in <111> //ND (γ-fiber) deformed grain, while the nuclea-
tion by SIBM always happens in <100> //ND (θ-fiber) 
deformed grain. When samples were hot rolled before CR 
processing, the proportion of shear bands was decreased 

Fig. 6   Typical textures in the 
electrical steel, displayed in a 
φ2 = 0°, and b φ2 = 45° ODF 
section

Fig. 7   ODF map displayed at φ2 = 0° section of the final annealed high C&S strip sample with a 0% HR, b 25% HR, c 47% HR, and ODF map 
displayed at φ2 = 45° section with d 0% HR, e 25% HR, f 47% HR
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while the retention of {100} deformation microstructure 
was enhanced [13].

Among samples at 25% HR deformation, the sample with 
high C&S shows a higher intensity of Goss orientations, 

while the intensity of the Cube texture is lower on the sam-
ple with low C&S. This appears to explain why at 25% HR 
deformation, despite the fact that the grain size of low C&S 

Fig. 8   ODF map displayed at φ2 = 0° section of the final annealed low C&S strip sample with a 0% HR, b 25% HR, c 47% HR, and ODF map 
displayed at φ2 = 45° section with d 0% HR, e 25% HR, f 47% HR

Fig. 9   Volume fractions of the main textures vs HR deformation: a High C&S VA sample, b Low C&S VA sample
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sample is coarser, it has similar core loss results compared 
to the high C&S sample at 1.5 T condition.

4 � Conclusion

In this study, Fe-3.3 wt% Si non-oriented electrical steel strip 
samples were produced in the lab to simulate the solidifica-
tion conditions of the TRSC process. Thermo-mechanical 
processing routes with 0% HR, 25% HR, and 47% HR were 
studied on samples with high and low C&S. The measured 
magnetic properties of the fully processed 25% HR and 47% 
HR samples all met the requirements for 35W250 NGO elec-
trical steel in GB/T 2521.1, which is 2.50 W/kg for P1.5/50. 
For the samples with the same HR deformation, the low 
C&S samples were observed to have a coarser average grain 
size after final annealing. It is likely that the high C&S sam-
ples were influenced by an γ–α phase transformation occur-
ring during recrystallization annealing and the presence of 
austenite during hot deformation process. With an increase 
of the HR deformation, the average grain size after final 
annealing was also increased. This coarser grain size also led 
to lower core loss (P1.5/50, P1.5/60, P1.0/50, P1.0/60) and higher 
magnetic induction (B25, B50). Samples at 25% HR with low 
C&S and high C&S show similar core loss (1.5 T condi-
tion) results despite the fact that the grain size in the former 
is coarser than in the latter. It is influenced by difference 
on texture. For the final annealed sample with high C&S, 
the intensities of Goss orientation were decreased with an 
increase in HR deformation. This observation is considered 
to be influenced by the decreased proportion of shear bands.

The phenomenon observed in this study also verified 
some results published by others obtained on TRSC non-
oriented electric steel. For example, with the increase of 
HR deformation (decrease of CR deformation), Goss texture 
fraction decreased. Jiao also reported similar finding to the 
3.0% Si non-oriented electric steel 67 ~ 83% CR deformation 
range [30].
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