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The solidification behaviors of high-magnetic-induction grain-oriented silicon
steel slabs have been investigated during experiments in industrial strand
electromagnetic stirring (S-EMS). The current intensities of S-EMS were 0,
120, 200, and 350 A, and the frequency was 5 Hz. The ratio of the equiaxed
crystal was 14.95%, 15.64%, 45.22%, and 66.96%, respectively. Central
porosity cannot be eliminated by increasing the current intensity. The num-
ber, size, and ratio of segregation spots were markedly reduced by minimizing
the equiaxed crystal zone. Carbon in the 0 and 120 A slabs exhibited a lower
degree of macrosegregation compared with the 200 and 350 A slabs. Con-
trolling the cooling rate and increasing the total reduction are the directions to
further improve solidification structures, defects, and carbon segregation.

INTRODUCTION

High-magnetic-induction grain-oriented silicon
steel is widely used in power generation and
transmission fields.1–3 The final magnetic proper-
ties of grain-oriented silicon steel are determined by
its chemical composition and structures.4 With an
increase in power demand, the requirements for
manufacturing grain-oriented silicon steel increase
as well, particularly for controlling the chemical
composition and homogeneity distribution of final
structures. Continuous casting as the initial link of
the long and complex heat treatment and rolling
process affects the manufacturing process and final
product properties directly. The solidification struc-
tures of continuous casting slab have a significant
effect on the homogeneous distribution of chemical
composition and the formation of highly aligned
structures. Segregation behavior cannot be com-
pletely removed because of the redistribution of the
residual solute enriched in the mushy zone during
continuous casting. Segregation can be divided by
scale into microsegregation, semi-macroscopic seg-
regation, and macrosegregation,5–7 which are
related to the morphology of the solidification
structure. The serious segregation and central

cracks induced by the coarse structure appear in
the center zone of the slab.8 Compared with the
texture transformation process of coarse and fine
structures of samples, the fine structures are easier
to transform into Gaussian texture.9 Coarse struc-
tures need to be prevented during grain-oriented
silicon steel industrial production.

To control the morphology of the solidification
structures and the redistribution of the enriched
residual solute, low superheat, soft reduction, and
electromagnetic stirring are typically employed
during industrial production. The degree of segre-
gation can be reduced by increasing the equiaxed
crystal ratio by low superheat casting.10,11 Soft
reduction casting can effectively improve central
segregation by changing the morphology of solidifi-
cation structures.12–14 The morphology of solidifica-
tion structures is mainly determined by the
temperature gradient in the solidifying front and
the number of nuclei. The coarse structure is
usually formed under a large temperature gradient
and a small number of nuclei. The temperature
gradient, number of nuclei, and redistribution of the
enriched residual solute can be strongly changed by
electromagnetic stirring. Electromagnetic stirring
usually helps refine the solidification structures,
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increase the equiaxed crystal ratio, eliminate the
internal defects, and decrease the formation of
segregation bands.15 The disadvantage of electro-
magnetic stirring is that it cannot solve the shrink-
age problem of the solidification end, but it can be
addressed by soft reduction. Electromagnetic stir-
ring and soft reduction are gradually combined to
improve the inner cracks, shrinkage volumes, and
segregation during continuous casting.16–18 As the
equiaxed zone ratio increased from 19% to 33%, the
maximum degree of carbon segregation decreased
from 1.13 to 1.05 by applying electromagnetic
stirring and soft reduction during casting.15

As previously discussed, controlling solidification
structures and segregation behavior by using low
superheat, soft reduction, and electromagnetic stir-
ring was an effective technique. Although the
principles of each method have been understood,
the solidification behavior in grain-oriented silicon
steel continuously cast slabs is rarely reported. In
the current study, grain-oriented silicon steel slabs
were produced by soft reduction and strand electro-
magnetic stirring (S-EMS) at different current
intensities. The morphology of the solidification
structures and the distribution of chemical compo-
sitions were characterized to evaluate the effect of
S-EMS on the solidification behavior of slabs. Opti-
mization directions of the grain-oriented silicon
steel were suggested during continuous casting.

METHODS

Slab caster parameters were set as a constant,
except for the in-roll type S-EMS, to investigate the
solidification structures of grain-oriented silicon
steel slabs. The main parameters of the experiments
are listed in Table I. Figure 1 presents the sche-
matic diagram of S-EMS and the sample collection.
Samples measuring 230 mm 9 40 mm 9 40 mm
were cut from the center of slabs and etched with
hydrochloric acid to reveal the morphology of the
solidification structures. The equiaxed crystal ratio
(ER) was calculated by Eq. (1).

ER ¼ Average width of the equiaxed crystal zone

Average width of the slab
� 100%

ð1Þ
Samples measuring 50 mm 9 40 mm 9 20 mm
were cut from the slabs to investigate the carbon
distribution in the thickness and width directions
(Fig. 1). The nominal values of carbon and silicon
(wt.%) in the slab are 0.08 and 3.25, respectively.
The top and bottom of samples were detected by
spark source mass spectrometry (ARL iSpark 8860;
diameter of the detection spot, 10 mm) to investi-
gate the carbon concentration (testing value). Four
points along the width direction in the 50 mm 9 40
mm section were analyzed, and the carbon degree of
segregation was calculated using Eq. (2). The total
segregation spot area in the center sample was
determined by image analysis using the Image-Pro
Plus 6.0 image analysis software (Media Cybernet-
ics, Inc., Silver Spring, MD, USA), and the ratio of
segregation spots area (RSA) was calculated using
Eq. (3).9

Carbon segregation degree ¼ Testing value

Nominal value
ð2Þ

Table I. Main parameter of experiments

Item Value

Slab section size, mm 9 mm 230 9 1080
Casting speed, m min�1 1.2
Soft reduction rate, mm m�1 0.15–0.3
Superheat temperature, �C 25–30
Stirring position, mm 6190
Length of S-EMS supporting roller, mm 1700
Strand roller diameter, mm 240
S-EMS coil currents, A 0, 120, 200, 350
Frequency of S-EMS source current, Hz 5

Fig. 1. S-EMS and sample collection.

Effect of Electromagnetic Stirring on the Solidification Behavior of High-Magnetic-Induction
Grain-Oriented Silicon Steel Continuous Casting Slab

3629



RSA %ð Þ ¼

Pn

i

Si

D� L
ð3Þ

where D and L refer to the thickness and width of
the testing samples. Si is the segregation spot area.

RESULTS AND DISCUSSION

Morphology of Solidification Structure

Figure 2 illustrates the morphology of the solid-
ification structures under the S-EMS current inten-
sities of 0, 120 A, 200 A, and 350 A. The main
structures are the columnar crystal zone (CZ) and
the equiaxed crystal zone (EZ), which are separated
by the red line in the four slab sections. The
columnar-to-equiaxed transition (CET) can be
observed clearly in the 200 and 350 A slabs (Fig. 2c,
d). For the 0 A, 120 A, 200 A, and 350 A slabs, the
ER is 14.95%, 15.64%, 45.22%, and 66.96%, respec-
tively. These results indicate that the ER increases
with the current intensity of S-EMS. The asymmet-
ric structures are shown in the 0 A and 120 A slabs
(Fig. 2a, b), more symmetrical solidification struc-
tures were found in the 200 A and 350 A slabs.

In the present work, the morphology of the
solidification structure mainly depends on the cool-
ing conditions and S-EMS. The inner arc surface is a
waterlogged surface due to the arc structure of the
continuous caster, so the inner arc side cooling rate
is greater than the outer arc. Meanwhile, the
primary nuclei prefer to deposit in the outer arc
side under the influence of gravity, which prevents
the development of columnar crystals. The asym-
metric and coarse columnar crystal presents in the

inner arc side, and the cooling conditions play the
dominant role in 0 A and 120 A slabs. The nuclei
prefer to transform into equiaxed crystals under
isotropic temperature conditions. The S-EMS
improves the fluid flow from the center of the slab
to the mushy zone compared with the natural
convection, thus decreasing the temperature gradi-
ent.14 Additionally, fast-growing dendrites can be
interrupted by the fluid flow powered by S-EMS and
soft reduction, further preventing the formation of
columnar crystals. The morphology of 200 A and
350 A slabs was dominated by the cooling conditions
and S-EMS.

Figure 3 presents the morphology of typical den-
drites from the inner surface to the center of slabs,
which shows the details of the solidification process.
Similar dendrites are observed 20 mm and 50 mm
from the inner arc surface of the slabs. The gener-
ation direction of dendrites in CET deviates from
the solidification direction. There are regularly
arranged dendrites in the EZ of 0 A and 120 A
slabs. However, the dendrites in the EZ of 200 A
and 350 A slabs consist of short and random
arrangements. Comparing the solidification struc-
tures of 0 A and 120 A slabs, the dendritic arm
space and growth direction are hardly changed by
the current intensity of 120 A. The stirring effi-
ciency of S-EMS mainly depends on the input
current, frequency, and liquid cavity size.19,20 At
the frequency of 5 Hz, the penetration depth of
electromagnetic wave in the secondary cooling zone
is basically the same. Although the input current
increases from 0 A to 120 A, the small electromag-
netic force leads to insufficient electromagnetic
stirring intensity to effectively change the molten

Fig. 2. Solidification structures of slabs under different current intensities: (a) 0, (b) 120, (c) 200, (d) 350 A.
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steel flow behavior. To more efficiency stir the
molten steel, the electromagnetic force parameter
of S-EMS cannot be< 120 A and 5 Hz.

Some fractured dendrites (red circles) smaller
than the normal dendrites are found in the EZ of
four slabs. Due to the difference in solute distribu-
tion around the root of dendrites and the morphol-
ogy of dendrites, some dendrites can be melted and
fractured at the root.21,22 The S-EMS stirring
intensity can be reflected by the deflection and
fracture behavior of dendrites. Without considering
the solute field, the deflection behavior of dendrites
depends on the velocity and temperature field
around the dendrites.23 The superheat at the
upstream side of dendrites can be eliminated by
fluid flow, which leads to the deflection of dendrites
to the upstream side. With the increase of flow rate,
the generation direction of dendrites gradually
deflects to the flow direction and eventually breaks
at the maximum curvature.

Central porosity usually appears at the solidifi-
cation end, where the molten steel cannot fill the
solidification shrinkage spaces.24,25 Central porosity
can be improved by controlling the cooling rate and
the soft reduction process. For grain-oriented silicon
steel slabs, the central porosity is gradually
improved by increasing the current intensity, but
it cannot be eliminated. The columnar crystal
structures appearing in the 0 A and 120 A slab
show that the cooling rate, especially in the inner
arc side, is too fast in the present continuous
casting. Although the nuclei and residual molten
steel are redistributed by S-EMS, many shrinkage
spaces remain to in the center of the slabs. These
results indicate that the soft reduction is not strong
enough to eliminate the shrinkage spaces. The
optimization directions of central defects decrease

the inner arc side cooling rate and increase the total
reduction.

Solidification Structure and Segregation
Spots

Segregation arises from the redistribution of the
residual solute-enriched molten steel during solid-
ification. Spot-like spaces usually exist at the inter-
face between dendrites, providing conditions for
entrapping solute-enriched molten steel. The size
and number of segregation spots significantly
depend on the morphology of the solidification
structures. Figure 4a presents the statistical results
of the number and size of the spots with the section
size measuring 130 mm 9 40 mm. The number of
spots is 131 A, 125 A, 546 A, and 664 A in the 0 A,
120 A, 200 A, and 350 A slabs, respectively. The
200 A and 350 A samples have 38 and 46 larger
spots (more than 2 mm2), while the 0 A and 120 A
samples have 6 and 4 spots. The number and size of
segregation spots are increased by S-EMS, which
contributes to the increase in the carbon macroseg-
regation of slabs. Figure 4b illustrates the relation-
ship between the morphology of solidification and
the ratio of segregation spot area (RSA) in the
samples. The equiaxed crystal zone is enlarged by
promoting the current intensity of S-EMS. How-
ever, the total segregation spaces and RSA are
increased.

The morphology of dendrites is vital to control the
distribution of the elements. As mentioned above,
the denser dendrites were developed in the colum-
nar crystal zone with the strong cooling rate during
casting. Complete primary and secondary dendrites
were observed in the equiaxed crystal zone of 0 A
and 120 A slabs. The S-EMS reduces the tempera-
ture gradient26 and increases the number of broken
dendrites, and more nuclei were generated in the
local space. The continuous growth behavior of
columnar dendrites was transformed into stacking
growth of the equiaxed dendrites by the S-EMS. The
equiaxed dendrites without specific growth direc-
tions randomly accumulated at the solidification
front, leading to more segregation spots being
formed among the dendrites. To reduce the segre-
gation of the grain-oriented silicon steel slabs in the
present casting conditions, the equiaxed crystal
zone should be minimized.

Macrosegregation Behavior of Carbon

Figure 5 shows the degree of carbon segregation
in the columnar zone is lower than that in the
transition and equiaxed zone, indicating that car-
bon segregation tends to increase from the edge to
the center of the slabs. Severe carbon segregation is
controlled in the EZ of 0 A and 120 A slabs.
Although the EZ is widened by S-EMS, severe
carbon-positive and -negative segregation extends
to the entire EZ. Figure 6 presents the statistical
results that the degree of carbon segregation mainly

Fig. 3. Morphology of dendritic structure at different positions.
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ranges from 0.9 to 1.25, 0.9 to 1.25, 0.8 to 1.3, and
0.8 to 1.4 in the 0 A, 120 A, 200 A, and 350 A slabs,
respectively. In previous studies, the segregation

behavior was easily attributed to the coarse colum-
nar crystal structures8 and the corresponding mea-
sures to decrease macrosegregation by soft
reduction and electromagnetic stirring. However,
segregation in the 0 A slab is similar to that in the
120 A slab and lower than that in the 200 A and
350 A slabs produced by soft reduction and S-EMS.
Increasing the current intensities negatively affects
the uniform distribution of carbon in grain-oriented
silicon steel slabs.

In this study, the denser columnar crystals can
more effectively reduce the carbon segregation of
grain-oriented silicon steel. The variation in volume
developed by solidification shrinkage and thermal
contraction could be improved by squeezing the
solidification shell during solidification. However,
the effects of soft reduction on the columnar crystal
and equiaxed crystal vary.13 The columnar crystals
are connected to the solidification shell, and the
squeezing force directly acts on the mushy zone.
Owing to the similar generation rate and direction,

Fig. 4. Influence of S-EMS intensity on the spot: (a) the number and size of spots in slabs; (b) the ratio of segregation spots area and equiaxed
crystal.

Fig. 5. Carbon distribution in the slab section.

Fig. 6. Statistical results of carbon segregation.
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the solidification section of the columnar crystals is
regularly arranged. Thus, columnar crystals can more
efficiently reduce segregation by soft reduction. The
ratio of equiaxed crystals is significantly increased by
S-EMS, and the effect of soft reduction on segregation
is weakened. The macrosegregation is dominated by
the density of dendrites rather than the type. In the
present industrial production, denser dendrites were
formed without or with slight intensity of S-EMS.
However, experiments on controlling the cooling rate
and increasing the total reduction should be carried
out without S-EMS to further improve the solidifica-
tion structures, defects, and carbon segregation.

CONCLUSION

The solidification behavior of high-magnetic-in-
duction grain-oriented silicon steel slabs was inves-
tigated in industrial S-EMS experiments. The
current intensities were 0 A, 120 A, 200 A, and
350 A, and the frequency was 5 Hz. The results
were as follows:

(1) A wider equiaxed crystal zone and more
symmetrical solidification structures were
obtained by increasing the current intensities
of S-EMS to 200 A and 350 A. The solidifica-
tion structures of 0 A and 120 A slabs are
dominated by cooling conditions, while the
solidification structures of 200 A and 350 A
slabs depend on the cooling conditions and the
S-EMS stirring intensity.

(2) The growth behavior of dendrites such as
deflection and fracture is strongly influenced
by the stirring intensity of S-EMS. Although
the stirring intensity is strong enough, the
central porosity cannot be eliminated in the
present casting conditions.

(3) The continuous growth behavior of columnar
dendrites was transformed into stacking
growth of equiaxed dendrites by the S-EMS,
leading to the development of more segregation
spots in the accumulation growth of equiaxed
dendrites. The number, size, and ratio of
segregation spots were significantly increased
by the widened equiaxed crystal zone.

(4) In the present industrial production, denser
dendrites and uniform distribution of carbon
were obtained in the slab without or with
slight stirring intensity of S-EMS. To further
improve the solidification structures and seg-
regation behavior, controlling the cooling rate
and increasing the total reduction were pro-
posed without S-EMS.
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