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EP 4 826 008 A1
Description
[Technical Field]

[0001] An embodiment of the present invention relates to a grain-oriented electrical steel sheet and a manufacturing
method thereof. Specifically, an embodiment of the present invention relates to a manufacturing method of grain-
oriented electrical steel sheet having excellent magnetic properties, comprising appropriately controlling conditions
during hot rolling to stably form secondary recrystallization into the Goss {110}<001> orientation.

[Background Art]

[0002] A grain-oriented electrical steel sheet is a soft magnetic material that is used as a core for electromagnetic
devices requiring excellent unidirectional magnetic properties, such as transformers, and it exhibits excellent magnetic
properties in a rolling direction by forming a Goss texture ({110}<001> texture) throughout a steel sheet using an
abnormal grain growth phenomenon called secondary recrystallization. In general, magnetic properties may be ex-
pressed by magnetic flux density and iron loss, and high magnetic flux density may be obtained by accurately aligning
the crystal grains in the {110}<001> orientation. An electrical steel sheet having high magnetic flux density may not
only reduce the size of the core material of an electromagnetic device but also lower the hysteresis loss, thereby
achieving miniaturization and high efficiency of the electromagnetic device simultaneously. Iron loss is a power loss
consumed as thermal energy when an arbitrary alternating magnetic field is applied to a steel sheet, and it varies
greatly depending on the magnetic flux density, the sheet thickness, the amount of impurities in the steel sheet, the
electrical resistivity, and the secondary recrystallized grain size of the steel sheet. The higher the magnetic flux density
and electrical resistivity, and the lower the sheet thickness and the amount of impurities in the steel sheet, the lower
the iron loss, which increases the efficiency of the electromagnetic device.

[0003] Secondary recrystallization of grain-oriented electrical steel sheet, unlike typical crystal grain growth, occurs
when the movement of a normally growing grain boundary is suppressed by precipitates, inclusions, or elements that
are dissolved or segregated at the grain boundaries. In addition, in order to grow crystal grains having a high degree of
texture with respect to the Goss orientation, complex processes such as composition control in steelmaking, slab
reheating in hot rolling and control of hot rolling process factors, hot-rolled sheet annealing heat treatment, primary
recrystallization annealing, and secondary recrystallization annealing are required, and these processes must also be
managed very precisely and strictly. Such precipitates or inclusions that suppress crystal grain growth are specifically
called a grain growth inhibitor, and research on the manufacturing technology of a grain-oriented electrical steel sheet
by secondary recrystallization of the Goss orientation has focused on securing excellent magnetic properties by
forming secondary recrystallization having a high degree of texture with respect to the Goss orientation using a strong
grain growth inhibitor.

[0004] In the grain-oriented electrical steel sheet developed in the early stages, MnS was used as a grain growth
inhibitor, and it was manufactured by a two-stage cold rolling method. As a result, secondary recrystallization was
stably formed, but the magnetic flux density was not very high and the iron loss was also relatively high. Later, a
method of manufacturing a grain-oriented electrical steel sheet by using AIN and MnS precipitates in combination and
performing single heavy cold rolling at a cold rolling reduction of 80% or more was proposed. Recently, a method of
manufacturing a grain-oriented electrical steel sheet has been proposed, in which secondary recrystallization is
caused by Al-based nitrides that exhibit a strong crystal grain growth inhibition effect by supplying nitrogen into the
interior of the steel sheet through a separate nitriding process using ammonia gas after decarburization and subse-
quent to single heavy cold rolling without using MnS.

[0005] Until now, almost all steel sheet companies manufacturing grain-oriented electrical steel sheet have mainly
used a manufacturing method that causes secondary recrystallization by using precipitates such as AIN or MnS[Se] as
grain growth inhibitors. This manufacturing method has the advantage of being able to stably cause secondary
recrystallization; however, in order to exhibit a strong crystal grain growth inhibition effect, the precipitates must be
distributed very finely and uniformly in the steel sheet. In order to uniformly distribute such fine precipitates, the slab
must be heated to a high temperature for a long time before hot rolling to dissolve coarse precipitates present in the
steel sheet, and then hot rolling must be performed within a very short time to finish the hot rolling in a state where
precipitation has not occurred. For this purpose, large-scale slab heating facilities are required, and there are con-
straints such that the hot rolling and coiling processes must be managed very strictly to suppress precipitation as
much as possible, and the dissolved precipitates must be managed to be finely precipitated in the hot-rolled sheet
annealing process after hot rolling. In addition, when the slab is heated to a high temperature, a slab washing
phenomenon occurs as Fe,SiO,4 having a low melting point is formed, which reduces the yield.

[0006] A recently developed grain-oriented electrical steel sheet manufacturing technology utilizing a low-tempera-
ture slab heating method forms secondary recrystallization via Al-based nitrides, achieved through nitriding treatment
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following decarburization annealing and cold rolling. This method has improved many issues, such as difficulties in
operating slab heating facilities and a decrease in yield at the hot rolling stage, by relatively lowering the slab heating
temperature. However, to utilize this method, an additional process for forming a nitride-based inhibitor during the
annealing process after slab heating is required. To this end, nitriding treatment is performed using ammonia gas
during the primary recrystallization annealing process. Ammonia gas possesses the property of decomposing into
hydrogen and nitrogen at temperatures of about 500°C or higher; this property is utilized to perform nitridation, where-
by the permeated nitrogen reacts with nitride-forming elements in the steel sheet to form nitrides, such as AIN and
(AlLSi)N, which serve as inhibitors.

[0007] As regulations on transformer efficiency are tightened worldwide, the demand for thin grain-oriented electrical
steel sheet is increasing. In general, as the thickness decreases, the precipitates lose their grain growth inhibition
force relatively quickly during secondary recrystallization annealing, rendering the secondary recrystallization behavior
unstable. As a result, the degree of texture for the Goss orientation is inferior, and the hysteresis loss increases, which
offsets the eddy current loss improvement effect resulting from the reduced thickness. To address this, technologies
for strengthening the grain growth inhibition force by using precipitates other than Al-based nitrides have been devel-
oped, but there remains a problem in that purification annealing may not be performed perfectly.

[Disclosure]
[Technical Problem]

[0008] An embodiment of the present invention provides a method of manufacturing a grain-oriented electrical steel
sheet. Specifically, an embodiment of the present invention provides a method of manufacturing a grain-oriented
electrical steel sheet having excellent magnetic properties by appropriately controlling conditions during hot rolling to
stably form secondary recrystallization into the Goss {110}<001> orientation.

[Technical Solution]

[0009] A grain-oriented electrical steel sheet according to an embodiment of the present invention comprises, in
wt%, Si: 2.0 to 5.0%, Al: 0.005 to 0.04%, and Mn: 0.01 to 0.20%, with the balance being Fe and inevitable impurities,
wherein a fraction of textures in which an angle between the <110> direction and the Normal Direction (ND) is 5° or
less is 60 area% or more.

[0010] The grain-oriented electrical steel sheet according to an embodiment of the present invention, a fraction of
textures in which an angle between the <001> direction and ND is 5° or less is 70 area% or more.

[0011] The grain-oriented electrical steel sheet according to an embodiment of the present invention may further
include at least one of C: 0.005 wt% or less, N: 0.01 wt% or less, and S: 0.01 wt% or less.

[0012] The grain-oriented electrical steel sheet according to an embodiment of the present invention may further
include at least one of P: 0.0005 to 0.045 wt%, Sn: 0.03 to 0.08 wt%, and Cr: 0.01 to 0.20 wt%.

[0013] A manufacturing method of grain-oriented electrical steel sheet according to an embodiment of the present
invention comprises: a step of manufacturing a hot-rolled sheet by hot rolling a slab comprising, in wt%, C: 0.03 to
0.07%, Si: 2.0 to 5.0%, Al: 0.005 to 0.04%, and Mn: 0.01 to 0.20%, with a balance of Fe and inevitable impurities; a
step of manufacturing a preliminary rolled sheet by preliminary rolling the hot-rolled sheet; a hot-rolled sheet annealing
step of annealing the preliminary rolled sheet; a step of manufacturing a cold-rolled sheet by cold rolling the annealed
preliminary rolled sheet; a step of primary recrystallization annealing the cold-rolled sheet; and a step of secondary
recrystallization annealing the primary recrystallization annealed steel sheet.

[0014] The step of manufacturing a hot-rolled sheet comprises a step of manufacturing a bar by rough rolling a slab
and a step of finish rolling the bar to manufacture a hot-rolled sheet, wherein in the step of manufacturing the bar, an
average A value calculated by the following Equation 1 is 1.35 to 1.65.

A =2 X (work roll diameter X (thickness before rolling - thickness after rolling))0-5 / (thickness before .
. . . [Equation 1]

rolling + thickness after rolling)

(In Equation 1, the units of the work roll diameter, thickness before rolling, and thickness after rolling are all mm.)

[0015] The slab may further comprise at least one of N: 0.01 wt% or less and S: 0.01 wt% or less.

[0016] The slab may further comprise at least one of P: 0.0005 to 0.045 wt%, Sn: 0.03 to 0.08 wt%, and Cr: 0.01 to

0.20 wt%.

[0017] In the step of manufacturing the bar, the total passes may be 3 to 8 times.

[0018] In the step of manufacturing a preliminary rolled sheet, the reduction ratio may be 20 to 50%.

[0019] After the hot-rolled sheet annealing step, in the ODF analysis of the steel sheet, the intensity of orientation at
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¢1=90°, ®=65°, and ¢2=45° may be 2.0 or more.
[Advantageous Effects]

[0020] A grain-oriented electrical steel sheet and a manufacturing method thereof according to an embodiment of
the present invention exhibit excellent magnetic properties by stably growing crystal grains having a very high degree
of texture in the Goss orientation.

[Mode for Invention]

[0021] Terms such as first, second, and third are used to describe various parts, components, regions, layers and/or
sections, but are not limited thereto. These terms are only used to distinguish one part, component, region, layer, or
section from another part, component, region, layer, or section. Accordingly, a first part, component, region, layer, or
section described below may be referred to as a second part, component, region, layer, or section without departing
from the scope of the present invention.

[0022] The terminology used herein is for the purpose of referring to specific embodiments only and is not intended
to be limiting of the present invention. As used herein, the singular forms include the plural forms as well unless the
phrases clearly indicate the opposite. The meaning of "comprising" as used in the specification specifies a specific
characteristic, region, integer, step, operation, element, and/or component, and does not exclude the presence or
addition of other characteristics, regions, integers, steps, operations, elements, and/or components.

[0023] When a part is referred to as being "on" or "over" another part, it may be directly on or over the other part, or
another part may be interposed therebetween. In contrast, when a part is referred to as being "directly on" another
part, no other part is interposed therebetween.

[0024] Unless otherwise defined, all terms, including technical and scientific terms, used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this invention belongs. Terms defined in
a commonly used dictionary shall be interpreted as having a meaning consistent with their meaning in the context of
the related technical literature and the present disclosure, and shall not be interpreted in an ideal or overly formal
sense unless explicitly defined herein.

[0025] In addition, unless otherwise specifically mentioned, % means wt%, and 1 ppm is 0.0001 wt%.

[0026] In an embodiment of the present invention, the term ’further including an additional element’ means including
the additional element by replacing the balance iron (Fe) by an amount equal to the additional amount of the additional
element.

[0027] Hereinafter, embodiments of the present invention will be described in detail so that a person of ordinary skill
in the art to which the present invention belongs may easily implement the same. However, the present invention may
be implemented in various different forms and is not limited to the embodiments described herein.

[0028] A grain-oriented electrical steel sheet according to an embodiment of the present invention comprises, in
wt%, Si: 2.0 to 5.0%, Al: 0.005 to 0.04%, and Mn: 0.01 to 0.20%, and balance Fe and inevitable impurities, wherein a
fraction of textures where the <110> direction makes an angle of 5° or less with the Normal Direction (ND) is 60 area%
or more.

[0029] The reasons for limiting the alloying elements of the steel sheet will be described below.

Si: 2.0 to 5.0 wt%

[0030] Silicon (Si) is a base component of an electrical steel sheet and serves to lower core loss, i.e., iron loss, by
increasing the electrical resistivity of the material. If the Si content is too low, the electrical resistivity decreases and the
iron loss characteristics may deteriorate. In addition, during decarburization annealing, phase transformation between
ferrite and austenite becomes active, and the primary recrystallization texture may be severely damaged. Also, during
secondary recrystallization annealing, phase transformation between ferrite and austenite occurs, so that secondary
recrystallization becomes unstable and the Goss texture may be severely damaged. If Si is excessively added to the
slab, SiO, and Fe,SiO, oxide layers are excessively and densely formed during decarburization annealing, which may
delay the decarburization behavior. Furthermore, the brittleness, which is a mechanical property of the electrical steel
sheet, increases and the toughness decreases, such that the rate of sheet breakage during the rolling process may
increase. Accordingly, the weldability between sheets may be inferior, making it difficult to ensure efficient workability.
Therefore, in an embodiment of the present invention, Si may be included in an amount of 2.0 to 5.0 wt%. More
specifically, it may be included in an amount of 2.5 to 4.5 wt%. More specifically, it may be included in an amount of 3.0
to 3.5 wt%.
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Al: 0.005 to 0.040 wt%

[0031] Aluminum (Al) serves as a strong grain growth inhibitor by forming nitrides in the form of (Al, Si, Mn)N, (Al, Si)
N, and AIN, as nitrogen ions introduced by ammonia gas during the annealing process after cold rolling combine with
Al, Si, and Mn present in a solid solution state in the steel, in addition to the AIN finely precipitated during hot rolling
and hot-rolled sheet annealing. If Al is included in an excessively small amount, it is difficult to expect a sufficient effect
as an inhibitor because the number and volume of the nitrides formed are at a considerably low level. If Al is included
in an excessively large amount, the grain growth inhibition force may decrease due to the formation of coarse nitrides.
More specifically, Al may be included in an amount of 0.010 to 0.030 wt%.

Mn: 0.01 to 0.20 wt%

[0032] Manganese (Mn), like Si, has an effect of reducing iron loss by increasing electrical resistivity. It is an
important element in causing secondary recrystallization by suppressing the growth of primary recrystallized grains
through the formation of (Al,Si,Mn)N precipitates, which result from a reaction with nitrogen introduced by nitriding
treatment in the presence of Si. If the Mn content is too low, it is difficult to expect a sufficient effect as an inhibitor
because the number and volume of the precipitates formed are at a low level. If the content is too high, a large amount
of (Fe, Mn) and Mn oxides are formed in addition to Fe,SiO, on the surface of the steel sheet; this interferes with the
formation of the base coating during secondary recrystallization annealing, thereby deteriorating the surface quality.
Furthermore, it causes nonuniformity of phase transformation between ferrite and austenite in the primary recrystalli-
zation annealing process, resulting in non-uniform size of the primary recrystallized grains, and as a result, secondary
recrystallization becomes unstable. Therefore, the content of Mn may be 0.01 to 0.20 wt%. Preferably, the content
may be 0.05 to 0.15 wt%.

[0033] The grain-oriented electrical steel sheet according to an embodiment of the present invention may further
include at least one of C: 0.005 wt% or less, N: 0.01 wt% or less, and S: 0.01 wt% or less.

C: 0.005 wt% or less

[0034] Carbon (C) is an element that contributes to refining crystal grains and improving elongation by inducing a
phase transformation between ferrite and austenite. C is an essential element for improving the rollability of an
electrical steel sheet, which otherwise exhibits poor rollability due to high brittleness. However, if C remains in the final
product, it is an element that deteriorates magnetic properties by causing carbides, which are formed due to a
magnetic aging effect, to precipitate in the product sheet; therefore, the content of C must be controlled to an appro-
priate level.

[0035] If the content of C in the slab is too low within the above-described Si content range, the inter-austenite phase
transformation does not sufficiently occur, causing nonuniformity in the microstructures of the slab and the hot-rolled
material. This also deteriorates cold rolling properties.

[0036] If the C content is too high within the above-described Si content range, sufficient decarburization may not be
obtained in the decarburization annealing process. Due to the phase transformation phenomenon caused thereby, the
secondary recrystallization texture may be severely damaged. Furthermore, when the final product is applied to power
equipment, it may cause deterioration of magnetic properties due to magnetic aging.

[0037] Therefore, the content of C in the slab may be 0.03 to 0.07 wt%. More specifically, it may be 0.050 to 0.065
wt%.

[0038] In an embodiment of the present invention, a decarburization annealing is performed during the manufactur-
ing process, and a C content in the final grain-oriented electrical steel sheet manufactured after the decarburization
annealing may be 0.005 wt% or less. More specifically, the C content may be 0.003 wt% or less. Even more specifi-
cally, the C content may be 0.0001 to 0.0030 wt%.

N: 0.0100 wt% or less

[0039] Nitrogen (N) is an important element that reacts with Al to form an AIN precipitate. If an excessive amount of
N is added, it causes a surface defect called ’blister’ due to nitrogen diffusion in processes after hot rolling; further-
more, since an excessive amount of nitrides is formed in the slab state, rolling becomes difficult, which complicates
subsequent processes and may cause manufacturing costs to rise. Meanwhile, additional N required to form nitrides,
such as those selected from the group consisting of (Al,Si,Mn)N, (Al,Si)N, AIN, (B,Si,Mn)N, (Al,B)N, and BN, may be
supplemented by performing a nitriding treatment on the steel using ammonia gas in an annealing process after cold
rolling. Thereafter, a portion of the N is removed in a secondary recrystallization annealing process, and the N may be
included in the finally manufactured grain-oriented electrical steel sheet in an amount of 0.0100 wt% or less. More
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specifically, the N may be included in an amount of 0.0001 to 0.0070 wt%. Even more specifically, the N may be
included in an amount of 0.001 to 0.005 wt%.

S: 0.010 wt% or less

[0040] Sulfur (S) is an element that has a high solid solution temperature and exhibits severe segregation during hot
rolling; therefore, it is preferable to minimize its content. Sulfur is a type of inevitable impurity present during steelmak-
ing. In addition, since S forms MnS, which affects the primary grain size, the content of S may be limited to 0.01 wt% or
less. More specifically, S may be included in an amount of 0.0001 to 0.0070 wt%. Still more specifically, it may be
included in an amount of 0.001 to 0.005 wt%.

[0041] The grain-oriented electrical steel sheet according to an embodiment of the present invention may further
include at least one of P: 0.0005 to 0.045 wt%, Sn: 0.03 to 0.08 wt%, and Cr: 0.01 to 0.20 wt%.

P: 0.0005 to 0.0450 wt%

[0042] Phosphorus (P) segregates at the grain boundary to hinder the movement of the grain boundary and at the
same time may serve an auxiliary role in suppressing grain growth, and has the effect of improving the {110}<001>
texture in terms of microstructure. If the P content is too low, the addition effect may not be sufficient. If too much P is
included, brittleness increases and rollability may deteriorate significantly. Therefore, when P is further included, it may
be included in an amount of 0.0005 to 0.0450 wt%. More specifically, it may be included in an amount of 0.0010 to
0.0400 wt%. Even more specifically, it may be included in an amount of 0.0100 to 0.0300 wt%.

Sn: 0.03 to 0.08 wt%

[0043] Tin (Sn), like P, is a grain boundary segregation element and is known as a grain growth inhibitor because it is
an element that hinders the movement of the grain boundary. In the Si content range proposed in an embodiment of
the present invention, since the grain growth inhibition force for smooth secondary recrystallization behavior during
secondary recrystallization annealing is insufficient, it may be supplemented by further adding Sn, which hinders the
movement of the grain boundary by segregating at the grain boundary. When Sn is further added, if too little Sn is
added, the effect may not be sufficient. If too much Sn is added, it may become difficult to obtain stable secondary
recrystallization because the growth inhibition force is too strong. Therefore, when Sn is further added, the content of
Sn may be 0.03 to 0.08 wt%. More specifically, Sn may be included in an amount of 0.05 to 0.07 wt%.

Cr: 0.01 to 0.20 wt%

[0044] Chromium (Cr) promotes the formation of a hard phase in the hot-rolled annealed sheet to promote the
formation of the Goss texture during cold rolling, and promotes decarburization of C during the decarburization
annealing process, thereby exhibiting the effect of reducing the austenite phase transformation maintenance time to
prevent the phenomenon in which the texture is damaged due to the long austenite phase transformation maintenance
time, which is a disadvantage when the C content is high. In addition, Cr may be additionally added as it may solve the
disadvantage that the formation of the oxide layer is inhibited by Sn among alloying elements used as auxiliary grain
growth inhibitors by promoting the formation of the oxide layer on the surface formed during the decarburization
annealing process. If Cr is added in too small an amount, its addition effect may not be sufficient. If too much Cr is
included, it promotes the formation of a denser oxide layer when forming the oxide layer during the decarburization
process of primary recrystallization annealing, so that the oxide layer formation is rather inferior and may even
interfere with decarburization and nitridation. Therefore, when Cr is further included, the content of Cr may be 0.01 to
0.20 wt%. More specifically, Cr may be further included in an amount of 0.05 to 0.15 wt%.

[0045] In addition to the above-described components, alloying elements advantageous for the formation of the
Goss texture may be added as needed. For example, it may further include at least one of Cu: 0.001 to 0.050 wt%,
Se: 0.001 to 0.050 wt%, Sb: 0.01 to 0.08 wt%, and Ni: 0.02 to 0.5 wt%.

[0046] The balance consists of Fe and inevitable impurities. The inevitable impurities are impurities incorporated
during the steelmaking stage and the manufacturing process of the grain-oriented electrical steel sheet, and since this
is widely known in the art, a specific description thereof will be omitted. Specifically, components such as Ti, Mg, and
Ca react with oxygen in the steel to form oxides, so it is necessary to suppress them strongly; accordingly, each
component may be managed at 0.005 wt% or less. In an embodiment of the present invention, the addition of
elements other than the aforementioned alloying elements is not excluded, and such elements may be included in
various ways within a range that does not depart from the technical spirit of the present invention. When additional
elements are further included, they are included in place of the balance Fe.
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[0047] In the grain-oriented electrical steel sheet according to an embodiment of the present invention, a fraction of
textures where the <110> direction makes an angle of 5.000° or less with the Normal Direction (ND) is 60 area% or
more. In an embodiment of the present invention, a large number of crystal grains more accurately aligned such that
the <110> direction makes an angle of 5.000° or less with the Normal Direction (ND) may be generated, through which
magnetic properties may be improved. More specifically, the fraction of textures where the <110> direction makes an
angle of 5.000° or less with the Normal Direction (ND) may be 75 to 90 area %.

[0048] In the grain-oriented electrical steel sheet according to an embodiment of the present invention, a fraction of
textures where the <001> direction makes an angle of 5° or less with the Normal Direction (ND) may be 70 area% or
more. In an embodiment of the present invention, a large number of crystal grains more accurately aligned such that
the <001> direction makes an angle of 5° or less with the Normal Direction (ND) may be generated, through which
magnetic properties may be improved. If the fraction of the crystal grains is small, it is difficult to obtain sufficient
improvement in magnetic properties. More specifically, the fraction of textures where the <001> direction makes an
angle of 5° or less with the Normal Direction (ND) may be 72 to 90 area %. The fraction of textures where the <001>
direction makes an angle of 5° or less with the Normal Direction (ND) may be measured using an X-ray Laue method.
[0049] The grain-oriented electrical steel sheet according to an embodiment of the present invention simultaneously
exhibits excellent magnetic flux density and iron loss characteristics. The grain-oriented electrical steel sheet accord-
ing to an embodiment of the present invention may have a magnetic flux density (Bg) of 1.91 T or more. Here, the
magnetic flux density Bg is the magnitude (Tesla) of the magnetic flux density induced under a magnetic field of 800
A/m. More specifically, the grain-oriented electrical steel sheet according to an embodiment of the present invention
may have a magnetic flux density (B,) of 1.91 to 2.00 T. In addition, the grain-oriented electrical steel sheet according
to an embodiment of the present invention may have an iron loss (W7,50) of 0.67 W/kg or less. The iron loss W75 is
the iron loss measured at 1.7 Tesla and 50 Hz. More specifically, the iron loss (W47,59) may be 0.50 to 0.65 W/kg. In
this case, the thickness of the steel sheet may be 0.20 mm.

[0050] A manufacturing method of a grain-oriented electrical steel sheet according to an embodiment of the present
invention comprises: a step of manufacturing a hot-rolled sheet by hot rolling a slab comprising, in wt%, C: 0.03 to
0.07%, Si: 2.0 to 5.0%, Al: 0.005 to 0.04%, and Mn: 0.01 to 0.20%, with the balance being Fe and inevitable impurities;
a step of manufacturing a preliminary rolled sheet by preliminary rolling the hot-rolled sheet; a hot-rolled sheet anneal-
ing step of annealing the preliminary rolled sheet; a step of manufacturing a cold-rolled sheet by cold rolling the
annealed preliminary rolled sheet; a step of primary recrystallization annealing the cold-rolled sheet; and a step of
secondary recrystallization annealing the primary recrystallization annealed steel sheet.

[0051] First, a hot-rolled sheet is manufactured by hot rolling a slab. Since the steel composition of the slab has
been described in the above-described grain-oriented electrical steel sheet, redundant description will be omitted.
Components other than C may be substantially the same.

[0052] A step of heating the slab before hot rolling the slab may be further included.

[0053] Slab heating may be performed at a temperature range of 1000 to 1250°C, a range in which N and S undergo
incomplete solutionization. When N and S undergo complete solutionization, a large amount of nitrides or sulfides are
finely precipitated after hot-rolled sheet annealing, rendering the subsequent single heavy cold rolling impossible, and
the primary grain size is formed to be excessively fine, such that appropriate secondary recrystallization may not be
formed. More specifically, the slab heating temperature may be 1050 to 1200°C.

[0054] In an embodiment of the present invention, the step of manufacturing a hot-rolled sheet includes a step of
manufacturing a bar by rough rolling a slab and a step of finish rolling the bar to manufacture the hot-rolled sheet.
Rough rolling is a step of manufacturing a bar having a thickness of 40 mm to 70 mm by rolling the slab. If the rough
rolling thickness is too high, the latent heat on the surface of the steel sheet is high, and the rolling speed decreases,
thereby increasing the growth of scale during rolling, which is disadvantageous for descaling of a hot-rolled coil. On
the other hand, if the rough rolling thickness is too thin, the cooling of the steel material becomes fast, such that
rollability may be lowered. More specifically, the thickness may be 45 mm to 65 mm. Finish rolling is a step of
manufacturing the hot-rolled steel sheet by rolling the bar. The method may further include a coiling step of coiling the
steel sheet manufactured after finish rolling.

[0055] In an embodiment of the present invention, the step of manufacturing the bar is characterized in that the
average A value, calculated by the following Equation 1, is 1.35 to 1.65.

A =2 X (work roll diameter X (thickness before rolling - thickness after rolling))0-® / (thickness before .
) ) ) [Equation 1]

rolling + thickness after rolling)

(In Equation 1, the units of the work roll diameter, thickness before rolling, and thickness after rolling are all mm.)

[0056] The 'average A value’ refers to the average obtained by dividing the total sum of the A values for each pass

by the number of passes, when the step of manufacturing the bar comprises a plurality of passes. A’pass’ refers to the

number of times the bar passes through a work roll.
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[0057] If the average of A value is too small, it means that the number of passes is large, which leads to a small
reduction ratio per pass, or that the reduction ratio per pass at the front end of rough rolling is low while the reduction
ratio per pass at the rear end is high. In the former case, the reduction ratio per pass decreases, whereby the shear
deformation applied to the steel sheet decreases, leading to a problem in which the Goss fraction in the hot-rolled
sheet decreases. In the latter case, the rolling load at the rear end of rough rolling is excessively high, which leads to
difficulties in production. If the average of A value is too large, it means that the number of passes is small, which leads
to an excessively high reduction ratio per pass, or that the total reduction ratio of rough rolling is high. In both the
former and latter cases, difficulties in production occur due to an excessively high rolling load, and in the latter case in
particular, there is a problem in which the Goss fraction in the hot-rolled sheet decreases as the total reduction ratio of
finish rolling decreases. More specifically, the average of A value may be 1.35 to 1.60.

[0058] The total reduction ratio of rough rolling may be 70% or more. The step of manufacturing the bar may involve
a total number of passes of 3 to 8.

[0059] The hot-rolled sheet may be manufactured to a thickness of 1.5 to 5.0 mm so that pre-rolling and final cold
rolling may be applied.

[0060] The hot rolling temperature or cooling temperature is not particularly limited, but as an example of excellent
magnetic properties, the hot rolling finishing temperature may be 950°C or lower, and cooling may be performed by
quenching with water to coil at 600°C or lower.

[0061] A preliminary rolled sheet is manufactured by preliminary rolling the hot-rolled sheet. Before manufacturing
the preliminary rolled sheet, pickling may be performed as needed. By adding the step of manufacturing a preliminary
rolled sheet, the thickness of the finally manufactured grain-oriented electrical steel sheet may be further reduced
without adding to the load in cold rolling, which will be described later. The reduction ratio during preliminary rolling
may be 20.0 to 50.0%. If the reduction ratio is too small, the effect of improving the texture by preliminary rolling is
small, and if the reduction ratio is too large, the hot-rolled sheet thickness becomes excessively thick, and edge cracks
or the like may occur. More specifically, the reduction ratio during preliminary rolling may be 20.0 to 45.0%. The
reduction ratio may be calculated as (thickness before rolling - thickness after rolling) / (thickness before rolling) X
100.

[0062] Next, in the hot-rolled sheet annealing step, the hot-rolled sheet is annealed. The hot-rolled sheet annealing
is performed to control microstructure and precipitates, and after heating to a temperature of 1,000 to 1,250°C, the
annealing may be performed at a soaking temperature of 950°C or lower.

[0063] When hot rolling and pre-rolling are appropriately controlled, the ODF intensity of the orientation of ¢1=90°,
®=65°, and 2=45° in the hot-rolled sheet annealing develops to 2.0 or more. The orientation is formed by the rotation
of Goss grains formed during hot rolling as they undergo pre-rolling, and they quickly rotate to {111}<112> during cold
rolling. In general cold rolling, since the friction between the surface portion in the thickness direction and the rolling
roll is small, shear deformation barely occurs, unlike in hot rolling, and only plane deformation, in which the steel sheet
thickness decreases and the length increases, is applied. As a result, Goss grains, which are a stable structure in
shear deformation, rotate to {111}<112> during cold rolling and disappear, while a small amount is formed by shear
deformation of shear bands within the {111}<112> deformed structure. When hot rolling and pre-rolling are appropri-
ately controlled, not only does the fraction of the {111}<112> deformed structure increase, but the amount of Goss
grains formed in the shear bands also increases because they are formed quickly during cold rolling. More specifically,
the ODF intensity of the orientation of ¢1=90°, ®=65°, and ¢2=45° may be 2.3 to 3.5. ODF analysis may be performed
by EBSD such that the entire thickness is included in either a plane perpendicular to the TD (TD plane) or a plane
perpendicular to the RD (RD plane). The scan size may be set to ’entire thickness’ x '3 mm or more’.

[0064] Next, a cold-rolled sheet is manufactured by cold rolling the hot-rolled sheet.

[0065] Cold rolling is performed using a reverse rolling mill or a tandem rolling mill by a method of one-time cold
rolling, or two or more cold rolling passes including an intermediate annealing, to manufacture a cold-rolled sheet
having a final product thickness. Furthermore, performing warm rolling, in which the temperature of the steel sheet is
maintained at 100°C or higher during the cold rolling, is advantageous for improving magnetic properties. Through the
cold rolling, the cold-rolled sheet may be manufactured to have a final thickness of 0.10 to 0.50 mm, more specifically
0.15 to 0.35 mm.

[0066] Next, the cold-rolled sheet is subjected to primary recrystallization annealing. At this time, decarburization,
nitridation, and primary recrystallization occur. The steel sheet may be heat-treated at an annealing temperature in a
range of 800 to 950°C. If the annealing temperature of the steel sheet is low, it takes a long time for decarburization,
and if the annealing temperature is too high, the crystal grains grow coarsely and the driving force for grain growth
decreases, so that stable secondary recrystallization is not formed. And the annealing time does not matter much in
exerting the effect of the present invention, but may be treated within 5 minutes.

[0067] Decarburization and nitridation may be performed by a nitriding treatment using ammonia gas after complet-
ing decarburization and recrystallization, or by a method of using ammonia gas concurrently so that decarburization
and nitriding treatment may be performed simultaneously.
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[0068] Next, the cold-rolled sheet that has been subjected to primary recrystallization annealing is subjected to
secondary recrystallization annealing. The primary recrystallized steel sheet is subjected to secondary recrystallization
annealing after applying an annealing separator so that a Goss {110}<001> texture is formed, in which the {110} plane
is parallel to the rolling surface and the <001> direction is parallel to the rolling direction. The annealing separator is
not particularly limited, and an annealing separator containing MgO as a main component may be used. As annealing
separators are widely known, a detailed description thereof will be omitted.

[0069] Secondary recrystallization high-temperature annealing may be performed by raising the temperature at an
appropriate heating rate to induce secondary recrystallization of the {110}<001> Goss orientation, followed by purifica-
tion annealing as an impurity removal process and subsequent cooling. In this process, the annealing atmosphere gas
used for heat treatment during the heating phase consists of a mixture of hydrogen and nitrogen as in a typical case,
while during the purification annealing, the atmosphere is maintained with 100% hydrogen gas for a prolonged period
to remove impurities.

[0070] Then, after removing unreacted MgO from the grain-oriented electrical steel sheet subjected to secondary
recrystallization annealing, insulation coating and flattening annealing may be further performed. Flattening annealing
is performed to remove residual stress generated during secondary recrystallization annealing and correct the shape,
and may be performed at 800°C or higher.

[0071] The method may further include a step of irradiating a continuous wave mode CO, laser (TEM00) beam onto
the surface of a grain-oriented electrical steel sheet subjected to flattening annealing and tension coating to improve
iron loss through magnetic domain refinement. An optical system is configured such that the laser beam has an oval
shape with a width of 0.05 to 0.20 mm and a length of 5 to 15 mm, and the laser is irradiated such that the longitudinal
direction of the oval shape corresponds to the width direction of the steel sheet. The laser is irradiated at intervals of 3
to 7 mm in the longitudinal direction, and the laser may be irradiated at regular intervals throughout the steel sheet by
controlling the rotation speed of a polygon mirror in conjunction with the speed of the steel sheet. The laser output
intensity may be adjusted to an appropriate range where the iron loss improvement rate is favorable and the coating
layer on the surface of the steel sheet is not excessively damaged.

[0072] Hereinafter, specific embodiments of the present invention will be described. However, the following embodi-
ments are merely specific embodiments of the present invention, and the present invention is not limited to the
following embodiments.

Example 1

[0073] A grain-oriented electrical steel comprising, in wt%, Si: 3.47%, Sol-Al: 0.029%, Mn: 0.097%, N: 0.005%, S:
0.005%, P: 0.028%, Sn: 0.063%, Cr: 0.11%, C: 0.063%, the balance being Fe and other inevitable impurities, was
vacuum melted to form an ingot, which was subsequently heated to a temperature of 1150°C and hot rolled under the
conditions shown in Table 1 below. Then, after pickling with a hydrochloric acid solution, pre-rolling was performed at
the reduction ratio shown in Table 1 below. Next, the hot-rolled sheet was heated to a temperature of 1100°C,
maintained at a soaking temperature of 900°C for 80 seconds, and quenched in water to perform hot-rolled sheet
annealing. Subsequently, the hot-rolled annealed sheet was pickled and then cold rolled to the thickness shown in
Table 1 below. The cold-rolled sheet was subjected to simultaneous decarburization and nitriding annealing in a humid
mixed gas atmosphere of hydrogen, nitrogen, and ammonia at a temperature of 850°C for 180 seconds such that the
nitrogen content was 200 ppm and the carbon content was 30 ppm. After applying MgO, as an annealing separator, to
the steel sheet, final annealing was performed. The final annealing was carried out in a mixed gas atmosphere of 25
vol% nitrogen and 75 vol% hydrogen up to 1200°C, and after reaching 1200°C, the sheet was maintained in a 100%
hydrogen gas atmosphere for 10 hours or more and then furnace-cooled. After the unreacted MgO was removed, an
insulating coating composition containing phosphate and silica as main components was applied, followed by heat
treatment to form an insulation film and subsequent flattening annealing. A continuous wave mode CO, laser (TEMOO)
beam was irradiated onto the surface of the grain-oriented electrical steel sheet, on which the insulation coating had
been completed, for magnetic domain refinement. The laser beam was in an oval shape with a width and length of 0.1
mm and 10 mm, respectively, and was irradiated at intervals of 5.0 mm such that the longitudinal direction of the oval
was the width direction of the steel sheet. The <110> direction and <001> direction of the crystal grains of the grain-
oriented electrical steel sheet according to each condition, the angle with the Normal Direction (ND), and the magnetic
properties are shown in Table 1.

[0074] The intensity of the orientation at ODF ¢1=90°, ®=65°, and ¢2=45° after hot-rolled sheet annealing was
measured by EBSD on a plane perpendicular to the TD (TD plane) through the entire thickness x 3 mm.

[0075] The angles of the <110> and <001> directions of the crystal with respect to the Normal Direction (ND) were
measured using the X-ray Laue method. The specimens for measuring magnetic properties were scanned at regular
intervals, and the ratio of the number of points at which the angle of the <110> and <001> directions of the crystal with
respect to the Normal Direction (ND) was 5° or less to the total number of points was calculated.
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[0076] Magnetic flux density and iron loss were measured using a single sheet measurement method, magnetic flux
density B8 is the magnitude of magnetic flux density (Tesla) induced under a magnetic field of 800 A/m, and iron loss
W17/50 is the loss (W/kg) when a magnetic flux density of 1.7 Tesla is induced at a frequency of 50 Hz.
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[Table 1]
Number Qf Average A Pre-'rolling. OZ’:(thfggit’yq?:ggsn;igon Cold-r'olled
Steel rough rolling value reduction ratio 02=45° after hot-rolled sheet sheet thickness
No. passes (%) annealing (mm)
1 6 1.44 0.0 1.4 0.23
2 6 1.44 9.8 1.6 0.23
3 6 1.44 20.7 26 0.23
4 6 1.44 28.1 3.0 0.23
5 6 1.44 0.0 1.3 0.20
6 6 1.44 13.0 1.8 0.20
7 6 1.44 21.6 25 0.20
8 6 1.44 31.0 3.2 0.20
9 6 1.44 37.5 3.3 0.20
10 6 1.44 10.0 1.6 0.18
11 6 1.44 21.7 26 0.18
12 6 1.44 294 3.1 0.18
13 6 1.44 37.9 3.2 0.18
14 6 1.44 43.8 29 0.18
15 6 1.35 0.0 0.8 0.20
16 6 1.35 21.6 2.0 0.20
17 6 1.40 0.0 1.0 0.20
18 6 1.40 21.6 23 0.20
19 7 1.32 21.6 1.8 0.20
20 5 1.56 21.6 2.8 0.20
[Table 2]
Fraction where the Fraction where the
<110> direction <001> direction Magnetic Iron loss
makes an angle of 5° | makes an angle of 5° | flux density (W17/50, Classification
Steel or less with ND or less with ND (B8, Tesla) Wikg)
No. (area%) (area%)
1 53 68 1.90 0.75 Comparative Example 1
2 56 69 1.90 0.75 Comparative Example 2
3 76 76 1.92 0.68 Inventive Example 1
4 84 82 1.93 0.66 Inventive Example 2
5 45 66 1.89 0.70 Comparative Example 3
6 58 69 1.90 0.69 Comparative Example 4
7 77 76 1.92 0.62 Inventive Example 3
8 87 82 1.93 0.60 Inventive Example 4
9 86 83 1.93 0.60 Inventive Example 5
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(continued)

Fraction where the Fraction where the
<110> direction <001> direction Magnetic Iron loss
makes an angle of 5° | makes an angle of 5° | flux density (W17/50, Classification
Steel or less with ND or less with ND (B8, Tesla) Wikg)

No. (area%) (area%)

10 48 67 1.89 0.65 Comparative Example 5
11 76 78 1.92 0.58 Inventive Example 6
12 83 82 1.93 0.55 Inventive Example 7
13 84 81 1.93 0.56 Inventive Example 8
14 78 79 1.92 0.56 Inventive Example 9
15 32 62 1.88 0.73 Comparative Example 6
16 63 72 1.91 0.65 Inventive Example 10
17 45 65 1.89 0.71 Comparative Example 7
18 73 75 1.92 0.63 Inventive Example 11
19 55 68 1.90 0.69 Comparative Example 8
20 81 80 1.93 0.61 Inventive Example 12

[0077] As can be seen from Table 1 and Table 2, in the Inventive Examples in which process conditions were
appropriately controlled, the texture may be appropriately formed, and it may be confirmed that magnetic flux density
and iron loss are excellent simultaneously. On the other hand, in the Comparative Examples in which process condi-
tions were not appropriately controlled, the texture may not be properly developed, and it may be confirmed that
magnetic flux density and iron loss are inferior.

[0078] The present invention is not limited to the above-described embodiments and/or examples, but may be
manufactured in various different forms, and a person of ordinary skill in the art to which the present invention belongs
will understand that the present invention may be implemented in other specific forms without changing the technical
spirit or essential features of the present invention. Therefore, the embodiments and/or examples described above
should be understood as illustrative in all respects and not restrictive.

Claims

1. A grain-oriented electrical steel sheet comprising, in wt%, Si: 2.0 to 5.0%, Al: 0.005 to 0.04%, and Mn: 0.01 to
0.20%, the balance being Fe and inevitable impurities,
wherein a fraction of textures in which an angle between <110> direction and Normal Direction is 5° or less is 60
area% or more.

2. The grain-oriented electrical steel sheet of Claim 1,
wherein a fraction of textures in which an angle between <001> direction and Normal Direction is 5° or less is 70

area% or more.

3. The grain-oriented electrical steel sheet of Claim 1,
further comprising at least one of C: 0.005 wt% or less, N: 0.01 wt% or less, and S: 0.01 wt% or less.

4. The grain-oriented electrical steel sheet of Claim 1,
further comprising at least one of: P: 0.0005 to 0.045 wt%, Sn: 0.03 to 0.08 wt%, and Cr: 0.01 to 0.20 wt%.

5. A manufacturing method of grain-oriented electrical steel sheet comprising:
a step of manufacturing a hot-rolled sheet by hot rolling a slab comprising, in wt%, C: 0.03 to 0.07%, Si: 2.0 to

5.0%, Al: 0.005 to 0.04%, and Mn: 0.01 to 0.20%, with a balance of Fe and inevitable impurities;
a step of manufacturing a preliminary rolled sheet by preliminary rolling the hot-rolled sheet;
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a hot-rolled sheet annealing step of annealing the preliminary rolled sheet;

a step of manufacturing a cold-rolled sheet by cold rolling the annealed preliminary rolled sheet;

a step of primary recrystallization annealing the cold-rolled sheet; and

a step of secondary recrystallization annealing the primary recrystallization annealed steel sheet;

wherein the step of manufacturing a hot-rolled sheet comprises a step of manufacturing a bar by rough rolling
a slab and a step of finish rolling the bar to manufacture a hot-rolled sheet,

wherein in the step of manufacturing the bar, an average A value calculated by the following Equation 1 is
1.35 10 1.65.

A =2 X (work roll diameter X (thickness before rolling - thickness after rolling))0-5 / (thickness

before rolling + thickness after rolling) [Equation 1]

(In Equation 1, the units of the work roll diameter, thickness before rolling, and thickness after rolling are all
mm.)

The manufacturing method of grain-oriented electrical steel sheet of Claim 5,
wherein the slab further comprises at least one of N: 0.01 wt% or less and S: 0.01 wt% or less.

The manufacturing method of grain-oriented electrical steel sheet of Claim 5,
wherein the slab further comprises at least one of P: 0.0005 to 0.045 wt%, Sn: 0.03 to 0.08 wt%, and Cr: 0.01 to
0.20 wt%.

The manufacturing method of grain-oriented electrical steel sheet of Claim 5,
wherein the step of manufacturing the bar comprises a total number of passes of 3 to 8.

The manufacturing method of grain-oriented electrical steel sheet of Claim 5,
wherein in the step of manufacturing a preliminary rolled sheet, the reduction ratio is 20 to 50%.

The manufacturing method of grain-oriented electrical steel sheet of Claim 1,

wherein, after the hot-rolled sheet annealing step, in the ODF analysis of the steel sheet, the intensity of orienta-
tion at ¢1=90°, ®=65°, and ¢2=45° is 2.0 or more.

12
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