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ABSTRACT

A laser-scribed grain-oriented silicon steel resistant to stress-relief annealing and a

manufacturing method therefor. Parallel linear grooves (20) are formed on one or both sides of
grain-oriented silicon steel (10) by laser etching. The linear grooves (20) are perpendicular to,
or at an angle to, the rolling direction of the steel plate. A maximum height of edge protrusions
of the linear grooves (20) does not exceed 5 um, and a maximum height of spatters in etch-free
regions between adjacent linear grooves (20) does not exceed 5 um, and the proportion of an
area occupied by spatters in the vicinity of the linear grooves (20) does not exceed 5%. The
steel has low manufacturing costs, and the etching effect of the finished steel is retained during
a stress-relief annealing process. The steel is suitable for manufacturing of wound iron core

transformers.
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DESCRIPTION
LASER-SCRIBED Grain-ORIENTED SILICON STEEL RESISTANT TO
STRESS-RELIEF ANNEALING AND MANUFACTURING METHOD
THEREFOR

Technical field
The present invention relates to grain-oriented silicon steel and a manufacturing method
therefor, and particularly to laser-scribed grain-oriented silicon steel resistant to stress-relief

annealing and a manufacturing method therefor

Background art

In recent years, global energy and environmental issues have become increasingly prominent,
and the demand for energy conservation and consumption reduction is increasing worldwide. As a
result, energy consumption standards of equipment have been generally raised in countries in order
to reduce the reactive power consumption of various types of equipment. At present, transformers,
as a basic component of power transmission systems, account for about 40% of the loss of the power
transmission system. The iron core produced by laminating or winding grain-oriented silicon steel
has a reactive power consumption that accounts for about 20% of the total loss under working
conditions. Iron core loss is often referred to as iron loss. It can be seen that reducing the iron loss of
grain-oriented silicon steel is of great significance to the national economy and environmental
protection.

Grain-oriented silicon steel is a ferromagnetic material, which is named after its internal grain
{110}<001> orientation is substantially consistent with the direction of rolling the silicon steel into
a steel plate. Grain-oriented silicon steel is widely used in the manufacture of transformers for
power transmission because of its best magnetic permeability in the {110}<001> direction. The
magnetic permeability of the grain-oriented silicon steel is generally characterized by BS, i.e., the
magnetic flux density of the silicon steel plate at an excitation magnetic field of 800 A/m, in units of
T. The iron loss is generally characterized by P17/50, i.c., the ineffective electric energy consumed
by magnetization when the magnetic flux density in the silicon steel plate reaches 1.7T at an AC

excitation field of 50 Hz, in units of W/kg. In general, B8 and P17/50 characterize the fundamental
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properties of grain-oriented silicon steel under the operating conditions of transformers.

The general manufacturing process for grain-oriented silicon steel is as follows.

The steel material having certain silicon content is subjected to iron making, steel making,
continuous casting, and then subjected to hot rolling process. Next, single cold rolling or double
cold rollings with intermediate annealing is performed to roll the steel material to a desired thickness.
Then, decarburization annealing is performed to obtain a primary recrystallized steel plate having an
oxide film on its surface. Then, the steel plate is coated with a MgO-based separator on the surface,
and subjected to high-temperature annealing for 20 hours or more, forming an grain-oriented silicon
steel plate having a secondary recrystallization structure. Then, hot stretching, temper rolling and
anncaling are performed, a coating is applied and a baking process is performed, producing a
finished grain-oriented silicon steel. The grain-oriented silicon steel has the characteristics of high
magnetic induction and low iron loss, and is particularly suitable for the manufacture of a
transformer iron core.

The iron loss of grain-oriented silicon steel consists of three parts: hysteresis loss, eddy current
loss and abnormal eddy current loss. Hysteresis loss is the energy loss caused by the magnetic
hysteresis in which the variation in magnetic induction intensity falls behind the variation in the
magnetic field intensity. Magnetic hysteresis is caused by the obstruction of magnetic domain wall
motion in the magnetization and demagnetization process due to factors such as inclusions, crystal
defects and internal stress in a material. Eddy current loss is the energy loss caused by the eddy
current and is related to the electrical conductivity and thickness of the silicon steel plate, wherein
the eddy current is caused by the local electromotive force induced by the change in the magnetic
flux during the magnetization process. Abnormal eddy current loss is the energy loss caused by the
difference in magnetic domain structure when the silicon steel plate is magnetized, and is mainly
affected by the width of the magnetic domain.

The magnetic domain structure inside the grains of grain-oriented silicon steel is formed by the
interaction of spontaneous magnetization and demagnetizing field. The magnetic moments of the
atoms inside a single magnetic domain are arranged in the same direction, so that the macroscopic
crystals exhibit ferromagnetism. In the absence of an external magnetic field, the magnetic domains
of the grain-oriented silicon steel are mainly antiparallel 180° magnetic domains. The width of a
single magnetic domain can typically be on the order of tens of microns or even millimeters. A

transition layer of several tens to hundreds of atomic layers exists between adjacent magnetic
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domains, which is named as a magnetic domain wall. During the magnetization process, the
magnetic moment is rotated by the cxternal field, and the migration of magnetic domain wall causes
the adjacent magnetic domains to be mutually annexed, thereby realizing the magnetic conductive
function. Refining the magnetic domain (i.e., reducing the width of the magnetic domain) can
effectively reduce the abnormal eddy current loss, and is an important method to reduce the iron loss
of the silicon steel plate, and is also one of the main development directions of the grain-oriented
silicon steel technology.

Techniques for etching the surface of grain-oriented silicon stecl to refine the magnetic
domains for reducing iron loss can be divided into two categories according to the effect of the
etching. One type is an etching technique that is not resistant to stress-relief annealing. In this
technique, a linear thermal stress region is formed on the surface at a certain interval by a laser, a
plasma beam, an electron beam, or the like to cause sub-magnetic domains around the region,
thereby reducing the width of the 180° magnetic domain and achieving the purpose of reducing iron
loss. In such a method, the refinement effect of the magnetic domains disappears with the
climination of thermal stress at the nick after the stress-relief annealing, and the iron loss then
returns to the original level. Therefore, such method can only be used in the manufacture of
laminated iron core transformers without stress-relief annealing. Another type is an etching
technique that is resistant to stress-relief annealing. The technical means currently reported are
mechanical, electrochemical corrosion, laser beam and the like. The technical solution generally
comprises: forming a linear strain zone on the surface of the grain-oriented silicon steel to
redistribute the internal energy, thereby reducing the width of the 180° magnetic domain and
reducing the iron loss. The iron loss of the grain-oriented silicon steel produced by such a method
does not recover after stress-relief annealing. Therefore, such a method can be applied to the
manufacture of a wound iron core transformer that requires stress-relief annealing. The wound iron
core transformer makes full use of the superiority of the magnetic properties of the grain-oriented
silicon steel in the rolling direction, and has obvious advantages in terms of loss and noise, so it is
favored by downstream users. Grain-oriented silicon steel resistant to stress-relief annealing is
particularly suitable for the manufacture of such type of transformers and is a direction of
technological development.

In U.S. Patent No. US4770720, a microstrain zone is formed on the surface of silicon steel

using mechanical pressure means. Small grains are formed below the strain zone after stress-relief
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annealing. A refinement effect of the magnetic domains is produced since the orientation of the
small crystal grains is different from the orientation of the substrate.

In U.S. Patent No. US7,063,780, a heat resistant etching effect is achieved by a electrolytic
corrosion method. First, the grain-oriented silicon steel plate having an underlayer is linearly
processed by a laser to peel off the underlayer, and the metal substrate is exposed in the region. The
grain-oriented silicon steel plate is then immersed in the electrolyte to form an electrode pair
between the silicon steel plate and the platinum electrode. The substrate is electrolytically scribed by
alternately controlling the positive and negative changes in the electrode potential so that the region
forms linear grooves close to a rectangle.

In U.S. Patent No. US7,045,025, the surface of a silicon steel plate before or after hot
stretching, temper rolling and annealing is subjected to local lincar heating using a laser beam to
form a remelting zone. The coating material and a part of the metal substrate are melted, cooled, and
solidified to form a remelting zone, and the iron loss of the silicon steel plate is reduced by
controlling the width and depth of the remelting zone.

In Chinese patent CN102941413A, a multiple laser engraving method is used for a precise
control of the depth and width of the grooves and to reduce the iron loss of the silicon steel sheet by
8% or more. In U.S. Patent No. US20130139932, grooves having a certain depth are formed on the
surface of the silicon steel by controlling the energy density of the laser beam. The equiaxial crystal
regions formed at the grooves reduce the size of the secondary recrystallized grains, and thus the
magnetic domains are refined.

In the heat-resistant etching technique of grain-oriented silicon steel, a series of grooves or
strains are formed on the surface of the steel plate by a certain means to refine the magnetic domains
and reduce the iron loss. Since the presence of the grooves or strains does not change due to
annealing, the reduction effect of the iron loss does not disappear during the stress-relief annealing
process, and therefore the technique is particularly suitable for the manufacture of a wound iron core
transformer.

Efficient and low-cost production of the grain-oriented silicon steel resistant to stress-relief
annealing is a common problem for steel manufacturers. The key point thereof is that it is difficult
to obtain both the microscopic characteristics of the etching grooves and macro mass production.

The conventional heat-resistant etching technique by electrochemical means has a complicated

process and a certain degree of chemical contamination. Moreover, the shape and depth of the



CA 03055234 2019-09-03

PCT/CN2018/074023
ENGLISH TRANSLATION

grooves are less controllable, and it is difficult to obtain a grain-oriented silicon steel sheet having
stable and uniform magnetic properties. The technical solution of forming grooves by mechanical
pressure is extremely demanding on the toothed rolls. Moreover, the high hardness of the
magnesium silicate underlayer on the surface of the grain-oriented silicon steel causes the toothed
rolls to wear quickly, resulting in high cost in mass production. The method of forming grooves by
multiple laser-scanning requires high repeat positioning precision, resulting in difficulty in flow line
production. The method of forming grooves or remelting zones by laser thermal melting tends to
produce crater-like protrusions and spatters at and near the edge of the grooves, resulting in a
decrease in the lamination factor of the silicon steel sheets. And the transformer made by the method
has the risk of breakover between sheets during the service.

Grain-oriented silicon steel is named for its inner crystal grains having substantially the same
direction. The grain-oriented silicon steel is an electrical steel plate having a certain silicon content
and an easy magnetization direction being substantially the same as the rolling direction of the
manufacturing process. Inside the steel plate, there are 180° domains which are the same as or
opposite to the easy magnetization direction of the grains. During AC magnetization, the magnetic
poles in the steel plate realize rapid rotation by the movement of the magnetic domain wall between
adjacent magnetic domains. Therefore, the steel plate has good magnetic permeability, and the
transformer made of the steel plate has high magnetic permeability and low iron loss.

It is desirable in silicon steel technology to continuously reduce the iron loss of silicon steel
materials. There are currently two technical routes to reduce the iron loss of silicon steel sheets. In
one technical solution, by a metallurgical method, the iron loss is reduced by controlling the
secondary recrystallization structure and increasing the degree of orientation, and the easy
magnetization direction of crystal grains is as consistent as possible with the direction of rolling the
silicon steel into a steel plate, that is, reducing the deviation angle of the grain orientation. The other
is to reduce the iron loss by reducing the width of the magnetic domains, that is, to refine the
magnetic domains. The refinement of the magnetic domains can reduce the abnormal eddy current
loss of the grain-oriented silicon steel. A micro-linear thermal stress region substantially
perpendicular to the rolling direction is applied to the surface of the finished grain-oriented silicon
steel by laser or electron beam or the like, as described in U.S. Patent No. US7,442,260 B2, U.S.
Patent No. US5,241,151, and the like. The stree results in a 90° magnetic domain perpendicular to

the rolling direction in its vicinity, so that the width of the 180° magnetic domain is reduced, thereby
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reducing the iron loss of the grain-oriented silicon steel. These products have been widely used in
the manufacture of various laminated iron core transformers.

With the increasing demand for energy saving and environmental protection, wound iron core
transformers are gradually gaining favor from the market. The silicon steel plate of wound iron
cores is made by winding in the direction of rolling the silicon steel into a steel plate, and the
magnetic properties of the grain-oriented silicon steel in the rolling direction are fully utilized.
Therefore, compared with the laminated iron core, the wound iron core has the advantages of low
loss, low noise, no shear waste, and the like, and is particularly suitable for the manufacture of small
and medium energy-saving transformers. However, internal stress generated in the iron core during
the winding process causes deterioration of the iron loss performance of the silicon steel plate.
Therefore, the iron core must be subjected to stress-relief annealing. The process of stress-relief
annealing is generally as follows: in a protective atmosphere, the temperature is maintained at 800 °
C or more for 2 hours or more to completely recover the internal dislocations of the material, and the
internal stress is completely eliminated, and the magnetic properties of the silicon steel sheet are
optimal. For the grain-oriented silicon steel plate in which the magnetic domains are refined by
using a conventional laser or electron beam to generate linear stress regions, the refinement effect of
the magnetic domains disappears with the elimination of the stress after the stress-relief annealing.
Therefore, such grain-oriented silicon steel plate cannot be used for the manufacture of a wound iron
core transformer.

In order to maintain the refinement effect of magnetic domains after stress-relief annealing, a
magnetic domain refining technique resistant to stress-relief annealing has been developed. In the
technique, grooves having a certain shape are formed on the surface of the silicon steel plate by
chemical etching or mechanical pressure. The free magnetic poles generated at the grooves
re-distribute the material energy, reducing the width of magnetic domains and reducing the iron loss.
Since the grooves do not change during the stress-relief anncaling process, the grain-oriented silicon
steel plate produced by this type of technology can be applied to the manufacture of wound iron core
transformers. This type of technology is collectively referred to as heat-resistant etching technology.

The heat-resistant etching techniques currently available for commercial applications are
chemical etching method and mechanical scoring method. Since the production process of the
chemical etching method involves chemical reactions, the method has proor groove uniformity and

process controllability, and has certain pollution to the environment. For the technical solution of
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forming the strain zone by mechanical pressure, since the silicon steel material has high hardness
and the grooves have a small size, the technical solution has high requirements on the hardness of
the mechanical device and machining precision. In U.S. Patent No. US7,045,025, hot-melt zones are
formed by laser processing. Due to the high melting point and high thermal conductivity of the
metal, crater-like protrusions are formed at the edges of the grooves due to the melting of the metal,
and adhesive deposits formed by cooling and recondensing after the metal gasification will be
produced in the vicinity, reducing the lamination factor of the silicon steel sheet and increasing the
risk of breakover between the sheets during the service of the transformer. In Chinese patent
CN102941413A, the problem of a decrease in lamination factor due to spatters is overcome by
multiple laser-scoring. However, the efficiency of repeated scoring is low, and repeated positioning

is difficult, resulting in difficulty in mass production using industrial assembly lines.

Summary of the invention

The object of the present invention is to provide a laser-scribed grain-oriented silicon steel
plate resistant to stress-relief annealing and a manufacturing method therefor. The steel plate
has low manufacturing costs, and the etching effect of the finished steel plate is retained during
a stress-relief annealing process. The steel plate is particularly suitable for the manufacture of
wound iron core transformers.

In order to achieve the above object, the technical solution of the present invention is as
follows.

A laser-scribed grain-oriented silicon steel resistant to stress-relief annealing, wherein
parallel linear grooves are formed on one or both sides of grain-oriented silicon steel by laser
etching, the linear grooves are perpendicular to, or at an angle to, the direction of rolling the
silicon steel into a steel plate; a maximum height of edge protrusions of the linear grooves does
not exceed 5 pum, and a maximum height of spatters in etch-free regions between adjacent
linear grooves does not exceed 5 um, and the proportion of an area occupied by spatters in the
vicinity of the linear grooves does not exceed 5%.

Preferably, the height of spatters in etch-free regions between linear grooves does not
exceed 2 pm, and the proportion of an area occupied by spatters in the vicinity of the linear
grooves does not exceed 2.5%.

Preferably, the line roughness Ra of the center line in the bottom of the linear grooves is not
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more than 2.1 pm.

Preferably, the line roughness Ra of the center line in the bottom of the linear grooves is not
more than 0.52 um.

Preferably, the linear groove is approximately triangular, trapezoidal, semi-circular or elliptical.

Preferably, the angle between the linear groove and the direction of rolling the silicon steel
into a steel plate is 0~30°.

Preferably, the linear groove has a width of 5 to 300 um and a depth of 5 to 60 um, and the
space between adjacent linear grooves is 1 to 10 mm.

The method for manufacturing the laser-scribed grain-oriented silicon steel resistant to
stress-relief annealing according to the present invention, comprises steps of smelting, continuous
casting, hot rolling, single cold rolling or double cold rolling with intermediate annealing,
decarburization annealing, high-temperature annealing, forming a finished grain-oriented silicon
steel by hot stretching, temper rolling and annealing and applying an insulating coating, wherein the
method further comprises a step of laser-etching, which is performed before the decarburization
annealing, or beforc or after the hot stretching, temper rolling and annealing; the laser-etching
comprises the following steps:

1) forming a protective film on the surface of the grain-oriented silicon steel;

2) laser-etching a surface of the grain-oriented silicon steel to form a series of linear grooves
perpendicular to or at an angle to the direction of rolling the silicon steel into a steel plate;

3) Brushing the surface of the grain-oriented silicon steel to remove the protective film and
drying.

Preferably, the protective film is formed bya metal oxide powder, and has a moisture content of
between 0.3wt% and 5.5wt%.

Preferably, the protective film has a thickness of between 1.0 pm and 13.0 pm.

Preferably, the metal oxide powder is water-insoluble, and is a single powder or a combination
of several powders, and the proportion of particles having a particle diameter of 500 um or more in
the powder is 10% by volume or less.

Preferably, the metal oxide powder is one or more of an alkaline earth metal oxide, Al2O3, ZnO
or Zr0.

Preferably, the laser generating pump source used in the laser-etching step is one or more of a

COs laser, a solid laser, and a fiber-optic laser, and the laser is continuous or pulsed.
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Preferably, the power density 1 of the laser in the laser-etching step is not less than 1.0x10%
W/em?, and the average energy density e is between 0.8 J/mm? and 8.0 J/mm?, and the ratio a of the
average energy density to the thickness of the protective tilm is between 0.6 and 7.0.

Moreover, a method for manufacturing the laser-scribed grain-oriented silicon steel resistant
to stress-relief annealing according to the present invention, comprises steps of smelting,
continuous casting, hot rolling, single cold rolling or double cold rolling with intermediate annealing,
decarburization annealing, applying MgO separator on the surface of the steel plate,
high-temperature annealing, forming a finished grain-oriented silicon steel by hot stretching, temper
rolling and annealing and applying an insulating coating, wherein lascr-etching is performed after
the decarburization annealing to form a series of linear grooves on the surface of the
grain-oriented silicon steel perpendicular to or at an angle to the direction of rolling the silicon steel
into a steel plate.

The present invention studies in detail the thermal diffusion during laser-etching under
different surface states of silicon steel sheets, and the method of preventing thermal melting and
spatters from adhering and accumulating near the grooves. The inventors creatively proposes a
method in which a heat-resistant scribed grain-oriented silicon steel is produced by coating a
protective film on a surface of an grain-oriented silicon steel, laser-etching and then brushing. In
the method of the present invention, stable and controllable grooves can be formed by one-time laser
scanning, the magnetic domains are refined and the iron loss is reduced without causing significant
degradation of the lamination factor, and the effect of reducing the iron loss does not disappear after
the stress-relief anncaling. The inventors observed through a high-speed imaging microscope that
the protrusions on the edge of the grooves are caused by the melting and accumulation of a part of
the metal due to the heat transfer during laser-etching process. In addition, the spatters near the
grooves are formed by rapidly cooling the vaporized metal or plasma under the purge condition and
condensing on the surface of the silicon steel sheet. The inventors have obtained a solution of
controlling the edge protrusions of the grooves by laser-etching after applying a protective film.
Figure 2 illustrates the effect of the protrusions on the edge of the grooves on the lamination factor,
and the scope of the invention. When the height of the edge protrusions exceeds 5 um, the
lamination factor is reduced to 95% or less, which does not satisfy the requirements of the
manufacturing process of the transformer iron core. Therefore, it is necessary to control the height of

the protrusions on the edge of the grooves to be 5 um or less.
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Figure 3 illustrates the height of the spatters between adjacent grooves, the ratio of the area
occupied by the spatters, and the range of the lamination factor required by the present invention.
When the height of the spatters formed between the adjacent grooves does not exceed 5 um and the
proportion of spatters per unit area does not exceed 5.0%, the lamination factor of the grain-oriented
silicon steel sheet can be maintained at 95% or more. In particular, when the height of the spatters
does not exceed 2 um and the proportion of the spatters per unit area does not exceed 2.5%, the
lamination factor of the silicon steel sheet can be maintained at 96% or more, which is preferable in
the present invention.

[t should be noted that in order to prevent the breakover between sheets or the increase of
vibration noise due to spatters or protrusions during the service of the transformer, both the height of
the edge protrusions and the height of the spatters in the present invention refer to the maximum
height, rather than the average height.

In addition, the line roughness R, of the center line in the bottom of the grooves has an
important influence on the uniformity of the magnetic properties of the finished silicon steel sheet.
The larger the line roughness R, of the center line in the bottom of the grooves, the greater the
fluctuation in magnetic properties between the sheets. The reason for this phenomenon is that the
unevenness at the bottom of the grooves causes a difference in the magnetic permeability efficiency
at different positions. In the grooves, the shallower portion has higher magnetic permeability, while
the deeper portion has lower magnetic permeability due to magnetic flux leakage. Moreover, the
uneven magnetic permeability causes disordered energy field distribution inside the material, and a
large number of non-180° sub-magnctic domains are generated near the grooves, and thus the iron
loss cannot be improved. Figure 4 shows that the standard deviation of the iron loss P17/50 between
the silicon steel sheets increases as R, increases. When R, exceeds 2.1 pm, the standard deviation of
P17/50 between silicon steel sheets rapidly increases and exceeds 0.034 W/kg, greatly increasing the
uncertainty of the performance of the transformer produced. Therefore, it is necessary to control the
roughness of the center line in the bottom of the grooves to be 2.1 pm or less. In particular, when R,
is less than 0.52 pm, the fluctuation of P17/50 is less than 0.013 W/kg, and the uniformity is good,
which is preferable in the present invention.

The above-mentioned protrusions and spatters on the edge of the grooves and the unevenness at
the bottom of the grooves are all inevitable phenomena due to the inevitable heat melting or

diffusion when the laser evaporates the ablative material to form grooves. By adjusting the laser

10



energy and the thickness, moisture content and particle size parameters of the protective film, the
invention achieved an effective control of the protrusions and spatters on the edge of the grooves
until they completely disappeared, obtaining uniform grooves, and significantly reducing the iron
loss.

The method of introducing a protective film before laser-etching in the present invention can
sufficiently reduce heat diffusion generated during laser-etching. Moreover, for the unavoidable
spatters, since they only condense on the surface of the film, they are removed together with the
removal of the film during the subsequent brushing process, thereby minimizing the formation of
surface spatters. The effect of the etching after applying the protective film is as shown in Figure 7.
The grooves of the grain-oriented silicon steel sheet obtained after subsequent brushing are as
shown in Figure 8. It can be seen that the grooves have high flatness, and there is no slag or spatter
formed due to thermal diffusion nearby. The grain-oriented silicon steel can be used for the
manufacture of a wound iron core transformer.

In order to effectively reduce the thermal diffusion during the etching process, the protective
film material needs to have excellent thermal conductivity properties and a good absorption effect
on the laser to sufficiently improve the ablation efficiency in the laser-etching process. The inventors
have determined the relevant parameters for fully functioning the protective film by detailed
research, including the main components, the moisture content of the protective film, and the size
distribution of the particles forming the protective film.

Studies by the inventors have shown that the moisture in the protective film has a direct
influence on the protrusions on the edge of the grooves. This is because during the laser-etching
process, the vaporization and volatilization of moisture in the protective film will take away heat,
provide a directional channel for heat conduction, reduce or even eliminate the diffusion of the heat
toward the edge of the base grooves during etching, reduce the hot melt layer at the edges, thereby
forming a uniform and controllable groove morphology. However, the presence of excess moisture
causes high temperature oxidation of the substrate during ablation, resulting in deterioration of
magnetic properties and difficulty in controlling the thickness of the film during roll coating or
spraying. The inventors have determined through experiments that the moisture having a weight
percentage of not less than 0.3% contributes to the outward diffusion of heat through the protective
film to form controllable grooves. The moisture having a weight percentage of not more than 5.5%

can effectively control the high temperature oxidation caused by laser-etching. It should be noted
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that the moisture in the protective film of the present invention may exist in the state of free water or
crystal water. When the moisture is present in any of the above forms, the weight percentage refers
to the percentage of the weight of the moisture. When both free water and crystal water are present
in the protective film, the weight percentage refers to the sum of the weight percentages of the two
kinds of moistures.

The protective film used in the present invention before the etching is formed by roll coating or
spraying water-insoluble metal oxide powders. The proportion of the particles having a diameter of
500 um or more should not exceed 10%. The reason is that different sizes of particles have different
scattering effect for laser light, which dircetly affects the ablation efficiency of laser-etching. When
the proportion of particles having a diameter of 500 pm or more exceeds 10%, the scattering effect
of the protective film on the laser light is remarkable and the efficiency of the laser ablation is low,
resulting in the formation of protrusions on the edge of the grooves due to heat melting. Therefore,
for the particles of the protective film material used in the present invention, it is required that the
proportion of the particles having a diameter of 500 um or more does not exceed 10%.

The protective film used in the present invention before laser-etching is formed as follows: the
metal oxide powder is dispersed in water, and then stirred at a high specd to form slurry; the slurry is
applied to the surface of the steel belt by roll coating or spraying, and dried at a temperature of 200
°C or higher. The inventors have determined through experiments that the water-insoluble metal
oxide has good dispersibility in water after high-speed stirring, and therefore can effectively adhere
to the surface of the silicon steel and carry a certain amount of free water or crystal water, which
contributes to the outward diffusion of heat during laser-ctching, thereby forming scored grooves
having a good shape. Particularly, the water-insoluble metal oxide is preferably an alkaline carth
metal oxide and ALO3, ZnO or ZrO.

Further, the power density / of the laser used in the present invention must be higher than
1.0x10% W/cm?. The power density 7 of the laser is defined as follows:

=L
S

wherein, P is the output power of the laser, and S is the area of the spot containing 96% or more
of the beam energy.

Figure 5 illustrates the relationship between the power density I of the laser and the
improvement rate of iron loss and the lamination factor after etching in the present invention. When

the power density 7is 1.0x10% W/cm?, both the improvement rate of the iron loss and the lamination
12
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factor change significantly. The reason is that, when the power density 7 is less than 1.0x10® W/cm?,
the surface of the steel plate has a low absorption rate for laser during laser etching and most of the
laser energy is reflected, causing the heated area on the surface to fail to reach the vaporization
temperature. Thus, the grooves are mainly formed by melting, and melts are formed on the edge of
the grooves, and eventually edge protrusions are formed. The edge protrusions are formed by
remelting and condensing the protective film and the base material, and cannot be eliminated by the
subsequent brushing. When the power density 7 is 1.0x10® W/cm? or more, the laser-etching mainly
depends on gasification, the light absorption rate is greatly improved, and the etching efficiency is
remarkably improved. The vaporized material is brought out of the etching area due to the purge gas
and the dust collection system. A small amount of residue remains near the grooves and is removed
together with the protective film during the subsequent brushing process, obtaining
shape-controllable grooves. Therefore, the present invention requires that the power density of the
laser is 1.0x10® W/cm? or more.

In addition, the inventors have also studied in detail the correlation between the energy of the
incident laser and the magnetic properties of the final product. It was found that the energy of the
incident laser is closely related to the magnetic properties of the final product. The total energy of
the laser received per unit area is represented by the energy density of the laser ep. The definition
formula of e is:

D P

Y

€

wherein, D, represents the length of the spot along the scanning direction, and Vs is the
scanning speed of the laser.

When the energy density of the laser is too low, i.e., less than 0.8 J/mm?, the material peeled off
by laser ablation is too small to achieve an effect of refining the magnetic domain. When the energy
density of the laser is too high, i.e., higher than 8.0 J/mm?, excessive laser energy is introduced. As a
result, on the one hand, the depth of the grooves formed is too deep, resulting in a decrease in
magnetic induction. On the other hand, the controllability of the grooves is deteriorated, the bottom
is not flat, and it is liable to form protrusions on the edge due to melting.

Further, the inventors obtained a technical solution for matching the energy density of the lascr
with the film on the surface to optimize the magnetic properties of the grain-oriented silicon steel by

repeated experimental research. Specifically, the purpose of optimizing the etching effect is achieved
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by controlling the ratio between the energy density of the laser and the thickness of the film on the
surface. Figure 6 illustrates the advantageous effects of the present invention by taking
grain-oriented silicon steel of 0.23 mm as an example. When the ratio a between the energy density
of the laser and the thickness of the film on the surface is less than 0.6, P17/50 is not significantly
improved. When the value of a is higher than 7.0, the improvement rate of P17/50 is gradually
decreased, but the magnetic induction B8 is rapidly deteriorated, which is due to the magnetic flux
leakage and enlarged heat conduction range.

Meanwhile, although the presence of the etching grooves can refine the magnetic domain and
reduce the iron loss, the magnetic permeability at the grooves is very low, which has a certain
damage effect on B8. After investigating in detail the relationship between the size of the grooves
and the iron loss and magnetic induction of the silicon steel sheet, the inventors have found that in
order to reduce the iron loss of the silicon steel sheet while not significantly lowering B8, the size
and spacing of the grooves need to satisty the certain conditions. When the width of the grooves is
less than 20 pm, etching is difficult, and the coupling energy between the free magnetic poles on
both sides of the grooves increases, which compensates for the change of the system energy caused
by the magnetic flux leakage, and thus the magnetic domain cannot be effectively refined. When the
size of the grooves in the rolling direction exceeds 300 um, the space between the grooves is t00
large, and the magnetic induction is remarkably lowered. When the depth of the grooves formed on
the base by etching is less than 5 pm, the refinement effect on magnetic domain is small, and the
loss of the silicon steel sheet is not lowered. When the depth of the grooves is greater than 50 um, a
large number of free magnetic poles lead to a large amount of exposed magnetic flux, the iron loss
slightly decreases, but the magnetic induction is significantly reduced.

In addition, the space between grooves, and the angle between scoring lines and the transverse
direction of the steel plate also significantly affect the iron loss and magnetic induction. When the
space between adjacent grooves is too small, i.e., below 1 mm, the grooves are too dense and the
magnetic induction is significantly reduced. When the space between adjacent grooves is too large,
i.e., more than 10 mm, the refined magnetic domains cannot be formed within an effective range,
and the iron loss is not improved. When the angle between the scoring lines and the rolling direction
of the steel plate is more than 30°, the refinement effect of the magnetic domain is weakened, and
the improvement rate of iron loss is low. Therefore, suitable scoring conditions for refining the

magnetic domains and reducing the iron loss without significantly reducing the magnetic induction

14
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of the silicon steel sheet are as follows: a groove width between 5 and 300 um, a groove depth
between 5 and 60 um, and a space between adjacent grooves between 1 and 10 mm.

The method of the present invention achicves heat-resistant laser-etching using a protective
film by one-time scanning. The following technical solutions all fall within the scope of the present
invention: the grooves formed exhibit one of an approximate triangular shape, a trapezoidal shape, a
semi-circular shape, an elliptical shape or a deformation thereof in the cross-sectional direction of
the steel plate, the scoring lines are arranged in parallel along the rolling direction of the steel plate.

The groove size formed is within the scope of the present invention.

Brief Description of the Drawings

Figure 1 is a macroscopic view of linear grooves formed on the surface of grain-oriented
silicon steel by laser-etching in the present invention.

Figure 2 shows the scope of the maximum height of the protrusions on the edge of the grooves
required by the present invention.

Figure 3 shows the proportion of the surface area occupied by the spatters and the range of the
maximum height of the spatters required by the present invention.

Figure 4 shows the range of the roughness of the center line in the bottom of the grooves
required by the present invention.

Figure 5 shows the range of power density of the laser required by the present invention.

Figure 6 shows the range of the ratio between the energy density of the laser and the thickness
of the film required by the present invention.

Figure 7 is a view showing the surface morphology of a steel plate subjected to laser-etching
after applying the protective film in the present invention.

Figure 8 is a view showing the morphology of the grooves after cleaning the protective film in

the present invention.

Detailed Description

The embodiments and effects of the present invention are exemplified below, but the present
invention is not limited to the specific embodiments described in the examples.

Figure 1 shows the laser-scribed grain-oriented silicon steel 10 resistant to stress-relief

annealing in the present invention, wherein parallel linear grooves 20 are formed on one or
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both sides of grain-oriented silicon steel by laser etching, the linear grooves are perpendicular
to, or at an angle to, the direction of rolling the silicon steel into a steel plate; a maximum
height of edge protrusions of the linear grooves does not exceed 5 um, and a maximum height
of spatters in etch-free regions between adjacent linear grooves does not exceed 5 pm, and the
proportion of an area occupied by spatters in the vicinity of the linear grooves does not exceed
5%.

Preferably, the line roughness R, of the center line in the bottom of the linear grooves is not
more than 2.1 um.

Preferably, the linear grooves are approximately triangular, trapezoidal, semi-circular or
elliptical.

Preferably, the angle between the lincar grooves and the rolling direction of the steel plate is
0~30°.

Preferably, the linear grooves have a width of 5 to 300 pm and a depth of 5 to 60 um, and the

space between adjacent linear grooves is 1 to 30 mm.

Example 1

The grain-oriented silicon steel was subjected to iron making, steel making, continuous
casting, and hot rolling process. Next, single cold rolling was performed to roll the steel to a final
thickness of 0.23 mm. Then, decarburization annealing was performed to form a surface oxide layer.
Then, the steel was coated with MgO separator on the surface, and subjected to high-temperature
annealing at 1250 °C for 20 hours. Then, unreacted residual MgO was washed away. Thereafter, the
surface of the steelwas roll coated and dried to form a protective film. Next, a YAG laser was used to
etch linear grooves at equal intervals along the rolling direction of the steel plate. The laser has an
output power of 2000 W and an average pulse width of 800 ns. The spot formed by the laser
focusing on the surface of the steel plate was elliptical with a short axis of 0.016 mm and a long axis
of 0.5 mm. The scanning speed is 50 m/s. The calculated laser power density was 3.2x107 Wiem?,
and the laser energy density was 3.2 J/mm?. The formed scoring lines are perpendicular to the
rolling direction of the steel plate. The space between adjacent scoring lines is 4 mm. Then, a
brushing process was performed to remove the surface protective film and the scored spatter residue.
Finally, an insulating coating was applied to the surface of the steel and final annealing was

performed to obtain a finished silicon steel sheet.
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The magnetic properties were measured according to “GB/T 3655-2008 Methods of Measuring
Magnetic Properties of Electrical Steel Sheet and Strip by Epstein Frame”. The lamination factor
was determined according to "GB/T 19289-2003 Methods of Measuring Density, Resistivity and
Lamination Factor of Electrical Steel Sheet and Strip". The measurement results of Examples and
Comparative Examples are shown in Table 1.

As can be seen from Table 1, Examples 1-10 have better iron loss, magnetic induction and
lamination factor. However, the magnetic properties or lamination factor of Comparative Examples

1-10, which are not within the scope of the present invention, are relatively inferior.

Example 2. Influence of the roughness R of the center line on magnetic properties.

The grain-oriented silicon steel was subjected to iron making, steel making, continuous
casting, and hot rolling process. Next, single cold rolling was performed to roll the steel to a tinal
thickness of 0.225 mm. Then, decarburization annealing was performed to form a surface oxide
layer. Then, the steel was coated with MgO separator on the surface, and subjected to
high-temperature annealing at 1200 °C for 20 hours. Then, unreacted residual MgO was washed
away. Thereafter, the surface of the steel was roll coated and dried to form a ZnO protective film
with a thickness controlled to 2.5 um. Next, a continuous COz laser was used to etch linear grooves
at equal intervals along the rolling direction of the steel plate. The formed scoring lines are
perpendicular to the rolling direction of the steel plate. The space between adjacent scoring lines is
4.5 mm. Then, a brushing process was performed to remove the surface protective film and the
ctching spatter residue. Finally, an insulating coating was applied to the surface of the steel and final
annealing was performed to obtain a finished silicon steel sheet.

The magnetic propertics were measured according to the SST 60mmx300mm method. The
measurement results of the Examples and Comparative Examples are shown in Table 2.

As can be seen from Table 2, the laser parameters within the scope of the present invention
enable the silicon steel sheet to obtain uniform and stable magnetic properties. However, in
Comparative Examples beyond the scope of the present invention, the fluctuation of the magnetic

properties is increased due to the overlarge Ra of the center line in the bottom of the grooves.

Example 3

The grain-oriented silicon steel was subjected to iron making, steel making, continuous
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casting, and hot rolling process. Next, single cold rolling was performed to roll the steel to a final
thickness of 0.225 mm. An Al,O;3 protective film was applied by spraying on the surface of the steel.
The proportion of Al;Os3 particles having a particle diameter of 500 pm or more in the protective
film is about 5%. Then, a YAG laser having a pulse width of 300 ns was used to etch linear grooves.
Approximate triangular grooves were formed by adjusting the size of the focused spot, the scanning
speed, and the laser scoring energy. The angle between scoring lines and the transverse direction of
the steel plate is 8°, and the space between scoring lines in the rolling direction is 4 mm. Then, a
brushing process was performed to remove the surface protective film. Then, decarburization
annealing was performed to form a surface oxide layer. Then, the steel was coated with MgO
separator on the surface, and subjected to high-temperature annealing at 1250 °C for 20 hours after
winding into a coil. Finally, the residual MgO was washed away, an insulating coating was applied
to the surface of the steel, and final anncaling was performed to obtain a finished silicon steel sheet.

The magnetic properties were measured according to “GB/T 3655-2008 Methods of Measuring
Magnetic Properties of Electrical Steel Sheet and Strip by Epstein Frame”. The lamination factor
was determined according to "GB/T 19289-2003 Methods of Measuring Density, Resistivity and
Lamination Factor of Electrical Steel Sheet and Strip". The measurement results of Examples and
Comparative Examples are shown in Table 3.

As can be seen from Table 3, the Examples in which the energy density of the laser is within
the scope of the present invention have good magnetic properties. Comparative Examples beyond
the scope of the present invention have magnetic properties inferior to those of the present

invention.

Example 4

The grain-oriented silicon steel was subjected to iron making, steel making, continuous
casting, and hot rolling process. Next, single cold rolling was performed to roll the steel to a final
thickness of 0.195 mm. Then, decarburization annealing was performed to form a surface oxide
layer. Then, the steel was coated with MgO separator on the surface to obtain a film having a
thickness of about 9.5um. Next, a YAG laser was used to etch linear grooves at equal intervals along
the rolling direction of the steel plate. The laser has an output power of 2000 W and an average
width of a single pulse of 800 ns. The spot formed by the laser focusing on the surface of the steel

plate was elliptical with a short axis of 0.016 mm and a long axis of 0.5 mm. The scanning speed is
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50 m/s. The calculated laser power density was 3.2x107 W/cm?, and the laser energy density was 3.2
J/mm?2. The formed scoring lines are perpendicular to the rolling direction of the steel plate. The
space between adjacent scoring lines is 4 mm. Then, the steel was subjected to high-temperature
annealing at 1250 °C for 20 hours. Then, unreacted residual MgO was washed away. Finally, an
insulating coating was applied to the surface of the steel plate, and final anncaling was performed to
obtain a finished silicon steel sheet.

The magnetic properties were measured according to “GB/T 3655-2008 Methods of Measuring
Magnetic Properties of Electrical Steel Sheet and Strip by Epstein Frame”. The lamination factor
was determined according to "GB/T 19289-2003 Methods of Measuring Density, Resistivity and
Lamination Factor of Electrical Steel Sheet and Strip”. The measurement results of Examples and
Comparative Examples are shown in Table 4.

In Example 4, the thickness of the film formed by MgO separator was adjusted to make the
ratio of the energy density to the film thickness within the range of the present invention, so that the
magnesium oxide functions as both a separator and a protective film. The residual magnesium oxide
was washed away together with the spatters and the like after annealing at a high temperature. As
can be seen from the comparison of the above Examples and Comparative Examples, when the
process parameters of the laser are within the scope of the present invention, a silicon steel sheet
having refined magnetic domains and reduced iron loss can be obtained. When the process
parameters of the laser are beyond the scope of the invention, the silicon steel sheet obtained either

has a high iron loss or a low lamination factor.

In summary, the present invention forms linear grooves on the surface of the steel plate by
applying a protective film and one-time laser scanning. Since the protective film has the absorption
characteristics on the laser, it is ensured that the morphology of the formed grooves is controllable,
the iron loss of the obtained finished silicon steel sheet is remarkably lowered, and the lamination
factor is not significantly deteriorated. The silicon steel of the present invention is particularly
suitable for manufacturing of wound iron core transformers. The method of the invention has the
advantages of simple process, high production efficiency, and high application value and application

prospect.
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CLAIMS

1. A laser-scribed grain-oriented silicon steel resistant to stress-relief annealing, wherein parallel
linear grooves are formed on one or both sides of grain-oriented silicon steel by laser etching,
wherein the linear grooves are perpendicular to, or at an angle to, the direction of rolling the
silicon steel into a steel plate; a maximum height of edge protrusions of the linear grooves does
not exceed 5 um, and a maximum height of spatters in etch-free regions between adjacent linear
grooves does not exceed 5 um, and the proportion per unit area occupied by spatters in the etch-
free regions between adjacent linear grooves does not exceed 5%, the proportion per unit area
occupied by spatters being a proportion of the area occupied by spatters relative to a total area of

the etch-free regions in the etch-free regions between adjacent linear grooves.

2. The laser-scribed grain-oriented silicon steel resistant to stress-relief annealing as claimed in
claim 1, wherein the heights of the spatters do not exceed 2 um, and the proportion per unit area

occupied by spatters does not exceed 2.5%.

3. The laser-scribed grain-oriented silicon steel resistant to stress-relief annealing as claimed in
claim 1 or 2, wherein the line roughness R, of a center line in the bottom of the linear grooves is

not more than 2.1 um.

4. The laser-scribed grain-oriented silicon steel resistant to stress-relief annealing as claimed in
claim 1 or 2, wherein the line roughness R. of a center line in the bottom of the linear grooves is

not more than 0.52 um.

5. The laser-scribed grain-oriented silicon steel resistant to stress-relief annealing as claimed in
any one of claims 1 to 4, wherein the linear grooves are approximately triangular, trapezoidal,

semi-circular or elliptical.

6. The laser-scribed grain-oriented silicon steel resistant to stress-relief annealing as claimed in
any one of claims 1 to 5, wherein an angle between the linear grooves and the transverse direction

of the steel plate is 0-30°.
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7. The laser-scribed grain-oriented silicon steel resistant to stress-relief annealing as claimed in
any one of claims 1 to 6, wherein the linear grooves have a width of 5 to 300 um and a depth of 5

to 60 um, and a space between adjacent linear grooves is 1 to 10 mm.

8. Amethod for manufacturing the laser-scribed grain-oriented silicon steel resistant to stress-relief
annealing of any one of claims 1 to 7, comprising steps of smelting, continuous casting, hot rolling,
single cold rolling, or double cold rolling with intermediate annealing, decarburization annealing
including applying MgO separator on a surface of the silicon steel, high-temperature annealing,
and forming a finished grain-oriented silicon steel by hot stretching, temper rolling and annealing,
wherein the method further comprises laser-etching, which is performed before the decarburization
annealing, or before or after the hot stretching, temper rolling and annealing; the laser-etching
comprises the following steps:

1) forming a protective film on a surface of the grain-oriented silicon steel;

2) laser-etching a surface of the grain-oriented silicon steel to form a series of linear grooves
perpendicular to or at an angle to the direction of rolling the silicon steel into a steel plate, wherein
the laser used in the laser-etching has a power density I of not less than 1.0x10° W/cm?, and an
average energy density ey of between 0.8 J/mm? and 8.0 J/mm?; and

3) brushing the surface of the grain-oriented silicon steel to remove the protective film, and

drying.

9. The method for manufacturing the laser-scribed grain-oriented silicon steel resistant to stress-
relief annealing as claimed in claim 8, wherein the protective film is formed by a metal oxide

powder, and has a moisture content of between 0.3wt% and 5.5wt%.

10. The method for manufacturing the laser-scribed grain-oriented silicon steel resistant to stress-
relief annealing as claimed in claim 8 or 9, wherein the protective film has a thickness of between

1.0 pm and 13.0 pm.

11. The method for manufacturing the laser-scribed grain-oriented silicon steel resistant to stress-

relief annealing as claimed in claim 9, wherein the metal oxide powder is water-insoluble, and is
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a single powder or a combination of several powders, and the proportion of particles having a

particle diameter of 500 um or more in the powder(s) is 10% by volume or less.

12. The method for manufacturing the laser-scribed grain-oriented silicon steel resistant to stress-
relief annealing as claimed in claim 8 or 11, wherein the protective film is formed of a metal oxide

powder that is one or more of an alkaline earth metal oxide, Al,03, ZnO, and ZrO.

13. The method for manufacturing the laser-scribed grain-oriented silicon steel resistant to stress-
relief annealing as claimed in claim 8, wherein the laser in the laser-etching step has a ratio a of

the average energy density to the thickness of the protective film of between 0.6 and 7.0.

14. A method for producing the laser-scribed grain-oriented silicon steel resistant to stress-relief
annealing of any one of claims 1 to 7, comprising steps of smelting, continuous casting, hot rolling,
single cold rolling, or double cold rolling with intermediate annealing, decarburization annealing,
applying MgO separator on a surface of a steel plate produced above, high-temperature annealing,
forming a finished oriented silicon steel by hot stretching, temper rolling, annealing and applying
an insulating coating, wherein laser-etching is performed after the decarburization annealing to
form a series of linear grooves perpendicular to or at an angle to the transverse direction of the
steel plate, on a surface of the grain-oriented silicon steel, and wherein the laser in the laser-etching
has a power density I of not less than 1.0x10° W/cm?, and an average energy density ey of between

0.8 J/mm? and 8.0 J/mm?.

15. The method for manufacturing the laser-scribed grain-oriented silicon steel resistant to stress-
relief annealing as claimed in claim 8 or 14, wherein a laser-generating pump source used in the
laser-etching step is one or more of a COxz laser, a solid laser, and a fiber-optic laser, and laser is

continuous or pulsed.
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