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DESCRIPTION 

 

TITLE 

NON-ORIENTED ELECTRICAL STEEL SHEET AND METHOD OF 

PRODUCING SAME 5 

 

TECHNICAL FIELD 

[0001] This disclosure relates to a non-oriented electrical steel sheet, and in 

particular to a non-oriented electrical steel sheet having low iron loss in a high-

frequency region. This disclosure also relates to a method of producing the 10 

aforementioned non-oriented electrical steel sheet.  

 

BACKGROUND 

[0002] Motors used for electric vehicles and hybrid electric vehicles are driven 

in a high-frequency region from the viewpoint of reducing the size and 15 

achieving high efficiency. Therefore, for non-oriented electrical steel sheets 

used for core materials of such motors, low iron loss in the high -frequency 

region is required. 

[0003] Therefore, to reduce the iron loss in the high-frequency region, various 

methods, such as addition of alloying elements such as Si and Al and reduction 20 

in sheet thickness, have been examined.  

[0004] For example, JPH11-293422A (PTL 1) proposes a technique to subject 

a steel sheet to siliconizing annealing to control a Si concentration distribution 

in the thickness direction. 

 25 

CITATION LIST 

Patent Literature 

[0005] PTL 1: JPH11-293422A 

 

SUMMARY 30 

(Technical Problem) 

[0006] However, the conventional method as proposed in PTL 1 presented a 

certain improvement in iron loss in the high-frequency region, but such 

improvement was still not sufficient. Specifically, there was a problem that the 

iron loss could not be sufficiently reduced when a non-oriented electrical steel 35 

sheet obtained by the aforementioned conventional method was used as an iron 
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core material of electric equipment driven at a frequency of about 400 Hz, 

where the influence of hysteresis loss is large.  

[0007] This disclosure was made in consideration of the above situation and it 

could be helpful to provide a non-oriented electrical steel sheet with further 

reduced iron loss in a frequency range of about 400 Hz.  5 

(Solution to Problem) 

[0008] As a result of diligent study of a method of solving the above problem, 

we found that, in order to reduce iron loss in a frequency range of about 400 

Hz, it is important to reduce a stress caused by the difference in lattice constant 

between surface layers and an inner layer of a steel sheet and to reduce an 10 

average content of N as inevitable impurities contained in steel. This disclosure 

is based on the aforementioned discoveries and primary features thereof are 

described below. 

[0009] 1. A non-oriented electrical steel sheet having an inner layer 

defined as a region where a Si content is less than an average Si content in a 15 

total sheet thickness, and surface layers defined as regions where a Si content 

is greater than or equal to the average Si content in the total sheet thickness, 

the surface layers being provided on both sides of the inner layer, the non -

oriented electrical steel sheet comprising a chemical composition containing 

(consisting of): Si; and C in an amount of 0.020 mass% or less, Mn in an 20 

amount of 0.010 mass% to 2.0 mass%, and S in an amount of 0.0100 mass% or 

less as average contents in the total sheet thickness , with the balance being Fe 

and inevitable impurities, wherein each of the surface layers has an average Si 

content [Si]1 of 2.5 mass% to 7.0 mass%, the inner layer has an average Si 

content [Si]0 of 1.5 mass% to 5.0 mass%, each of the surface layers has an in-25 

plane tensile stress of 5 MPa to 50 MPa, the non-oriented electrical steel sheet 

has a sheet thickness t of 0.01 mm to 0.35 mm, the surface layers have a total 

thickness t1 with a ratio t1/t of the total thickness t1 to the sheet thickness t 

being 0.10 to 0.70, the non-oriented electrical steel sheet has an average N 

content [N] in the total sheet thickness of  40 ppm or less, and the following 30 

formula (1) is satisfied between an iron loss W10/400 (W/kg) at a maximum 

magnetic flux density of 1.0 T and a frequency of 400 Hz and the sheet 

thickness t (mm): 

 W10/400  ≤ 8 + 30t ... (1). 

[0010] 2. The non-oriented electrical steel sheet according to 1., wherein 35 

the chemical composition further contains at least one selected from the group 



- 3 - 

consisting of Al in an amount of 0.10 mass% or less, P in an amount of 0.10 

mass% or less, Sn in an amount of 0.10 mass% or less, and Sb in an amount of 

0.10 mass% or less as average contents in the total sheet thickness.  

[0011] 3. The non-oriented electrical steel sheet according to 1. or 2., 

further comprising, a texture where a ratio {100}/{111} of an integration 5 

degree of {100} plane to an integration degree of {111} plane is 55 % to 90 %in 

a cross section with Φ2 = 45° of an orientation distribution function at a depth 

of 1/4 of the sheet thickness from a surface of the non-oriented electrical steel 

sheet. 

[0012] 4. The non-oriented electrical steel sheet according to any one of 10 

1. to 3., wherein the chemical composition further satisfies the following 

formula (2): 

 [Mn][S] ≤ 0.0030 … (2); 

 where [Mn] and [S] are average contents in mass% of Mn and S in the 

total sheet thickness. 15 

[0013] 5. A method of producing the non-oriented electrical steel sheet 

according to any one of 1. to 4., the method comprising: subjecting a steel sheet 

with a Si content of 1.5 mass% to 5.0 mass% to a siliconizing treatment in a 

SiCl4 atmosphere at a siliconizing treatment temperature of 1000 °C or more 

and 1300 °C or less; subjecting the steel sheet after the siliconizing treatment 20 

to a diffusion treatment in an N2 atmosphere at a temperature of 950 °C or more 

and 1300 °C or less; and cooling the steel sheet after the diffusion treatment 

under a set of conditions including an average cooling rate v 1 of 5 °C/s to 

20 °C/s in a temperature range from the diffusion treatment temperature to 

900 °C and an average cooling rate v2 of 30 °C/s to 100 °C/s in a temperature 25 

range from 900 °C to 100 °C. 

(Advantageous Effect) 

[0014] According to the present disclosure,  a non-oriented electrical steel 

sheet with further reduced iron loss in a frequency range of about 400 Hz  can 

be obtained. 30 

 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0015] In the accompanying drawings:  

 FIG. 1 is a schematic diagram illustrating the structure of a non-

oriented electrical steel sheet according to one of the disclosed embodiments ; 35 

 FIG. 2 is a schematic diagram illustrating an example of the Si content 
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profile in a thickness direction of the non-oriented electrical steel sheet; 

 FIG. 3 is a graph illustrating the correlation between a ratio t 1/t of a 

total thickness t1 of the aforementioned surface layers to a sheet thickness t 

and an iron loss W10/400 (W/kg); 

 FIG. 4 is a graph illustrating the correlation between an in -plane tensile 5 

stress (MPa) and the iron loss W10/400 (W/kg); 

 FIG. 5 is a graph illustrating the correlation between an average cooling 

rate v1 (°C/s) and the iron loss W10/400 (W/kg) in the temperature range from a 

diffusion treatment temperature to 900 °C in a cooling process; 

 FIG. 6 is a graph illustrating the correlation between an average cooling 10 

rate v2 (°C/s) and the iron loss W10/400 (W/kg) in the temperature range from 

900 °C to 100 °C in the cooling process; and 

 FIG. 7 is a graph illustrating the correlation between the average 

cooling rate v2 (°C/s) in the temperature range from 900 °C to 100 °C in the 

cooling process and an average N content [N] (ppm) in the total sheet thickness 15 

of the non-oriented electrical steel sheet.  

 

DETAILED DESCRIPTION 

[0016] The following provides details of a method of carrying out this 

disclosure. The following description merely presents examples of preferred 20 

embodiments of this disclosure, and this disclosure is not limited to these 

embodiments. 

[0017] [Non-oriented electrical steel sheet]  

FIG. 1 is a schematic diagram illustrating the structure of a non -oriented 

electrical steel sheet according to one of the disclosed embodiments. Further, 25 

FIG. 2 is a schematic diagram illustrating an example of the Si content profile 

in a thickness direction of the non-oriented electrical steel sheet. In FIG. 2, the 

vertical axis indicates a position in the thickness direction, 0 denotes one 

surface of the non-oriented electrical steel sheet, and t denotes the other surface 

of the non-oriented electrical steel sheet.  30 

[0018] In the example illustrated in FIG. 2, a non-oriented electrical steel 

sheet 1 (hereinafter referred to simply as "steel sheet") has a Si content 

distribution where the Si content continuously decreases from the surfaces 

toward the mid-thickness direction. The Si content distribution may be a 

distribution where the Si content continuously varies over the entire thickness 35 

direction of the steel sheet, while the Si content distribution may be a 
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distribution where the Si content continuously varies on the surface sides of 

the steel sheet and remains constant in the mid-thickness part. The Si content 

near the surfaces of the steel sheet may be slightly reduced, that is, the non -

oriented electrical steel sheet 1 may have an inner layer, in which the Si content 

is less than the average Si content of the total sheet thickness, and surface 5 

layers, in which the Si content is greater than or equal to the average Si content 

of the total sheet thickness, provided on both sides of the inner layer.  

[0019] Here, when regions where the Si content is greater than or equal to the 

average Si content of the total sheet thickness are defined as the surface layers 

and a region where the Si content is less than the average Si content of the total 10 

sheet thickness is defined as the inner layer, as illustrated in FIG. 1, it can be 

said that the non-oriented electrical steel sheet 1 has an inner layer 10 and 

surface layers 20 provided on both sides of the inner layer 10.  

[0020] [Chemical composition] 

First, the chemical composition of the non-oriented electrical steel sheet 15 

disclosed herein is described. A non-oriented electrical steel sheet according 

to one of the embodiments of this disclosure has a chemical composition 

containing Si, C, Mn, and S with the balance being Fe and inevitable impurities. 

When components are expressed in "%", this refers to "mass%" unless 

otherwise stated. In the following description, the content of each element 20 

except Si refers to the average content of the element in the total sheet 

thickness of the steel sheet.  

[0021] C: 0.020 % or less 

C is a detrimental element to magnetic properties, and when the C content 

exceeds 0.020 %, iron loss significantly increases due to magnetic aging. The 25 

C content is therefore 0.020 % or less. On the other hand, a lower C content is 

preferable from the viewpoint of the magnetic properties . Therefore, no 

particular lower limit is placed on the C content. However, excessive reduction 

of the C content leads to an increase in production cost, thus it is preferable 

that the C content be 0.0001 % or more, and it is more preferable that the C 30 

content be 0.001 % or more. 

[0022] Mn: 0.010 % to 2.0 % 

Mn is an effective element to improve hot workability. In addition, Mn 

increases the intrinsic resistance of the steel sheet and consequently has an 

effect of reducing the iron loss. To achieve the aforementioned effect, the Mn 35 

content is 0.010 % or more. On the other hand, when the Mn content exceeds 
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2.0 %, the manufacturability is reduced and the cost is increased. The Mn 

content is therefore 2.0 % or less. 

[0023] S: 0.0100 % or less 

S increases the iron loss due to the formation of fine precipitates and the 

segregation to grain boundaries. The S content is therefore 0.0100 % or less. 5 

On the other hand, a lower S content is preferable from the viewpoint of the 

iron loss. Therefore, no particular lower limit is placed on the S content. 

However, excessive reduction of the S content leads to an increase in 

production cost, thus it is preferable that the S content be 0.0001 % or more. 

[0024] [Si]1: 2.5 % to 7.0 % 10 

Si is an element having an effect of increasing the electrical resistance of the 

steel sheet and reducing eddy current loss. When the average Si content ([Si] 1) 

in each of the surface layers is less than 2.5 %, the eddy current loss cannot be 

effectively reduced. Therefore, the average Si content in each of the surface 

layers is 2.5 % or more, preferably 3.0 % or more, and more preferably more 15 

than 3.5 %. On the other hand, when the average Si content in each of the 

surface layers exceeds 7.0 %, the magnetic flux density decreases due to a 

decrease in saturation magnetization, and the manufacturability of the non -

oriented electrical steel sheet decreases. Therefore, the average Si content in 

each of the surface layers is 7.0 % or less, preferably less than 6.5 %, and more 20 

preferably 6.0 % or less. An average Si content of 2.5 % to 7.0 % in each of 

the surface layers means that an average Si content in a surface layer ( first 

surface layer) on one side of the non-oriented electrical steel sheet is 2.5 % to 

7.0 % and an average Si content in a surface layer (second surface layer) on 

the other side of the non-oriented electrical steel sheet is 2.5 % to 7.0 %. The 25 

average Si content in the first surface layer may be the same as or different 

from the average Si content in the second surface layer. 

[0025] [Si]0: 1.5 % to 5.0 % 

When the average Si content ([Si]0) in the inner layer is less than 1.5 %, the 

eddy current loss increases. Therefore, the average Si content in the inner layer 30 

is 1.5 % or more. On the other hand, when the Si content in the inner layer 

exceeds 5.0 %, problems such as cracking of a motor core in punching the core 

occur. Therefore, the average Si content in the inner layer is 5.0 % or less, 

preferably 4.0 % or less. 

[0026] In one of the embodiments of this disclosure, the non-oriented 35 

electrical steel sheet has a chemical composition containing the above elements 
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with the balance being Fe and inevitable impurities.  

[0027] [Optional components] 

In another embodiment of this disclosure, the above chemical composition may 

optionally further contain at least one selected from the group consisting of Al, 

P, Sn, and Sb each in the following content. The content of each element 5 

described below refers to the average content of the element in the total sheet 

thickness of the steel sheet.  

[0028] Al: 0.10 % or less 

Al is an element having an effect of increasing the intrinsic resistance of the 

steel sheet, and the addition of Al can further reduce the iron loss. However, 10 

when the Al content exceeds 0.10 %, the manufacturability is reduced and the 

cost is increased. Therefore, in the case of adding Al, the Al content is 0.10 % 

or less. On the other hand, no particular lower limit is placed on the Al content. 

However, in the case of adding Al, to enhance the effect of the addition, the Al 

content is preferably 0.01 % or more. 15 

[0029] P: 0.10 % or less 

The addition of P greatly improves the texture, which makes it possible to 

further improve the magnetic flux density and further lower the hysteresis loss. 

In addition, the addition of P suppresses nitriding of the steel sheet during high 

temperature annealing and further suppresses an increase in iron loss. On the 20 

other hand, when the P content exceeds 0.10 %, the effect saturates and the 

manufacturability is reduced. Therefore, in the case of adding P, the P content 

is 0.10 % or less. On the other hand, no particular lower limit is placed on the 

P content. However, to enhance the effect of adding P, the P content is 

preferably 0.001 % or more. 25 

[0030] Sn: 0.10 % or less 

As with P, the addition of Sn greatly improves the texture, which makes it 

possible to further improve the magnetic flux density and further lower the 

hysteresis loss. In addition, the addition of Sn suppresses nitriding of the steel 

sheet during high temperature annealing and further suppresses an increase in 30 

iron loss. When the Sn content exceeds 0.10 %, the effect saturates, the 

manufacturability is reduced, and the cost is increased. Therefore, in the case 

of adding Sn, the Sn content is 0.10 % or less. On the other hand, the Sn content 

may have any lower limit, but to further enhance the effect of adding Sn, the 

Sn content is preferably 0.001 % or more. 35 

[0031] Sb: 0.10 % or less 
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As with P and Sn, the addition of Sb greatly improves the texture, which makes 

it possible to improve the magnetic flux density and lower the hysteresis loss. 

In addition, the addition of Sb suppresses nitriding of the steel sheet during 

high temperature annealing and further suppresses an increase in iron loss. 

When the Sb content exceeds 0.10 %, the effect saturates, the manufacturability 5 

is reduced, and the cost is increased. Therefore, in the case of adding Sb, the 

Sb content is 0.10 % or less. On the other hand, the Sb content may have any 

lower limit, but to achieve the effect of adding Sb, the Sb content is preferably 

0.001 % or more. 

[0032] [Mn][S] ≤ 0.0030 10 

In steel containing Mn and S, MnS precipitates during annealing at a relatively 

low temperature such as less than 1000 °C. Then, the precipitated MnS inhibits 

crystal grain growth to decrease the crystal grain size of the final non -oriented 

electrical steel sheet, resulting in an increase in hysteresis loss. In contrast, we 

perform a siliconizing treatment at a relatively high temperature of 1000 °C or 15 

more, which allows MnS to dissolve and form a solute to promote the grain 

growth. However, when the product [Mn][S] of the average Mn content and the 

average S content exceeds 0.0030, the grain growth during the siliconizing 

treatment is inhibited by MnS that remains precipitated, resulting in an increase 

in hysteresis loss. Therefore, to suppress the increase in hysteresis loss caused 20 

by the precipitation of MnS during the siliconizing treatment, it is preferable 

that the above chemical composition further satisfy the relation of the 

following formula: 

 [Mn][S] ≤ 0.0030, 

where [Mn] and [S] are average contents in mass% of Mn and S in the total 25 

sheet thickness, respectively. On the other hand, no particular lower limit is 

placed on [Mn][S]. However, from the viewpoint of manufacturability and cost, 

[Mn][S] is preferably 0.000005 or more.  

[0033] [Sheet thickness] 

When the non-oriented electrical steel sheet is too thin, handling in the 30 

production process such as cold rolling and annealing is difficult, resulting in 

an increase in production cost. The sheet thickness t of the non-oriented 

electrical steel sheet is therefore 0.01 mm or more. On the other hand, when 

the non-oriented electrical steel sheet is too thick, the eddy current loss 

increases, leading to an increase in the total iron loss. Therefore, t is 0.35 mm 35 

or less. 
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[0034] [t1/t] 

Next, to examine the effect of the ratio t1/t (multilayer ratio) of the total 

thickness t1 of the surface layers to the sheet thickness t of the non -oriented 

electrical steel sheet, on the magnetic properties, non-oriented electrical steel 

sheets with different t1/t were produced by the following procedures and the 5 

magnetic properties were evaluated. The "total thickness of the surface layers" 

indicates the sum of the thicknesses of the surface layers provided on both 

sides of the non-oriented electrical steel sheet. The surface layers are defined 

as regions where the Si content is greater than or equal to the average Si content 

in the total sheet thickness, as described above.  10 

[0035] First, a hot-rolled steel sheet was made by hot-rolling a steel slab 

having a chemical composition containing C: 0.005 %, Si: 2.0 %, Mn: 0.05 %, 

S: 0.001 %, and Sn: 0.04 % with the balance being Fe and inevitable impurities. 

The hot-rolled steel sheet was subjected to hot-rolled sheet annealing at 950 °C 

for 30 s, and then the steel sheet after the hot-rolled sheet annealing was cold-15 

rolled to obtain a cold-rolled steel sheet having a sheet thickness of 0.2 mm. 

Next, the cold-rolled steel sheet was subjected to siliconizing treatment in a 

SiCl4 atmosphere at a siliconizing treatment temperature of 1200 °C to deposit 

Si on the surface of the steel sheet, followed by diffusion treatment in an N2 

atmosphere at a diffusion treatment temperature of 1200 °C so that each of the 20 

surface layers had an average Si content [Si]1 of 4.0 % and the inner layer had 

an average Si content [Si]0 of 2.2 %. Then, the steel sheet was cooled to 100 °C 

or less under a set of conditions including the average cooling rate v 1 of 15 °C/s 

in the temperature range from the diffusion treatment temperature to 900 °C 

and the average cooling rate v2 of 40 °C/s in the temperature range from 900 °C 25 

to 100 °C. In each of the non-oriented electrical steel sheets thus obtained, the 

ratio t1/t was from 0.05 to 0.80. 

[0036] A test specimen was taken from each obtained non-oriented electrical 

steel sheet, and Epstein test was conducted to evaluate the iron loss W 10/400 

(W/kg) at a maximum magnetic flux density of 1.0 T and a frequency of 400 30 

Hz. The evaluation was made in the same manner as described in the 

EXAMPLES section below. 

[0037] FIG. 3 illustrates the correlation between t1/t and W10/400 (W/kg). From 

the result, it is found that when t1/t is from 0.10 to 0.70, the iron loss is greatly 

reduced. The reduction in the iron loss is believed to be because of the 35 

following reasons. First, since the ratio of the surface layers which have high 
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resistance is low when t1/t is less than 0.10, the eddy current which 

concentrates on the surface layers cannot be effectively reduced. On the other 

hand, since the difference in magnetic permeability between the surface layers 

and the inner layer is small when t1/t is more than 0.70, the magnetic flux 

penetrates to the inner surface and the eddy current loss also occurs from the 5 

inner surface. Therefore, the iron loss can be reduced by setting t 1/t in a range 

of from 0.10 to 0.70. For the above reasons, the ratio t 1/t of the total thickness 

t1 of the surface layers to the sheet thickness t is from 0.10 to 0.70. 

[0038] [In-plane tensile stress] 

We examined to further reduce the iron loss of the non-oriented electrical steel 10 

sheet and revealed that in-plane tensile stress is generated as internal stress in 

the non-oriented electrical steel sheet. The following tests were conducted to 

examine the effect of the in-plane tensile stress on the magnetic properties of 

the non-oriented electrical steel sheets.  

[0039] First, a hot-rolled steel sheet was made by hot-rolling a steel slab 15 

having a chemical composition containing C: 0.004 %, Si: 2.5 %, Mn: 0.07 %, 

S: 0.002 %, Sn: 0.04 %, and P: 0.01 % with the balance being Fe and inevitable 

impurities. The hot-rolled steel sheet was subjected to hot-rolled sheet 

annealing at 950 °C for 30 s, and then the steel sheet after the hot -rolled sheet 

annealing was cold-rolled to obtain a cold-rolled steel sheet having a sheet 20 

thickness of 0.2 mm. Next, the cold-rolled steel sheet was subjected to 

siliconizing treatment in a SiCl4 atmosphere at a siliconizing treatment 

temperature of 1250 °C to deposit Si on the surface of the steel sheet, followed 

by diffusion treatment in an N2 atmosphere at a diffusion treatment temperature 

of 1100 °C. Then, the steel sheet was cooled to 100 °C or less under a set of 25 

conditions including the average cooling rate v1 of 15 °C/s in the temperature 

range from the diffusion treatment temperature to 900 °C and the average 

cooling rate v2 of 40 °C/s in the temperature range from 900 °C to 100 °C. In 

each of the non-oriented electrical steel sheets thus obtained, the average Si 

content [Si]1 in each of the surface layers was 3.0 % to 7.0 %, the average Si 30 

content [Si]0 in the inner layer was 2.2 % to 2.7 %, and t1/t was 0.30. 

[0040] A test specimen was taken from each obtained non-oriented electrical 

steel sheet, and Epstein test was conducted to evaluate the iron loss W 10/400 

(W/kg) at a maximum magnetic flux density of 1.0 T and a frequency of 400 

Hz. The evaluation was made in the same manner as described in the 35 

EXAMPLES section below. 
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[0041] Next, the in-plane tensile stress was measured by the following 

procedures. First, each obtained non-oriented electrical steel sheet was subject 

to the chemical polishing with hydrofluoric acid from one side . Then, the 

polishing was performed until the sheet thickness t S of each sample became 0.1 

mm so that the sample after polishing would have a surface layer on one surface 5 

and the inner layer on the other surface. The sample after the chemical 

polishing warps such that the surface layer is inward, indicating that tensile 

stress is generated in the surface layer plane in the sample before the polishing. 

Therefore, the in-plane tensile stress of the non-oriented electrical steel sheet 

was calculated from the curvature radius r, which is an index of the magnitude 10 

of warpage of the obtained sample, using the following formula:  

 In-plane tensile stress (MPa) = tS × E/(4 × r), 

 where 

 tS is the thickness of the sample, 0.1 mm, 

 E is the Young's modulus, 190 GPa, and 15 

 r is the curvature radius (mm). 

[0042] FIG. 4 illustrates the correlation between the in -plane tensile stress 

(MPa) and W10/400 (W/kg). From the result, it is found that the iron loss is 

reduced when the in-plane tensile stress is from 5 MPa to 50 MPa. This is 

believed to be because of the following reasons. Specifically, the tensile stress 20 

being generated in the surface layer plane causes the easy magnetization axis 

to be parallel to the in-plane direction, which concentrates the magnetic flux 

in the surface layer to reduce the eddy current loss. However, when the internal 

stress is excessively large, the magnetic flux concentrates in the surface layer 

and the eddy current loss reduces, but the hysteresis loss significantly increases, 25 

resulting in an increase in iron loss. Since not only the eddy current loss but 

also the hysteresis loss has a significant effect on the iron loss in the frequency 

range of about 400 Hz, to reduce the iron loss in the frequency range of about 

400 Hz, the in-plane tensile stress of the surface layer is 5 MPa to 50 MPa in 

this disclosure. 30 

[0043] Since it is considered that the in-plane tensile stress in the surface layer 

is mainly generated by the difference in Si concentration between the surface 

layers and the inner layer, ΔSi([Si]1 - [Si]0), to obtain the internal stress, it is 

preferable that Si be 1.0 % or more. In other words, since [Si]1 is generally 

higher than [Si]0, it is preferable that the following relation be satisfied: [Si]1 35 

 {[Si]0 + 1.0 mass%}. 
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[0044] [Average N content] 

The average N content [N] in the total sheet thickness of the non -oriented 

electrical steel sheet disclosed herein is 40 ppm or less. The reasons for this 

limitation will be described later.  

[0045] [Iron loss] 5 

The iron loss was evaluated with the iron loss (total iron loss) W 10/400 (W/kg) 

at a maximum magnetic flux density of 1.0 T and a frequency of 400 Hz. The 

non-oriented electrical steel sheet disclosed herein has W10/400 (W/kg) and the 

sheet thickness t (mm) that satisfy the following formula. The reason is that 

when the relation of the following formula is not satisfied, an extremely large 10 

amount of heat is generated in stator cores, significantly lowering the motor 

efficiency. Since the iron loss depends on the sheet thickness, the upper limit 

of the iron loss was defined in the following formula, considering the effect of 

the sheet thickness. 

 W10/400 ≤ 8 + 30t 15 

[0046] In electrical steel sheets, the iron loss usually increases when the 

magnetic flux density is increased. Therefore, typical motor cores are designed 

to have a magnetic flux density of about 1.0 T. In contrast, the non-oriented 

electrical steel sheet disclosed herein achieves both high magnetic flux density 

and low iron loss which are conflicting properties by controlling the chemical 20 

compositions of the surface layers and the inner layer, the in -plane tensile 

stress, and the multilayer ratio of the steel sheet as described above.  

[0047] [Texture] 

By increasing the {100} plane and decreasing the {111} plane in the non -

oriented electrical steel sheet, magnetization is facilitated in the plane of the 25 

non-oriented electrical steel sheet, making it possible to further improve the 

magnetic flux density and further reduce the hysteresis loss. Therefore, it is 

preferable that in a cross section of Φ2 = 45° of the orientation distribution 

function (ODF) in a plane with a depth of 1/4 of the steel thickness t from the 

surface of the non-oriented electrical steel sheet, the ratio {100}/{111} of an 30 

integration degree of {100} plane to an integration degree of {111} plane be 

55 % or more. On the other hand, when the ratio {100}/{111} becomes 

excessively large, the workability of the core may be reduced. Therefore, it is 

preferable that {100}/{111} be 90 % or less. 

[0048] To increase the ratio of the {100} plane, it is effective to make the 35 

average heating rate from 200 °C to the siliconizing temperature 20 °C/s or 
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more in the heating process during the siliconizing treatment and to add at least 

one of P, Sn, or Sb, which are segregation elements, in appropriate amounts.  

[0049] [Production method] 

The method of producing the non-oriented electrical steel sheet disclosed 

herein is not particularly limited and may be a siliconizing method. When a 5 

siliconizing method is used, by subjecting a steel sheet having a constant Si 

content in the thickness direction to siliconizing treatment and diffusion 

treatment, the Si content in the surface layers on both sides of the steel sheet 

can be increased. The non-oriented electrical steel sheet produced by the 

siliconizing method has the Si content profile illustrated in, for example, FIG. 10 

2. 

[0050] The following describes a method of producing a non-oriented 

electrical steel sheet using the siliconizing method according to one of the 

embodiments of this disclosure. 

[0051] In the method of producing the non-oriented electrical steel sheet 15 

according to one of the embodiments of this disclosure, the non-oriented 

electrical steel sheet is produced by sequentially applying the following 

processes (1) to (3) to the steel sheet.  

 (1) Siliconizing treatment 

 (2) Diffusion treatment 20 

 (3) Cooling 

[0052] As a steel sheet to which the aforementioned processes are applied, a 

steel sheet having a Si content of 1.5 % to 5.0 % can be used. The steel sheet 

preferably has a chemical composition that is approximately uniform in the 

thickness direction. Although the chemical composition of the steel sheet is 25 

not particularly limited, it may be the same as that of the non-oriented electrical 

steel sheet disclosed herein, except for Si. 

[0053] According to one of the embodiments of this disclosure, as the steel 

sheet to which the aforementioned processes are applied, it is preferable to use 

a steel sheet having a chemical composition containing: 30 

 Si: 1.5 % to 5.0 %, 

 C: 0.020 % or less, 

 Mn: 0.010 % to 2.0 %, and 

 S: 0.0100 % or less with the balance being Fe and inevitable impurities.  

[0054] In another embodiment of this disclosure, the chemical composition of 35 

the steel sheet can further contain at least one selected from the group 



- 14 - 

consisting of: 

 Al: 0.10 mass% or less, 

 P: 0.1 mass% or less, 

 Sn: 0.10 mass% or less, and 

 Sb: 0.10 mass% or less. 5 

[0055] It is preferable that the chemical composition of the steel sheet further 

satisfy the following formula: 

 [Mn][S] ≤ 0.0030, 

where [Mn] and [S] are average contents in mass% of Mn and S in the total 

sheet thickness, respectively.  10 

[0056] (1) Siliconizing treatment 

First, the steel sheet is subjected to the siliconizing treatment. The siliconizing 

treatment is performed in a SiCl4 atmosphere at a siliconizing treatment 

temperature of 1000 °C or more and 1300 °C or less. When the siliconizing 

treatment temperature is less than 1000 °C, the reaction between SiCl4 and the 15 

base metal is slow, reducing the manufacturability and increasing the cost. In 

addition, since the melting point decreases as the Si content in the surface 

layers of the steel sheet increases by the siliconizing treatment, when the 

siliconizing treatment is applied at a high temperature exceeding 1300 °C, the 

steel sheet breaks in the furnace and the manufacturability is reduced. 20 

Therefore, the siliconizing treatment temperature is 1000 °C or more and 

1300 °C or less. 

[0057] (2) Diffusion treatment 

Next, the steel sheet after the siliconizing treatment is subjected to the 

diffusion treatment. The diffusion treatment is performed in an N 2 atmosphere 25 

at a temperature of 950 °C or more and 1300 °C or less. The diffusion treatment 

also can be performed in an Ar atmosphere, but this is not practical because of 

the increased cost, and from an industrial point of view, the diffusion treatment 

is performed in the N2 atmosphere. When the diffusion treatment is performed 

at a temperature of less than 950 °C, the diffusion rate slows down and the 30 

manufacturability is reduced. On the other hand, since the melting point 

decreases as the Si content in the surface layers of the steel sheet increases by 

the siliconizing treatment, when the diffusion treatment is applied at a high 

temperature exceeding 1300 °C, the steel sheet breaks in the furnace and the 

manufacturability is reduced. Therefore, the diffusion treatment temperature is 35 

950 °C or more and 1300 °C or less. 
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[0058] (3) Cooling 

Then, the steel sheet after the diffusion treatment is cooled under a set of 

conditions including the average cooling rate of v 1 of 5 °C/s to 20 °C/s in the 

temperature range from the diffusion treatment temperature to 900  °C and the 

average cooling speed v2 of 30 °C/s to 100 °C/s in the temperature range from 5 

900 °C to 100 °C. 

[0059] Here, the experiments conducted to determine the average cooling rates 

in the cooling process are described.  

[0060] First, a hot-rolled steel sheet was made by hot-rolling a steel slab 

having a chemical composition containing C: 0.005 %, Si: 2.5 %, Mn: 0.06 %, 10 

S: 0.003 %, Sn: 0.06 %, and P: 0.06 % with the balance being Fe and inevitable 

impurities. The hot-rolled steel sheet was subjected to hot-rolled sheet 

annealing at 950 °C for 30 s, and then the steel sheet after the hot -rolled sheet 

annealing was cold-rolled to obtain a cold-rolled steel sheet having a sheet 

thickness of 0.2 mm. Next, the cold-rolled steel sheet was subjected to 15 

siliconizing treatment in a SiCl4 atmosphere at a siliconizing treatment 

temperature of 1200 °C to deposit Si on the surface of the steel sheet, and then 

diffusion treatment is performed in an N2 atmosphere at a diffusion treatment 

temperature of 1100 °C so that each of the surface layers had an average Si 

content [Si]1 of 4.5 %. Then, the steel sheet was cooled to 100 °C or less under 20 

a set of conditions including the average cooling rate v 1 of 5 °C/s to 35 °C/s in 

the temperature range from the diffusion treatment temperature to 900 °C and 

the average cooling rate v2 of 5 °C/s to 120 °C/s in the temperature range from 

900 °C to 100 °C. In each of the non-oriented electrical steel sheets thus 

obtained, the ratio t1/t was 0.30. 25 

[0061] A test specimen was taken from each obtained non-oriented electrical 

steel sheet, and Epstein test was conducted to evaluate the iron loss W 10/400 

(W/kg) at a maximum magnetic flux density of 1.0 T and a frequency of 400 

Hz. The evaluation was made in the same manner as described in the 

EXAMPLES section below. 30 

[0062] FIG. 5 illustrates the correlation between the average cooling rate v 1 

(°C/s) and the iron loss W10/400 (W/kg) when the average cooling rate v2 is kept 

constant at 45 °C/s. As can be seen from the result, the iron loss increases when 

the average cooling rate v1 exceeds 20 °C/s. This is considered to be because 

when the average cooling rate v1 exceeds 20 °C/s, rapid cooling causes strain 35 

in the steel sheet, resulting in an increase in hysteresis loss. Therefore, the 
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average cooling rate v1 is 20 °C/s or less. On the other hand, when v1 is less 

than 5 °C/s, the production efficiency decreases and the cost increases. 

Therefore, v1 is 5 °C/s or more. 

[0063] FIG. 6 illustrates the correlation between the average cooling rate v 2 

(°C/s) and the iron loss W10/400 (W/kg) when the average cooling rate v1 is kept 5 

constant at 10 °C/s. As can be seen from the result, the iron loss increased 

when the average cooling rate v2 was less than 30 °C/s. 

[0064] To examine the cause of this result, the average N content [N] in the 

total sheet thickness of the non-oriented electrical steel sheet obtained under 

each condition was measured. FIG. 7 illustrates the correlation between the 10 

average cooling rate v2 (°C/s) and the measured average N content [N] (ppm). 

The average N content [N] was measured by the method described in the 

EXAMPLES section below. From the result illustrated in FIG. 7, it was 

revealed that when the average cooling rate v2 is less than 30 °C/s, [N] is higher 

than that when v2 is 30 °C/s or more. From this result, it is considered that the 15 

iron loss increased by nitriding of the steel sheet when the average cooling rate 

v2 was less than 30 °C/s. Therefore, in the non-oriented electrical steel sheet 

according to one of the embodiments of this disclosure, the average N content 

[N] in the total sheet thickness is 40 ppm or less. In the method of producing 

the non-oriented electrical steel sheet in one of the embodiments  of this 20 

disclosure, the average cooling speed v2 is 30 °C/s or more. 

[0065] On the other hand, from the results illustrated in FIGS. 6 and 7, it can 

be seen that when the average cooling rate v2 exceeds 100 °C/s, the iron loss 

increases even though the amount of nitrogen in the steel is 30 ppm or less. 

This is considered to be due to the increase in iron loss caused by the cooling 25 

strain when the average cooling rate v2 exceeds 100 °C/s. For this reason, the 

average cooling speed v2 is 100 °C/s or less. 

 

EXAMPLES 

[0066] (Example 1) 30 

To determine the effect, non-oriented electrical steel sheets were produced in 

the following procedures and the magnetic properties were evaluated.  

[0067] First, steel slabs containing Si: 2.0 % to 4.0 % were prepared. The 

chemical composition of each steel slab was adjusted by blowing the steel slab 

in a converter and subsequently subjecting it to degassing treatment. Next, each 35 

steel slab was heated at 1140 °C for 1 hour, and subsequently hot rolled to 
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obtain a hot-rolled steel sheet having a sheet thickness of 2 mm. The hot rolling 

finish temperature in the hot rolling was set to 800 °C. Each hot-rolled steel 

sheet was coiled at a coiling temperature of 610 °C, and then subjected to the 

hot-rolled sheet annealing of 900 °C for 30 s to obtain a hot-rolled and annealed 

sheet. After that, each hot-rolled and annealed sheet was subjected to acid 5 

cleaning and the cold rolling to obtain a cold-rolled steel sheet. 

[0068] Then, each obtained cold-rolled steel sheet was subjected to the 

siliconizing treatment in a SiCl4 atmosphere at a siliconizing treatment 

temperature of 1200 °C. In the heating process of the siliconizing treatment, 

the heating rate from 200 °C to the siliconizing treatment temperature was 10 

changed between 10 °C/s and 40 °C/s. After that, each steel sheet was subjected 

to the diffusion treatment and the cooling in an N 2 atmosphere under a set of 

conditions presented in Tables 1 and 2 to obtain a non-oriented electrical steel 

sheet having each sheet thickness t presented in Tables 1 and 2. Here, the 

average cooling rate v1 represents the average cooling rate from the diffusion 15 

treatment temperature to 900 °C, and the average cooling rate v2 represents the 

average cooling rate from 900 °C to 100 °C. 

[0069] (Composition) 

Each of the non-oriented electrical steel sheets thus obtained was embedded in 

a carbon mold, and the Si content distribution in the cross section in the 20 

thickness direction was measured using Electron Probe Micro Analyzer  

(EPMA). The average of the Si contents over the total sheet thickness of each 

steel sheet was calculated, and parts having a higher Si concentration than the 

average were defined as surface layers and a part having a lower Si 

concentration than the average was defined as an inner layer. From the obtained 25 

result, the ratio t1/t of the total thickness t1 of the surface layers to the sheet 

thickness t, the average Si content [Si]1 in each of the surface layers, and the 

average Si content [Si]0 in the inner layer were obtained. In addition, the 

average N content [N] in the total sheet thickness of each non-oriented 

electrical steel sheet was measured using ICP spectrometry. The measurement 30 

results are presented in Tables 1 and 2.  

[0070] Also for the components other than Si and N contained in the obtained 

non-oriented electrical steel sheets, the average contents in the total sheet 

thickness were measured using the ICP spectrometry. The measurement results 

are presented in Tables 1 and 2.  35 

[0071] (Internal stress) 
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To measure the internal stress, a test specimen with a width of 30 mm and a 

length of 180 mm was taken as a sample from each of the obtained non-oriented 

electrical steel sheets, and the sample was subject to the chemical polishing 

with hydrofluoric acid from one side. Then, the polishing was performed until 

the sheet thickness tS of the sample became t/2 so that the sample after 5 

polishing would have a surface layer on one surface and the inner layer on the 

other surface. Then, the in-plane tensile stress was calculated from the 

magnitude of warpage of the sample using the following formula (2):  

 In-plane tensile stress (MPa) = tS × E/(4 × r) ... (2), 

 where 10 

 tS is the thickness of the sample, 

 E is the Young's modulus, 190 GPa, and 

 r is the curvature radius (mm). 

[0072] (Texture) 

To examine the texture of the obtained non-oriented electrical steel sheets, 15 

each obtained non-oriented electrical steel sheet was subject to the chemical 

polishing to 1/4 of the sheet thickness from the surface, and X-ray ODF 

analysis was performed to obtain the ratio {100}/{111} of an integration 

degree of {100} plane to an integration degree of {111} plane in a cross section 

with Φ2 = 45° of the orientation distribution function. The measurement results 20 

are presented in Tables 1 and 2.  

[0073] (Iron loss) 

Test specimens with a width of 30 mm and a length of 180 mm were taken from 

each of the obtained non-oriented electrical steel sheets, and Epstein test was 

conducted to measure the iron loss W10/400 (W/kg) at a maximum magnetic flux 25 

density of 1.0 T and a frequency of 400 Hz. The Epstein test was conducted 

using a 25-cm Epstein frame in accordance with JIS C 2550-1. In the Epstein 

test, L-direction test specimens were collected so that the longitudinal 

direction of the test specimens was parallel to the rolling direction (L direction) 

and C-direction test specimens were collected so that the longitudinal direction 30 

of the test specimens was parallel to the direction orthogonal to the rolling 

direction (C direction). The L- and C-direction test specimens were used in 

equal amounts to evaluate the averages of the magnetic properties in the L 

direction and the C direction. The measurement results are presented in Tables 

1 and 2. 35 

[0074] As can be seen from the results presented in Tables 1 and 2, the non -
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oriented electrical steel sheet satisfying the conditions disclosed herein had an 

excellent property of low iron loss at 400 Hz. In contrast, in the comparative 

examples that did not meet the conditions disclosed herein, the iron loss was 

high. In some of the comparative examples, the steel sheet fractured during the 

production, so the evaluation of iron loss could not be performed.5 
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[0077] (Example 2) 

Steel slabs containing the components presented in Table 3 were prepared. 

Each steel slab was heated at 1140 °C for 1 hour, and then hot rolled at a hot 

rolling finishing temperature of 800 °C to obtain a hot rolled steel sheet with 

a thickness of 2 mm. Each obtained hot-rolled steel sheet was coiled at 610 °C 5 

and then subjected to hot-rolled sheet annealing at 950 °C for 30 s to obtain a 

hot-rolled and annealed sheet. After that, each hot-rolled and annealed sheet 

was subjected to acid cleaning and cold rolling to obtain a cold -rolled steel 

sheet having the thickness presented in Table 3.  

[0078] Then, each obtained cold-rolled steel sheet was subjected to 10 

siliconizing treatment in a SiCl4 + N2 atmosphere at a siliconizing treatment 

temperature of 1200 °C. After that, each steel sheet was subjected to diffusion 

treatment in an N2 atmosphere at 1150 °C, and then cooled at the average 

cooling rate v1 of 20 °C/s from 1150 °C to 900 °C and the average cooling rate 

v2 of 6 °C/s from 900 °C to 100 °C. The siliconizing treatment was applied to 15 

form the surface layer and the inner layer so that the ratio t1/t was 0.40. 

[0079] For each of the obtained non-oriented electrical steel sheets, the 

composition, internal stress, texture, and iron loss were evaluated in the same 

manner as in Example 1 above. The evaluation results are presented in Table 

3. 20 

[0080] As can be seen from the results presented in Table 3, the non-oriented 

electrical steel sheets with [Mn][S] of 0.0030 or less have lower iron loss 

compared to those with [Mn][S] of more than 0.0030.
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REFERENCE SIGNS LIST 

[0082] 1 non-oriented electrical steel sheet 

 10 inner layer 

20 surface layer
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CLAIMS 

 

 1. A non-oriented electrical steel sheet having an inner layer 

defined as a region where a Si content is less than an average Si content in a 

total sheet thickness, and surface layers defined as regions where a Si content 5 

is greater than or equal to the average Si content in the total sheet thickness, 

the surface layers being provided on both sides of the inner layer, the non -

oriented electrical steel sheet comprising a chemical composition containing:  

 Si; and 

 C: 0.020 mass% or less, 10 

 Mn: 0.010 mass% to 2.0 mass%, 

 S: 0.0100 mass% or less, and 

 at least one of Sn: 0.10 mass% or less and Sb:  0.10 mass% or less, 

 as average contents in the total sheet thickness , with the balance being 

Fe and inevitable impurities, wherein 15 

 each of the surface layers has an average Si content [Si]1 of 2.5 mass% 

to 7.0 mass%,  

 the inner layer has an average Si content [Si]0 of 1.5 mass% to 5.0 

mass%, 

 ΔSi defined as the difference between the average Si content of the 20 

surface layers [Si]1 and the average Si content of the inner layer [Si]0, [Si]1 – 

[Si]0, is 1.0 mass% to 3.3 mass%, 

 an average content of Mn, in mass%, in the total sheet thickness, [Mn], 

and an average content of S, in mass%, in the total sheet thickness, [S], satisfy 

the following formula (2), 25 

 each of the surface layers has an in-plane tensile stress of 5 MPa to 50 

MPa, 

 the non-oriented electrical steel sheet has a sheet thickness t of 0.05 

mm to 0.35 mm, 

 the surface layers have a total thickness t1 with a ratio t1/t of the total 30 

thickness t1 to the sheet thickness t being 0.30 to 0.50, 

 the non-oriented electrical steel sheet has an average N content [N] in 

the total sheet thickness of 40 ppm or less, and 

 an iron loss W10/400 in W/kg at a maximum magnetic flux density of 1.0 

T and a frequency of 400 Hz and the sheet thickness t in mm satisfy the 35 

following formula (1), 
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 the non-oriented electrical steel sheet has a texture where a ratio 

{100}/{111} of an integration degree of {100} plane to an integration degree 

of {111} plane is 51 % to 90 % in a cross section with Φ2 = 45° of an orientation 

distribution function at a depth of 1/4 of the sheet thickness from a surface of 

the non-oriented electrical steel sheet,  5 

 W10/400 ≤ 8 + 30t ... (1), 

 [Mn][S] ≤ 0.0030 ... (2). 

 

 2. The non-oriented electrical steel sheet according to claim 1, 

wherein the chemical composition further contains , as average contents in the 10 

total sheet thickness, at least one of 

 Al: 0.10 mass% or less and 

 P: 0.10 mass% or less. 

 

 3. The non-oriented electrical steel sheet according to claim 1 or 15 

2, wherein the ratio {100}/{111} is 55 % to 90 %. 

 

 4. A method of producing a non-oriented electrical steel sheet, the 

method comprising: 

 subjecting a steel sheet with a Si content of 1.5 mass% to 5.0 mass% 20 

to a siliconizing treatment in a SiCl4 atmosphere at a siliconizing treatment 

temperature of 1000 °C or more and 1300 °C or less; 

 subjecting the steel sheet after the siliconizing treatment to a diffusion 

treatment in an N2 atmosphere at a temperature of 950 °C or more and 1300 °C 

or less; and 25 

 cooling the steel sheet after the diffusion treatment under a set of 

conditions including an average cooling rate v1 of 5 °C/s to 20 °C/s in a 

temperature range from the diffusion treatment temperature to 900 °C and an 

average cooling rate v2 of 30 °C/s to 100 °C/s in a temperature range from 

900 °C to 100 °C, 30 

 wherein the non-oriented electrical steel sheet has an inner layer 

defined as a region where a Si content is less than an average Si content in a 

total sheet thickness, and surface layers defined as regions where a Si content 

is greater than or equal to the average Si content in the total sheet thickness, 

the surface layers being provided on both sides of the inner layer, the non-35 

oriented electrical steel sheet comprising a chemical composition containing:  
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 Si; and 

 C: 0.020 mass% or less, 

 Mn: 0.010 mass% to 2.0 mass%, and 

 S: 0.0100 mass% or less, as average contents in the total sheet thickness, 

with the balance being Fe and inevitable impurities, wherein  5 

 each of the surface layers has an average Si content [Si] 1 of 2.5 mass% 

to 7.0 mass%, 

 the inner layer has an average Si content [Si]0 of 1.5 mass% to 5.0 

mass%, 

 ΔSi defined as the difference between the average Si content of the 10 

surface layers [Si]1 and the average Si content of the inner layer [Si]0, [Si]1 – 

[Si]0, is 1.0 mass% to 3.3 mass%, 

 an average content of Mn, in mass%, in the total sheet thickness, [Mn], 

and an average content of S, in mass%, in the total sheet thickness, [S], satisfy 

the following formula (2), 15 

 each of the surface layers has an in-plane tensile stress of 5 MPa to 50 

MPa, 

 the non-oriented electrical steel sheet has a sheet thickness t of 0.05 

mm to 0.35 mm, 

 the surface layers have a total thickness t1 with a ratio t1/t of the total 20 

thickness t1 to the sheet thickness t being 0.30 to 0.50,  

 the non-oriented electrical steel sheet has an average N content [N] in 

the total sheet thickness of 40 ppm or less, and 

 an iron loss W10/400 in W/kg at a maximum magnetic flux density of 1.0 

T and a frequency of 400 Hz and the sheet thickness t in mm satisfy the 25 

following formula (1), 

 the non-oriented electrical steel sheet has a texture where a ratio 

{100}/{111} of an integration degree of {100} plane to an integration degree 

of {111} plane is 51 % to 90 % in a cross section with Φ2 = 45° of an orientation 

distribution function at a depth of 1/4 of the sheet thickness from a surface of 30 

the non-oriented electrical steel sheet,  

 W10/400 ≤ 8 + 30t ... (1), 

 [Mn][S] ≤ 0.0030 ... (2) . 

 

 5. The method of producing the non-oriented electrical steel sheet 35 

according to claim 4, wherein the chemical composition further contains, as 
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average contents in the total sheet thickness, at least one  of  

 Al: 0.10 mass% or less, 

 P: 0.10 mass% or less, 

 Sn: 0.10 mass% or less, and 

 Sb: 0.10 mass% or less. 5 

 

 6. The method of producing the non-oriented electrical steel sheet 

according to claim 4 or 5, wherein the ratio {100}/{111} is 55 % to 90 %.  


