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1 ≤  

 

 ╩ ⌐⁸◖fiⱣכ♃╛▬fiⱣכ♃⌂≥⌐ ↕╣╢

─ ╩ ⇔√ ♦Ᵽ▬☻─ ⅜ ⇔⁸ ─

─ │⁸2025 ⌐│1,827 ⁸43 ♩fi╕≢ ∆╢≤ ↕╣

≡™╢⁹≤↓╤⅜⁸ ▪♩ⱴ▬☼ ⱪ꜡☿☻⌐⅔™≡⁸ ╩ ∆

╢√╘⌐ ⌂◄Ⱡꜟ◑כ⅜ ≤⌂∫≡™╢⁹∕↓≢⁸ ≢│⁸

⅜ ╛♃כ⸗╢™≡╣↕ ⌂≥─ ≢ ↕

╣≡™╢ ─ ╩ꜞ◘▬◒ꜟ ≤⇔≡⁸ ∆╢↓≤⌐╟╡⁸

─ ╩ ∆╢⁹ ─ ╩ ⇔≡◖▪ ⇔⁸

♦Ᵽ▬☻┼ ∆╢↓≤≢⁸ ╩ ⇔≡ ∆╢ ─▪♩ⱴ

▬☼ ≤ ⇔≡⁸ ╩ ⇔⁸ ─ ╩ ∆╢↓≤

╩ ≤∆╢⁹ 

 

2 ─  

 

 ─ │⁸ ─ ╩ ∆╢√╘ ─

⅜ ⌂™⅜⁸ ─ ⌐╟╡ ─▪♩ⱴ▬☼ ⌐ ═ ⅜

∆╢⁹∕↓≢⁸ ⌐ ↑≡⁸ 30 │⁸ S- 1⌐ ∆⁸ᵑ ⁸ᵒ

♫ⱡ ⁸ᵓ ─ ╩ ◒♇Ɑ☻♩♇◕כ♃⁸⇔ ⌐

╩ ↑√⁹ 31 │⁸ ⌐ ↑≡⁸ ─ ⁸

♩♇ⱪכꜟ☻ ╩ ∫√⁹ 

 

 

S- 1 ─  

 

3 ─ ─  

 

 30 │⁸◘▬◒꜡fiⱵꜟ╩ ™≡⁸ ה ─ ╩ ∆

╢ ╩ ⇔√⅜⁸ ⌐ ↑≡│ ꜡☻⅜ ™↓≤⅜ ≢№∫√⁹∕
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↓≢⁸ 31 │⁸ ≢ ≢⅝╢ ╩ ⇔⁸ ╩

⇔√⁹ 

 ♦Ᵽ▬☻≢ ↕╣≡™╢ ≤ ╩ ⇔⁸◘▬◒꜡fiⱵꜟ⌐╟

╢ ≢ ↕╣╢ ⌐ⱴ♇Ⱨfi◓⇔√⁹10ɡm 50ɡm ─ ≤

50ɡm 100ɡm─ ⅜ ♦Ᵽ▬☻⌐ ≢⅝╢↓≤╩ ⇔⁸100ɡm

─ ╩ ⁹√⇔≥♩♇◕כ♃ │⁸₈7 ꜡☻ ─

─ ₉≢ ═╢⁹ 

 ≢ ≢⅝╢ ≤⇔≡⁸ ─ ⌐╟╢ ⅜ ⌂™

╩ ≢⅝╢◘▬◒꜡fiⱵꜟ╩ ⇔√⁹ ╩♩♇ⱪכꜟ☻┘╟⅔ ⇔

√◘▬◒꜡fiⱵꜟ ─ ╩ S- 2⌐ ∆⁹╕∏⁸ ≢№╢

─ ≤ ─ ─ ─ ≤⁸ ╩10 ⌐ כꜟ☻⁸⇔

ⱪ♇♩─ ╩ ∫√⁹∕─ ⱪ♇♩3.5kg/h≤⇔⁸כꜟ☻⁸ ☻Ɑ♇◒

2.1kg/h ╩ ⇔√⁹ 

 

 

S- 2 ◘▬◒꜡fiⱵꜟ ─  

 

 ⌐⁸ 100ɡm™⌂≢♩♇◕כ♃ ─ ╩ ┤╢™≢ ⇔⁸

∆╢ ╖╩ ⇔⁸ ─ ╩ ∫√⁹ ≤100ɡm ─ ╩

∏≈ ⇔≡ ∆╢↓≤⌐╟╡ ╩ ↕∑√⁹100ɡm ─

─ ≤ ─ ─ ╩ S- 3⌐ ∆⁹10 ∆╢↓≤⌐╟╡⁸

64%≤⇔⁸ ☻Ɑ♇◒ 64% ╩ ⇔√⁹ 
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S- 3 100ɡm ─ ─ ≤ ─  

 

4 ♫ⱡ ─ⱪ♇▪ꜟכ◔☻─  

 

 30 │⁸ ⱪ꜠☻ ╩ ™≡⁸ ╩ ↕∑∏ ∆╢

╩ ⇔√⅜⁸ ⌐ ⅜♩♇ⱪכꜟ☻│≡↑ ™↓≤⅜ ≢№∫√⁹∕↓

≢⁸ 31 │⁸ ─ ╩ ⌐ ≢⅝╢♫ⱡ ╩ ⇔⁸☻

╩ⱪ♇▪ꜟכ◔ ⇔√⁹ 

 ─ ╩ ⌐ ≢⅝╢♫ⱡ ≤⇔≡⁸ ─ ╩

≢⅝╢ ⱪ꜠☻ ╩ ╩♩♇ⱪכꜟ☻⁹√⇔ ⇔√ ⱪ꜠☻ ─

╩ S- 4⌐ ∆⁹ ─ ─ ╩ ⁸ ⱪ꜠☻─ ≤ⱪ

꜠☻ ─ ⁸ ─ ─ ─♩♇ⱪכꜟ☻⁸╡╟⌐ ╩ ∫√⁹

∕─ ⱪ♇♩11.8kg/h≤⇔⁸כꜟ☻⁸ ☻Ɑ♇◒ 1.5kg/h ╩ ⇔

√⁹ 

 

 
S- 4 ⱪ꜠☻ ─  
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 ⁸ S- 5⌐ ∆╟℮⌐⁸ ⱪ꜠☻─ ⌐╟╡⁸ ≢ ─

≤ ⌐ ⅜ ↕╣⁸ ─ ╩ ™√⁹∕↓≢⁸ⱪ꜠☻ ⅜ ≤

∆╢ ⌐⁸ⱪ꜠☻ ─ ⅜ ↄ⌂╢╟℮⌐ ∆╢↓≤≢⁸ ⇔√

╩ ⇔ ╩ ↕∑⌂™╟℮⌐⇔⁸ ─ ╩ ∫√⁹∕─ ⁸

90%≤⇔⁸ ☻Ɑ♇◒ 90% ╩ ⇔√⁹ 

 

 

S- 5 ─  

 

5 ─ⱪ♇▪ꜟכ◔☻─  

 

 30 │⁸ ╩ ™≡⁸200ϴ ≢ ╩ ∆╢ ╩

⇔√⅜⁸ ⌐ ⅜♩♇ⱪכꜟ☻│≡↑ ™↓≤⅜ ≢№∫√⁹∕↓≢⁸

31 │⁸ ─ ⅜ ⅝™ ─ ⌐ ╩ ≢⅝╢

╩ ╩ⱪ♇▪ꜟכ◔☻⁸≡™ ⇔√⁹ 

 ♂ꜟ ◕ꜟ ≢ ⇔√SiO2 ╩ ⇔⁸ ⌐ ╩ ≢⅝╢

≤⇔≡⁸ ─▪◐◦ꜗꜟⱵ◐◘כ╩ ⇔√⁹▪◐◦ꜗꜟ

Ⱶ◐◘כ≢ ╩▪♇ⱪ⇔⁸ ≤ ╩ ≢⅝╢╟℮⌐ ╩

⇔√⁹ ╩ S- 1⌐ ∆⁹ ⌐ ╩ ↑≡SiO2 ╩ ∆

╢TEOS ╩ ↕∑√ ⁸ ╩ ∆╢↓≤⌐╟╡⁸ ≤

╩ ⱪ♇♩4.8kg/h≢⁸כꜟ☻⁸⅝≥─↓⁹√⇔ 1.4kg/h ╩

⇔√⁹ 

 

S- 1 ≤ ─  

 



v 

 

 ⁸ ⌐SiO2 ─ ⅜ ⇔≡™√⅜⁸TEOS─ ╩

∆╢↓≤≢⁸ ⅜ ⇔⌂™ⱪ꜡☿☻╩ ⇔√⁹ S- 2⌐ ∆╟℮⌐⁸

TEOS≤▪fi⸗♬▪ ─ ╩10 ─1⌐ ∆╢↓≤⌐╟╡ ╩ ≢⅝╢

↓≤╩ ⇔√⁹ 

 

S- 2 SiO2 ⱪ꜡☿☻─  

 

 

6 ꜝ▬fi ⌐╟╢ ♩♇ⱪכꜟ☻ ─  

 

 ⁸♫ⱡ ⁸ ─3 ╩ ← ╩ ⇔⁸

─ ─ ꜝ▬fi ♩♇ⱪכꜟ☻╢╟⌐ ╩ ⇔√⁹ 

 3 ᵑᵒᵓ ╩ ← ≤⇔≡⁸◘▬◒꜡fiⱵꜟ⌐ ≢⅝╢◘▬☼

⌐ ╩ ∆╢₈ ₉⁸◘▬◒꜡fiⱵꜟ≢ ↕╣╢ ╩ ∆╢₈

₉⁸ ⱪ꜠☻ ┼─ ╩ ₈╢╟⌐☺כ◐☻╢∆ ₉⁸♂ꜟ

◕ꜟ ≢SiO2 ╩ ∆╢ ⌐ ↕╣╢SiO2 ─₈ ₉╩ ⇔√⁹

∕╣∙╣─ ≢ ∆╢ ⱪ♇♩│⁸כꜟ☻─ 3 ♩♇ⱪכꜟ☻─

≤⇔√⁹∕╣∙╣─ ⱪ♇♩│⁸כꜟ☻─ 31.8kg/h⁸ 43.4kg/h⁸

12.1kg/ h≢⁸ ☻Ɑ♇◒ ⱪ♇♩3.5kg/hכꜟ☻─ ╩

⇔√⁹ │⁸SiO2 ⱪ꜡☿☻─ ⌐╟╡⁸ ╩ ∆╢↓≤⅜≢

⅝√⁹ 
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7 ꜡☻ ─ ─  

 

 ≢ ∆╢ ─ ☻Ɑ♇◒╩ ⇔⁸ ꜡☻ ─ ┼─

╩ ⇔√⁹ 

 ◘▬◒꜡fiⱵꜟ≢ ↕╣╢ ─ ≢№╢ ≤ ╩ ⌐⇔⁸

♦Ᵽ▬☻≢ ∆╢ ─ ≤ ╩ ⇔≡⁸ ─ ╩

╘√⁹ ╩ S- 3⌐ ∆⁹◘▬◒꜡fiⱵꜟ≢ ↕╣╢10ɡm 50ɡm

─ │⁸☻ⱴⱱ⁸ ⁸ ECU/DCDC⌂≥⌐ ≢№╢⁹╕√⁸

50ɡm 100ɡm─ │⁸ⱡ▬☼ ⌐♩כ◦ ≢№╢⁹ 

 

S- 3 ♦Ᵽ▬☻≢ ∆╢ ≤  

 

 

8 ┼─ ─  

 

⁸♫ⱡ ⁸ ─3 ≢ ⇔√ ╩ ™≡⁸

┼─ ╩ ⇔√⁹ 

 ─ ≢ ⇔√ⱪ꜡☿☻꜠◦Ⱨ≢ ─ ╩ ⇔⁸

─ ╩ ⇔√⁹ ╩ S- 4⌐ ∆⁹ ≤ ╕

≢ ≢⅝╢↓≤╩ ⇔⁸ ╙ 720A/m ╩

⇔√⁹ ─ │⁸ ╟╡ ⇔≡™╢⅜⁸

─ ⌐╟╢╙─≢№╢⁹⇔√⅜∫≡⁸ ─ ─ⱪ꜡☿☻꜠◦

Ⱨ≢ ┼ ≢№╢⁹ 

 

 

 

 

 



vii  

S- 4 ─  

 
 

9 ─♩♇ⱪכꜟ☻ה  

 

 ⁸♫ⱡ ⁸ ─3 ─ ╩ ⇔⁸ ─ ꜟ☻ה

╩♩♇ⱪכ ⇔√⁹ 

─♩♇ⱪכꜟ☻ה  ╩ S- 5⌐ ∆⁹ ≤╙ ╩ ⇔√⁹ 

 

S- ─♩♇ⱪכꜟ☻ה 5  

 

 

10 ⱪ꜡☿☻─CO2 ─  

 

 ⁸♫ⱡ ⁸ ─3 ─ ╩ ⇔⁸CO2 ╩ ⇔⁸

▪♩ⱴ▬☼ ─ ≢ ↕╣╢CO2 ≤ ⇔≡⁸CO2 ─

╩ ⇔√⁹ 

 ╩ ™√ ♦Ᵽ▬☻ ─ꜝ▬ⱨ◘▬◒ꜟ─ ≢⁸

─ ≢№╢⁸ ⅛╠ ╕≢─ ⱪ꜡☿☻╩ ≤⇔√⁹

─ ─ ⱪ꜡☿☻╩ⱬכ☻ꜝ▬fi≤⇔≡⁸ ─ ⱪ

꜡☿☻≤ ⇔√⁹↓─≤⅝⁸ │⁸ ─ ⱪ꜡☿☻≤

─ ⱪ꜡☿☻≢ ⅜⌂™≤ ⇔⁸ ≤⇔√⁹ ∆╢CO2

─ ≤⇔≡│⁸ ─ 1kg№√╡─CO2 ≤⇔√⁹ 

 ≢ ⇔√ ⌐╟╢⁸ ─ ⌐ ∆╢CO2 ─ │⁸

S- 6⌐ ∆╟℮⌐⁸9.6kg- CO2/kg- M 12.5kg- CO2/kg- M  2.9kg- CO2/kg- M ≤

⌂╡⁸ ─ ⱪ꜡☿☻⌐ ⇔⁸76% ∆╢↓≤⅜≢⅝√⁹ 
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S- 6 ≤ ⌐⅔↑╢CO2 ─ ≤CO2  

 

11 ≢ ╠╣√  

 

 ₈9 ─♩♇ⱪכꜟ☻ה ₉₈10 ⱪ꜡☿☻─CO2

─ ₉⌐╟╡⁸ ╩ ≢⅝⁸CO2 ─ ≤⌂╡ⅎ╢√╘⁸

≢№╢⁹ 

  

 

12 ╕≤╘ 

 

ה ≢│⁸ 30 │⁸ ⁸♫ⱡ ⁸ ─ ╩

◒♇Ɑ☻♩♇◕כ♃⁸⇔ ⌐ ╩ ↑⁸ ╩ ⇔√⁹ 31

│⁸ ⌐ ↑≡⁸ ─ ♩♇ⱪכꜟ☻⁸ ╩ ⇔⁸

╩ ⇔√⁹ 

ה ≤⇔≡⁸ ⱪ♇♩3.5kg/h⁸CO2כꜟ☻55%⁸ 2.9kg- CO2/kg- M

≢№∫√⁹ 54% ⱪ♇♩1.4kg/hכꜟ☻⁸ ⁸CO2

3.6kg- CO2/kg- M ╩ ⇔√⁹ 

ה ⌐ ↑√ⱴ▬ꜟ☻♩כfi╩ S- 6⌐ ∆⁹ 
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S- 6 ⌐ ↑√ⱴ▬ꜟ☻♩כfi 
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Summary 

 

1. Background and objective  

 

We have seen, especially in automotive sectors, the advancement of 

large - current devices using magnetic powder with high saturation magnetic 

flux density for use in converters and inverters. The domestic mark et for 

soft magnetic materials with high saturation magnetic flux density is 

expected to reach 182.7 billion yen or 430,000 tons by 2025. However, the 

manufacturing of powder (atomized powder) requires a large amount of energy 

to melt iron. Therefore, in t his demonstration, we manufacture pulverized 

powder of soft magnetic alloys by recycling and reducing to powder unused 

thin ribbons discarded from the manufacturing processes of motors and 

distribution transformers that use soft magnetic alloy thin ribbons . The 

objective here is to mold cores using the pulverized powder of soft magnetic 

alloy thin ribbons for application to magnetic devices, and reduce 

electricity consumption and carbon dioxide emissions when compared to the 

atomized powder of soft magnetic  alloys manufactured by metal melting.  

 

2. Project overview  

 

The pulverized powder of soft magnetic alloy thin ribbons involves less 

carbon dioxide emissions since discarded thin ribbons are used in its 

production; however, its magnetic characteristics are  poorer than those 

of conventional atomized powder because of stress strain from mechanical 

pulverization. Therefore, as part of our efforts in FY2018 toward practical 

application, we conducted method verifications for (i) pulverization, (ii) 

nanocrystalli zation, and (iii) insulating film formation, as shown in 

Figure S - 1, concluding that we would be able to achieve the target 

specifications. In FY2019, we enhanced productivity (yield and throughput) 

in each process toward mass production.  
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Figure S - 1. Reduction of soft magnetic alloy thin ribbons to powder  

 

3. Examination of methods to raise the yield of the pulverization process  

 

In FY2018, we established a method to produce spherical powder with low 

stress and low oxidation us ing a cyclone mill, but the problem with it was 

the excessive loss on pulverization for mass production. Then, in FY2019, 

we built a pulverizing machine  capable of micro - pulverization at low stress 

to explore the possibility of a higher yield.  

We researched particle diameters and shapes used in magnetic devices and 

mapped them to pulverized powder generated by pulverization with the 

cyclone mill. We confirmed that spherical powder between 10 ɡm and 50 ɡm 

and flat powder between 50 ɡm and 100 ɡm could be applied to magnetic 

devices, and decided to consider pulverized powder of 100 ɡm or less as 

having satisfactory quality. The research results will be described in 

Section 7 "Examination of poss ible application of discarded material from 

pulverization to other products."  

As a pulverizing machine capable of micro - pulverization at low stress, 

we picked up a cyclone mill, which can generate powder with low strain from 

stress during pulverization. Fi gure S- 2 shows the composition of the 

cyclone mill for mass production tests that has a higher yield and 

throughput. First, we tried to raise the throughput by automating the 

feeding of thin belts as the raw material and the collection of powder after 

pulv erization and increasing the pulverization capacity 10 - fold. As a 

result, we achieved a throughput of 3.5 kg/h, meeting the target 

specification (2.1 kg/h or more).  
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Figure S - 2. Composition of the cyclone mill for mass producti on tests  

 

Next, we tried to increase the yield by adding a system to classify 

non- conforming pulverized powder of 100 ɡm or more with vibration screens 

for further pulverization. We raised the yield by pulverizing a 50:50 mix 

of thin ribbons  and pulverized powder of 100 ɡm or more. Figure S- 3 shows 

the verified relationship between yield and pulverizing time for pulverize d 

powder of 100 ɡm or less. By using 10- minute pulverization, we achieved 

a yield of 64%, meeting the target specification (64% or more).  

 

 
Figure S - 3. Verified relationship between yield and pulverizing time for 

pulverized powder of 100 ɡm or less 
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4. Examination of method to scale up nanocrystallization  

 

In FY2018, we established a method using a hot pressing machine for uniform 

heating without thermal runaway in powder, but the problem was that its 

throughput for mass producti on was too low. Therefore, in FY2019, we 

installed a device for nanocrystalization that is capable of the uniform 

heating of large quantities of powder and examined a method to scale up 

the process.  

As a device for nanocrystalization that is capable of th e uniform heating 

of large quantities of powder, we chose a hot pressing machine that can 

absorb the heat of powder crystallization. Figure S - 4 shows the composition 

of the hot pressing machine for mass production tests that delivered a 

higher throughput. We tried to raise the throughput by automating the 

feeding of powder after pulverization, increasing the speed of the hot 

pressing machine, installing a larger pressing plate, and examining a 

method of collecting the powder. As a result, we achieved a thro ughput of 

11.8 kg/h, meeting the target specification (1.5 kg/h or more).  

 

 

Figure S - 4. The composition of the hot pressing machine for mass production 

tests  

 

In the meantime, as shown in Figure S - 5, the increased speed of the h ot 

pressing machine caused a thermal expansion that forced powder to be 

discharged together with air in it, resulting in a lower yield. Therefore, 

as a measure to raise the yield, we controlled the pressing plate 
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immediately before it came into contact wit h the powder so that its lowering 

speed would be slower and the expanded air would be discharged but the powder 

would not. As a result, we achieved a yield of 90%, meeting the target 

specification (90% or more).  

 

 

Figure S - 5. Mechanism for reducing powder discharge  

 

5. Examination of methods to scale up insulation film formation  

 

In FY2018, we established a verification method using an automated mixer 

to form a uniform film at below 200  degrees C; however, the problem with 

it was  that its throughput for mass production was too low. Therefore, in 

FY2019, we examined a method of scaling up the process using an insulation 

film formation machine capable of making uniform films on the particle 

surface of pulverized powder with major su rface irregularities.  

We used SiO2 films formed by the sol - gel method, and chose a stirring - type 

axial mixer as an insulation film formation  machine capable of making 

uniform films on the particle surface. We optimized the stirring conditions 

to increase t he throughput of the axial mixer and secure film formation 

capabilities and pressure resistance. Table S - 1 shows the test results.     

We secured film formation capabilities and pressure resistance by allowing 

pre- stirring stand - by time for the reaction of  a TEOS solution used for 

SiO2 film formation, and then optimizing the mixing time. Then, we achieved 

a throughput of 4.8 kg/h, meeting the target (1.4 kg/h  or more).  

 

 

 

 

 

 

 


