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What is the condition for good soft magnetic materials?



Conventional physical metallurgy

Tailoring the chemistryOptimizing the microstructure

Grain size (Dg) > 0.1 – 1 μm Grain size (Dg) < ~100 nm

• The magnetic hardness (the coercivity, 𝑯𝒄) is roughly 

inversely proportional to the grain size : 𝑯𝒄 ∝ 𝟏/𝑫𝒈

• The grain size exceeds the domain (Bloch) wall thickness (δW).

• Grain boundaries act as impediments to domain wall motion, 

and thus fine-grained materials are usually magnetically 

harder than large grain materials. Nanocrystalline and amorphous alloys have significant 

potential as soft magnetic materials.

• 𝑯𝒄 decreases rapidly with decreasing grain size : 𝑯𝒄 ∝ 𝑫𝒈
𝟔

• The domain wall thickness (δW) exceeds the grain size.

• Fluctuations in magnetic anisotropy on the grain size length scale are 

irrelevant to domain wall pinning.



Nanocrystalline
Fe-Si-B-P-Cu Alloys
NANOMET

Then, How to make nanocrystalline alloys?

Nanocrystalline soft magnetic alloys



What is metallic glass?
Before making nanocrystal, we should get metallic 

glass.

Metallic glass(also known as amorphous metal) is 

a solid metallic material with a disordered atomic-

scale structure. Amorphous metals are non-

crystalline and only have short range order.

These can be made by rapid quenching.

If these alloys are cooled faster than atoms can 

rearrange into a crystal, they cannot make crystal.



How to make metallic glass

• A thin stream of liquid is dripped onto the 

rotating wheel, causing rapid solidification.

• The cooling rates achievable by melt-

spinning are on extremely high cooling rate.

Melt spinning : technique used for rapid cooling of liquids.

vacuum

After making metallic glass, 

it should be annealed to get fine nanocrystal.



#1_Effect of P on crystallization behavior and soft-magnetic properties of 𝐹𝑒83.3𝑆𝑖4𝐶𝑢0.7𝐵12−𝑥𝑃𝑥
nanocrystalline soft-magnetic alloys (2011)_ Inoue group (Thin Solid Films 519 (2011) 8283–8286)

- P addition is very effective in widening the optimum annealing temperature range and refining of bcc-Fe 

grain size in addition to the increasing of nanocrystalline grain density.

- P addition ↑  → grain size ↓

Precipitation of bcc-Fe(Si) phase

It is known that the precipitation of bcc-Fe(Si) is 

triggered by the Cu-enriched clusters precipitated 

during annealing process and/or the primary 

crystals in the as-quenched state.

since B and P hardly solidifies in the bcc-Fe(Si) phase, the replacement of B by P 

in the amorphous matrix increases with increasing number of nanocrystalline

grains. This suggests that the grain growth is suppressed by the increase of P 

content in the amorphous matrix phase.

Fully amorphous



The coercivity Hc markedly decreases with increasing x and 

exhibits a minimum at around x=6–8, while the saturation 

magnetic flux density Bs shows a slight decrease.
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