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Soft Magnetic Materials in Advanced Power Electronics
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Classical Intuitive Understanding of Iron Loss
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Nancrystalline Alloys 2 Material Design Prospect for High-M, NC-Ribbons MONASH
ToHeKy @ University
Prof. Suzuki Gr.
10000 I ° I 1 ‘
it Random anisotropy model ‘ S, g
1000 - ke e ¥ 1D i 40 @) ! J S P 2 ’ '
Dﬁ\:"‘ o Powder core Exchange coupled averaging | N|— l N=(Lgy/D)> + 4 ! (b)
g o . & | TNl o | 8 pammenm g i ! 4
2 Ce N ~ D & e \
i“ ‘_; S ::M K, =~ (K4/Aex3)D6 L S 30 o HiB-NANOPERM +* = O g e X 4
-y s soniFe BN ] VN = B Co-added ty + /o > !
. '#.V 'S - [Herzer, IEEE Trans Mag 26, 1397 (1990)] ./ / = < NANOPERM/FINEMET P nc-(Feg 75C00.25)57813 14 \
L. @ hano- i e ¢ Fe-Si-B-Cu L+ 4,327 Y
N il | Lo s & . | ks) NANOMET/Fe-B-P-Cu 4 i o ] |
i oy x S 2 | Fe-based amorphous + 4k %7 Bppm \ 4
“#= Nanocrystal ' 5 A Co-based amorphous 4 \
e : : : : I'EIectr||caIst§eI ‘ Cancellation of 4 Fe,,:Cu,Nb,Si,; :B, (annealed 1h at T,) 2 i m LA TR R TR TR ) \
1nm 1um T amorphous _nanocrystalline grain coarsening ‘g % u % Ver (%) el \Q
Grain Size, D & sk ‘ + R 10 nc-Feg;B,3 \
£ 5
- - Dy 0 & Residual e \
. 4 - bec Fe(Si) S 2 ¥ <§ = amorphous \‘~\$‘\
- 8 200 A yo° @ - R, \
« * 2l 2 2 0 A o ~ “~< nc-FegZrsB; ]
! . .‘ A Q § %] g A e 1 V= 30% » )
3 o 3 2 o= 40% \
[ ) ‘ - -] ‘; s g 10° - - 0% 60% 70% Gang " TS\
% - 3 8 & Low core loss/high permeability 80% Fold
.’ O % 54 E . -10 " L P P ii ! L 1 o e
' w. . : / g = 0 05 1 15 2 o0 05 1 15 2
- a’.’:‘i{ﬂb‘;”,s 10’ Saturation polarization, J; (T) Saturation polarization, J; (T)
) ‘~5D as cast 500 600 700
o — [Herzer, Acta Mater (2013)] Annealing Temperature, T, (°C) [Suzuki, IMMM (2024)]
. ~ Fe(Si) + _ am
‘ Crystallinity of 50 % has been best. ‘ A XC& (1 Xc,)é
Negative Positive
. i -15- . . -16-
Recent High-M, nc-Ribbons @ Recent High-M, nc-Ribbons
FINEMET | Fe,, :Nb,Si,, oB,Cu, | Hitachi Metal Alloy | Feg 55515 sM0g g 5Bys.15CUy 1 5
30 ®Li(2022) NANOMET | F Sig.6P3.9B5.11C
g e Ohta (2017) NANOPERM | Fegqq,(Nb, Zr, Hf). B, 1, €83-85°l0.6"3-9P5.11LUp 7.1.2
£ 25 ® Suzuki (2019) HiB-NANOPERM | Feg, ¢;B1514CUg 1 5
g A Suzuki (2017) m 36 el
=20 ® Urata (2012) ~belements
S P & Uisits (2013 B Almost upper limit of Fe content
18! ® ) rata ) B How to reduce the element which reduces M.?
= 15 E ® o Jafari (2016) 5
t; ®0 [ ] ® arari Feys-xMsBx
o i +amo. iline phos
10 L 4 Lopatina (2015) Fe-Nd-B Ternary Alloy [ i I
Eo 10 5 T Fe-B k\wf(\ N \8x'C O
g -ttt bt H=TIERRTR0 0 0 )
5 F z[[€0 0 © 0] Q)
Target nf@edo_ o 0 O [¢] Q)
O 1 1 it 1 1 1 1 v m OO0 )
)
16 1.7 1.8 1.9 2 N $0 0 0 ___©)
” TabS e B
HoM (T) N TS 000)
Moba © o )
Cry. (as-Q.) WES) \,_W o O J
80 85 2 95 T S B S B T R
Eeigate) B content, X (at%)
[Suzuki, Sci. Rep. RITU (1994)]




Problems of Soft Magnetic Materials for Al

-17-

\VEILIEIRYEIl Extremely huge and complex

B Various alloy categories u

v’ Crystalline (Fe, Fe-Co, Fe-Si, Fe-Si-Al, Fe-Ni) u
v" Amorphous (Fe-based, Co-based)

v’ Nanocrystalline

v’ High entropy alloy (HEA)

v’ Ferrite

BS' TC’ KU' j'S’ HC’ /'l’ PCV

Complex multi elements
Various forms

v’ Ribbon
v' Powder
v Bulk

WNLRClLIEIMAYER  Soft magnetic properties are categorized to two group.

Intrinsic physical parameters

Technical parameters

of material

How to get data? ﬁ Experiment, DFT cal

Complex Descriptors

v" Composition

v’ Microstructure
v" Temperature

v Time (frequency)
v' Amplitude

Experiments, Simulation,
Empirical model

v' Composition
v’ Fabrication condition

v Annealing< v .
Vo

AN NI NN

1
List of soft magnetic papers from which the experimental data were

References Vear _References Vear
Voshizawaetal (] 1988 Saadetal (5 2002
Katokaetal [10] 1989 Skorvanekeral[1] 2002
Herzer etal. [12] 1990  Mitrovic et al. [13] 2002
Suzukietal [14] 1990 Marineal [15 2002
Voshizwaeral [16] 1991  Zorkovsiaetal[17] 2002
Suzukietal [15] 1991 Sulicanuetal [19] 2002
Fujieta. (20] 1991 Cremaschieral [21] 2002
Makino etal [22] 1991 Chaveral (23 2003
Limetal.[24] 1993 Ponpandianeral 23] 2003
“Tomida et al. [ 26] 1994  Kwapulinskieral. [27] 2003
Makino etal [25] 1994 Crisanetal (29 2003
Kim et al [30] 1995  Sovakeral [31] 2004
Inouc etal. 132 1995 Cremaschietal. 33

Viasak et al. [34] 1997  Ohnumaetal.|35] 2005
Lovasetal. |36 1998  Chauetal [3' 2006
Grossinger et al. [38] 1999  Ohtaetal [39] 2007
Voshizawaetal [40] 1999 Lueral [41 2008
Kopcewicz et al. [42] 1999  Pavliketal [43] 2008
Frost etal. [44] 1999 Makino et al. [45] 2009
Francoetal [46] 1999 Ohumaeral(47] 2010
Turtelli et al. [48] 2000  Butvin et al. [49] 2010
Xuetal (50 2000 Luetal (51 210
Todd etal [52 2000 Makino ea 2011
Borregoeral[s4] 2000  Kongetal 201
Kemeny et al. [56] 2000 Urataetal | 2011
Hinsky ecal [55] 2000 Makinoetal[ss] 2012
Varga et L. [50] 2000 Sharmaetal [61] 2014
Viasaketal 2000 Livetal [63] 2015
Zorkovska e 2000 Wenetal [65] 2015
Solyom et 2000 Xiangetal [67] 2015
Lovas el | 2000 Sinha eral [59] 2015
Kwapulinski etal [70] 2001 ~ Wanetal [71] 2016
Borregoeral [72] 2001 Daneral (73] 2016
Franco et al 2001 Lietal[75] 2017
Mazaleyrat et al. [76] 2001 Jiangetal [77] 2017
Wuetal (75] 2001 Lietal [79] 2017
Borregoetal[s0] 2001 Jaeral [s1] 2018
Gorria et al. [82] 2001 Caoeral [83] 2018

e aRe

~sosfipn X Tl

® ."-m >
~ %
o
W B -
h\b —

[ BiETk 8 Sa Tk ol Kk

FINEMET like new alloys
Fe;7.15i3.5CUg 4Nb; 1 Tag 6B, 3Po 37, 4
Feyg 3Si;,Cug sNbs ;Mog ,Nb, ,Bq

[Wang, Acta Mater (2020)]

5 Predicted In(H(A/m))
@ Measured In(H(A/m))

R*=0.78

4
g
=3
=
o~
Z2 .
B
o : ~
0 Area of reduced H
S Sy e
S = e &S
;"% - =S
< =

e

-18-

Las
a0
Las

FegssB11P1sCugsNby

HoM,=1.76 T, H. = 5.15 A/m, AT, = 168 K

[Sun, J Alloy Comp (2025)]

Data Science Approaches for Soft Magnetic Materials
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[Rao, Science (2022)]
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DSC Curve

Fegy 5Sip sBg 4P5 4CU, 5C; ; amorphous precursor ribbon

-26-

. . -25-
Problems of Recent High 1,M, Nanocrystalline Alloys
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By introducing a rapid thermal annealing, new NC alloys have been developed.
: Hiramoto2’~
Low Core Loss Found for Annealing at Lower T,
(Former Affiliation ‘“TMi>
Annealing condition T =593 K
5 1000 | ° (]
Annealing at 593 K é E )
Heating rate 20 K/min < F
x L [}
o
B About 100 K lower than T,, P I(a) ()
B Not rapid heating rate g 100 ¥(b) ®
Uy g F 2@
8 L (o) ® AsQuenched
- 3 L
Very low core loss condition 2 I © Annealed
was found (&)
10 :
0 200 400
Annealing time (min)
Qr’:]gea"”g W10/10k (W/kg) Coercivity (Mm)  Crystallinity ~ Grainsize (nm) M, (emulg)
(a) AsQ 222 45 NA NA 169.2
(b) Omin 115 3.8 NA NA 169.6
(c) 60min 73 6.6 6.6% 15.2 169.3
(d) 120min 104 12.6 9.2% 17.4 170.6
(e) 180min 324 97.4 12.4% 21.0 172.0
(f) 300min 994 250 21.5% 25.6 177.2

0.1%

1.0% 10.0%
Crystallinity in XRD

100.0%

0.1%

1.0% 10.0%
Crystallinity in XRD

B Low core loss region keeps almost same properties of precursor amorphous

) Complex 1
compounds
S a-Fe(Si)
s
> I J
]
=
®
(4]
T
oot 1
Tx1 Tx2
General range of
# annealing treatment for NC ;7 /s
600 700 800 900
Temperature (K)
Heat treatment range < T,
in this study
s . Hiramotg 28
Crystallinity Dependent Properties :
(Former Affiliation “TMi> )
Core loss (1T, 10 kHz) Grain size
210 30.0
190 .
Low core loss region 25.0 !
= 170 %
< 150 o N B N 200 TS
° L 1
% 130 s L 2 15.0 o epe %
El o
;s 1;2 I8 - 10.0
L]
20 ) °? 5.0
50 0.0
0.1% 1.0% 10.0% 100.0% 0.1% 1.0% 10.0% 100.0%
Crystallinity in XRD Crystallinity in XRD
Resistivity Magnetostriction
210 40
190 . E 35 H
o 8
§ o 2 30 ’: o oo |
g w0 Bk 1 11 M 2R DS i
= 130 . o 20
3 110 e S
2 . E 15 ]
z 90 2 8 10
€ 70 g 5
oo
50 ©
s 0

100.0%




Time-Resolved Vector MOKE Microscopy >

Conventional ©~MOKE

Aperture

MOKE image FFT

Objective lens

N /

Magnetizati
Longitudinal Kerr effect HEnElzuon

Newly developed Vector y-MOKE

image sensor

@ tube lens.

analyzer

objective lens

sample

High resolution and vector magnetization
T. Ogasawara, Jpn. J. Appl. Phys. 56, 108002 (2017).

Details of Stripe Domain ot

Annealed at 593K for 60 min

e.
(o< dark

{ Sopts > M,

S

5 £ & &

S ° S o©

100 pm R
<—/—>

B Perpendicularly magnetized stripe domain structure.

-
B Perpendicular magnetization corresponds to hard-axis ‘
driving, resulting in magnetization rotation. =

@4 AIST Ogasawara

_@ 1000 ¢ L]

o
®a) (e)
100 $p)  ©

(c) ©® AsQuenched
@ Annealed

Coreloss, W10/10k (W,

0 200 400
Annealing time (min)

(c) 60 min (d) 120 min

(e) 180 min

250 pm
@ B Reduction of core loss in (b) is stress relaxation from AsQ.

B Fine stripe domain structures are found in (c), (d), (e), ant its width becomes finer
for longer annealing time.

B Domain walls move little, indicating magnetization rotation becomes dominant.

Analysis Based on Stripe Domain Theory >

By assuming Bloch wall, energy per area E,, is given as,
E, =vw[2V2 + (T - D)/D] + K,D/2

where T thickness, D domain width, y, wall energy,
K, anisotropy energy.

Then, from the energy minimum condition,
D =.2y,T/K,

Using 14, = 4./AK,, where A exchange stiffness constant, |K, = 64T?4/D*

When the origin of K, is magnetorstriction A and stress o, |K,, =

The wall thickness 1, = m\/A/K, = =D?/8T forl,<<T,D
v

[C. Kittel, Phys. Rev. 70, 965 (1946)]

Annealed at 593K for 60 min

T=25um,D~3pm 5 [/ =140 nm
K, = 2.5 kI/m3
6 =5.5x 107 N/m?2

B large positive A is important factor.

100 um
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‘&8 Broadband Iron Loss Analyses Based on Magnetization Process Broadband Iron Loss and Loss Analysis Ono
Loss analysis based on magnetization process proposed by Fiorillo Gr. Well nanocrystallized Annealed at 593K for 60 min
[Beatrice, IMMM 429, 129 (2017)] 10"" 10° & 1mT
5 ®2mT
R ® 5mT
Broadband core loss and Z s mmmT
By, dependent 4 spectra Analysis based on magnetization process L , e 20mT
o - S g 10 10 » 30mT
[9] (a) Irreversible 5 & 50mT
= 100_--.....‘,? Q
= 10mT s 100mT
° .q< & 200 mT
= ;“—‘104 i ® 500mT
’\,‘ & . o ..h — Impedance Analyzer
s 3 5105 Reversible i 10! 10° 106 10/ 10° 106
— = Z =] Freauency f (Hz) Frequency f (Hz)
3 b = ]
g0 EEw ® = 100 oos®” . 10°
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% g 4 —.' = 103-—,:".0, : «’g et | s B o R e reversible
g 2 h £ e gy 3100
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p— g 103 %
- 10° g 8 s
§ 100 g s
o i H b=
& 107 102 ._../ 105 -
L 10° 106 109 10° 106 108 106 108 108
Frequency f (Hz) Frequency f(Hz) Frequency f (Hz) Frequency f (Hz)
[Ono, S0, IMMM 603 (2024) 172222] B 4 of low core loss sample is insensitive to B,
B Universally applicable for various materials. B Irreversible core loss component significantly decreased.
B Low and high frequency regions are irreversible and reversible processes, respectively. = Corresponding to very low excess loss
) -35- -36-
H : Hiramoto : H H H
Bending Test and Wound Core Prototyping Microstructures and Comparison with Other Materials #9 & cautam
(Former Affiliation ‘“TMi> i
a b
. . . 1200
Our finding low core loss ribbon keeps almost amorphous state. ol ° Eéjfjg,'ﬁﬂ’éw(mag.as) -
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Magnetic Devices in Power-Electronics

Application

| Required B-H curve ‘

Transformer ? High 14,M, and low P,
H.o~0 X . ) +
e high 4, ] ngh L,
H ® B Good squareness
Ribbon wound core
Inductor

g A drive point

Bs>=15T

AN

T

~ 50 . .
He §> B Good linearity
H

+
B Low or moderate £,

Powder core

Our Strategies

_39_
TOKIN Urata

Low loss and high ;M candidate materials

‘ Recent high 1,M, nanocrystalline alloys ‘

2007 nc-Fe-Si-B-Cu (1.84 T), Ohta

| 2011 nc-Fe-Si-B-P-Cu (1.8T), Urata |

2017 nc-Fe-B (1.9 T), Suzuki

Problems for powder core application
B Requirement of rapid thermal annealing
B Very high mechanical hardness and brittleness

w Mol<

Powder

compaction f '

Powder core fabrication for high packing density
‘ ‘Press

B Conventional : Cold-press

B Press +

[Acta Mater 294 (2025) 121159]

[Zang, Scripta Mater. 132, 68 (2017)]

: Spark plasma sintering (SPS)

B Press + @ : Hot-press

Trend of P, and 1,M, of Powder Cores >

* 1 core (M, is estimated by assuming packing density of 0.7

1500 t: P, at B, =100 mT is estimated by using power law of B, 1®
By, =100 mT, f=100 kHz fe.si--p-Nb-Cu
Al8]* O
Conventional materials 6.55i-Fe
1000 VS
o : N Fe amorphous Fe-Si-B-P-Cu
§ ': “‘ /,—x- ~~~~ < I A[4]
= o I'\ i é'\g-Cr-Si- =IE FON'
3 Ni-Fe-Mo:, O} g A
a 500 \‘ 'I y = e L [5]
L ALl FeSi-B-Nb-Cu™=~"" Fe-Si'B-P-Cu
AL A Our target
VAL {70 6% # Fe-Si-B-pP-C-Nb-Cu A
Fe-Si-Al Recent NC
0
0.6 0.8 1.0 1.2 1.4 1.6
Core 1,M; (T)

How to realize SENDUST (Fe-Si-Al) class low P, and Fe-Si class high ,M.?

[1] Tsuruta, J. Jpn. Soc. Powder Powder Metal. (2016), [2] Yagi, JMSJ (2002), [3] Yagi, JMMM (2000), [4] Zhang, IEEE Trans. Magn
(2014), [5] Luan, AIP Adv. (2016), [6] Zhang, J. Mater. Sci. (2024), [7] Wang, JMMM (2024), [8] Lia, Intermetallics (2018).
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Powder of Amorphous Precursor Fe-B-P-Cu alloy TOKIN Urata
[Acta Mater 294 (2025) 121159]

) DSC Hot-pressed Temp.
Water atomized powder of 733 K
amorphous precursor Fe-B-P-Cu alloy '
[Kuno, proc. IEEE Int. Magn. Conf. (2023), o
10.1109/INTERMAG50591.2023.10265097.] g
£ Ta Ta
Do =28 L% . 652 K 763 K
= m c
SEM 50 n S70K
550 600 650 700 750 800
Temperature (K)
14 — T
Size distribution
Dsg = 17 png
S
=
=)
=
=
2
~
k7
a

Powder diameter (um)




TOHOKU

Powder Annealing and Static Magnetic Properties
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TOKIN Urata

[Acta Mater 294 (2025) 121159]

Annealed at

oo

O a-Fe
m] Fe3(B, P)

Over heated o

TOHOKU

Microstructure of Cold- and Hot-Press Cores
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TOKIN Urata

[Acta Mater 294 (2025) 121159]

Hot-press core

= 323K o0 pg It (733 K, 784 MPa)
L“I/ 7
=
‘»
S )
£ 683K Nanocrystallized »
as-quenched Amorphous .‘ ~
30 40 50 60 70
20 (deg.) .
Packing density 70 % Packing density 89 %
Annealing Temp. AsQ 683 K 823 K B Powder k | <oh | _ def g |
its orici . ‘i i tallizati
H. (A/m) 101 31 1793 owder keeps its original spherica astic deformation and nanocrystallization
S shape. concurrently occurred during hot-press
oM (T) 1.62 1.74 1.79 process.
Magnetic Properties of Cold- and Hot-Press Cores  TOKIN Core Loss of Cold- and Hot-Press Cores TOKIN §

[Acta Mater 294 (X

1.5

Hot-press (17 pum)

Cold-press (28 um)

Hot-press (28 um)

[Acta Mater 294

Core loss per cycle

g -
. Hot-press (28 um) 2‘ 102 108 B, = 100 mT—
Hot-press (17 um) § N : (|.:|FF)> ((222 ur:q)) 20 ‘mT _
05 é mE | ] HP (17 ’ 5mT mE
= Cold-press (28 pum) g E 108 (17 um) £ s
@ 00 g Ko x < 100
= ~ =
A4 E o o
-0.5 go q>) 100 % %)
-1.0 * E 3 100 §
-3-200 -100 0 100 200 &) e e
15 H (Alm) o e}
; 8 8
20 a0 ) 10 20 106 100 103
m o
( Frequency f (Hz) 103
3 6 3 6
Cores Cold-press (28 um)  Hot-press (28 um)  Hot-press (17 pm) 1l8requency f(|—1|:) 1|9requency f(Ijlg)
H, (A/m) 91 43 16
UM (T) 1.28 1.55 1.54 B |ow frequency region :
{4’ at f = 100 kHz 39 136 98 HP(17pum) ~ HP(28 pm) < CP (28 um)

B High frequency region :
HP (17 um) < HP (28 um) = CP (28 um)




[Acta Mater 294 (2025

Core Loss and Analysis based on Magnetization Process TOKIIV g

Frequency Dependencies of Loss Components
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Cold-press (28 pum) Hot-press (28 pum) Hot-press (17 um)

B,, =100 mT—
N
£
>
« 100
S
I
Q.
(%]
(%]
o
)
B @ CP (28 um)
) A HP (28 um)
©10° IHP(175nm1)
- Pcv,irr
1 03 1 06 cv, rev
Frequency f (Hz)
Trend of P, and 1M, of Powder Cores TOKIV

[Acta Mater 294

* 1 core 1M is estimated by assuming packing density of 0.7
t: P, at B, =100 mT is estimated by using power law of B, 1

1500
By, =100 mT, f=100 kHz fe.si-B-p-Nb-Cu
A8l
Conventional materials
1000 ’/-\ < ‘

Fe-Si-B-P-Cu
4]

P, (kW/m?)

-P-Cu

; %4 Fe-Si-B-P-C-Nb-Cu ®)
Fe-SicAl Recent NC This work ﬁne.HpO
00.6 0.8 1.0 1.2 1.4 1.6
Core 1,M, (T)

SENDUST (Fe-Si-Al) class low P, and Fe-Si class high 1,M; are realized using
Fe-B-P-Cu nanocrystalline alloy and hot-press process.

[1] Tsuruta, J. Jpn. Soc. Powder Powder Metal. (2016), [2] Yagi, JIMSJ (2002), [3] Yagi, JMMM (2000), [4] Zhang, IEEE Trans. Magn.

(2014), [5] Luan, AIP Adv. (2016), [6] Zhang, J. Mater. Sci. (2024), [7] Wang, JMMM (2024), [8] Lia, Intermetallics (2018).

201
e q0.8
3 Pcv, rev/f
= >
1 {06 o
a’ \;
310 H
S {04 o
3
& H0.2
0 -0
1kHz 10kHz 100kHz 1MHz 1kHz  10kHz 100kHz 1MHz 1kHz 10kHz 100kHz 1MHz
B Hot-press significantly reduces P, ;,, compared with cold-press.
B Hot-press (17 um) exhibits smaller P, .../P,,
48-

a4 Summary

TOHOKU

We developed novel approaches of nanocrystalline Fe-Si-B-P-Cu alloys for next-

generation powder-electronics applications. Core loss (1T, 10 kHz)

210
.. . 190 Low core loss region o
Low-Crystallinity Ribbon I LSS *
2 c e
= 130 . K
B Low core loss region was found for i bt .
. = 90 3 . °
annealing at about 100 K lower than T, 7 L
. . . 50
and conventional heating heating rate. 0% 10% oox  1000%

Crystallinity in XRD

B Fine stripe domain with perpendicular magnetization is the origin of low core loss.

B Very low irreversible core loss component, suggesting magnetization rotation is
dominant.

B Large As and compressive stress cause PMA.

Hot-Pressed Powder Core JiNI R AtV FPERED)] 1500

B High density powder core of high x,M, low P, can
be obtained using hot-press process.

P, (kW/m?)

B [rreversible core loss component significantly

decreased. .,
Recent NC o fine
B Hot-press process enables SENDUST class low P, o s = > ” -
and Fe-Si class high M.. Core (1)
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