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Fig. 1 Schematic diagram of the fabrication process for Fe-based nanocrystalline SMCs.

3 ERERSHIT

K2 (a) N Fer3sSiizsBoNbsCui YUK B AR 1) XRD K. #£54E 450 °C 1
ATIR K AR, ZR AR T HAR AL IR (29 510°C) BU AbERRTIE, #f0 El
HIFE~450, 65°H1 84°hr B tH I — RIRGIATHIE, XKLL 508 FINEMET &
EHRLILTT (BCC) S5HH a-Fe(SHMHRHEAST, - FWIZA kL) E 245 fAH A
o-Fe(SiENVAAR, 1£ 450 °C 1BK 1 /NI JE, ATHIEAE S5 TC W] A4, R
AR AR KA, SR YOK RN, AR B L I R A

K2 (b) 45 T FerssSitzsBoNbsCui A48 R I R ASY S S FL RO BE 73 AT
45, KI5 AT (Particle Size Distribution,PSD) i 2k BoR, ¥ KRR L IES A0,

FEVERETE 3 um £ 48 um 28] . M EFR A (Cumulative distribution, Cum)

5



k18, HAFERI4E D10, D50 A1 D90 73514 6.972 um. 12.98 um Al 21.45 pm,

TR BB/ NORAREE, 52 D50 5] SARMME (35um) FHEER, &
LT I LASEME A . ) R RLA% DO B/, MK LE R I AR, XA A
TIERE RN AL OEE, s 2 s 2k PRSP AT, A
TIF E AR 5 2 S DA AE R S S T PR AR R B . IS, SEM TEZRML
S A RL LA B IR E o ARER T oK oK, 1 T e il e AR 2 v
SBR[ B S SIIMERY, N IR E SR AL ER AR B SN AR R R R,

(@) |4 a-Fe(si) Fe,; 5Si;3 sBoCu,Nb,

(110)

200)
«211)

Unannealing J

4

|

Intensity (a.u.)

450 °C J L | }\’“

30 40 50 60 70 80

2 Theta (degree)
12 100
(b) D10=6.972 i
10} D50=12.98
D90 =21.45 i
8k 170
;\; 460 ;\3
= 6 {50 =
8 140 S
M 430
4 420
410
0 L L 0
1 10 100 1000 10000

Particle size (um)

K 2 Fer3.5Si13.sBoNbsCuy 4K ik RAFAE:  (a) XRD Bilk; (b) RifRA, JiE 8RR S
Fig. 2 Characteristics of the Fe73 5S113sBgNbsCu, nanocrystalline powder: (a) XRD pattern; (b) particle

size distribution; with the inset showing the particle morphology.
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Fig. 3 SEM morphologies of Fe73.5Sii35sBoNbsCu; particles before and after coating with 2 wt.% EP,

and corresponding EDS elemental mappings of the coated particles.
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Fig. 8 SEM morphologies of fractured cross-sections of the Fe73 5Si13sBoNbsCu; SMCs with different

EP coating contents: (a) EP2; (b) EP2.5; (¢) EP3, and corresponding EDS elemental mappings in (d).
K9 g5 T iR LIRS TS FINEMET B SMCs BURERIFLHD R & &, Hit%

OAE TR JE N RS S WL Bk 2 (AR T A% o LE R PERITRLAL T AR A0

15



BRI, HAERA, MR KRS T ho@ s, FBHLERARAR, 1 SN R
BT T 3 6 2 P A OB B« 2% ) B R ) R A P S DA T SRAR /30 e, (BB IR
St TARPH RN, S EUBURLIE] ) Pe RIESE N, Pov BRI . HEEE RAEL
IYARIT, Ak AN BRI Fr A BE TR (] e i R 4TS AT 38 R 7 XSO R
it alE, Pe BA BB T4Gm1E, 5 FeSiBNbCu 49K & SMCs H FeNi %
ZeFE P R ILE RS, TG R OB S, BRRIIMR T 508, 144
HEES—MaEE, K 3 5K 8 o EP2 Fdr. B5I0E RS A A
U <55 B UL 1) £ P ST R A2 U130, K T B 7 B AN JORE PAY 350, AT S IO 2
AT . AR SR,

p =TIy (4)
Hoot, fOI%, B NBURRIGRSE, d ABEHERRIE SO, p ARMRHE 3L
MR, 5 P U ERR, VIRERAT . I E A ENRGVEN, R 1E 1R
SHAR T S BB 1), HARBUN BRI T i S ik R0 p, BETTA 2]
Peo BUH )R AR IRAT SOWURLIA] BE A (RIS, 8 S0 1 WP AE i BEARRE, AT
FE T WERR I IE LN S S we (B R KRS, WSMAEEAHN T N7
Gy R TI, J8E S [R 070 AN BT T 5 R AL (R 3R R T B A T LR 5| R IR AT
Pl IERHL B =S EER, 3 EP2 RERLTE SR R Pe 5 Pk B B
PP, Po FEZREAK. 408 S S8 %G FHER, &8RRI 5 7% KW 5
K E SR, T 5 SO0 2 A AR B9 R R . F S o RS Ak
FEREAE AT RAORE T8O 1] SR S A Hh SN B 2 00 A 75 A R0 78 751 5 51 R ) S
87 73 4 FRARHE A T R4 00, T e 7 o B rh X AR A ST LAy, RN S5k BELAS A

WEEEITAS, RN R BE BRI Z — . b4k, BRI JE X duk DR RO [A) i (2 2%

16



Wl OK T 5 BORE AR, T R AN 38 5T X I A 1 55 48 2k v B B[R] 0 R T
PuloU, [FR, AR BRI ALB R P (B4 (d)) BFW, RE ok
FRAERLR AT DL Pe, RIS AR R P HIE K2 BE 22 Po SURISE N, IF 8
Pe JEATRFE LT, HATE P EK, WE 6 () Prox. AL, @LUER
AR B SEERMP R, EP2 FERTE Po 5 Pe BT T SEEL T UL
B, ANTTAE B850 Bl A RS T IR Pev 5500 R i VARG 1 RE

b _ x

L FINEMET
v h 4
il
Powd!
: O O O 9 owder !
: ¢ ‘ ¢ ‘ ( ‘  Cross-section :
lUncoated structure Inhomogeneous Homogeneous — Agglomeration Coating layer !
—— Copper ring \
I~ Magnetic circuit:
D Distance :
\ ]
ILt €~ P J
1 I
D/ |
1
p’ B |

e e

vV
High[lIE R Lov
¢ cv:P h+P e

I
I
I
I
I
I
!

N e e e e ————

K 9 WHREEIRZSXT FerssSiissBoNbsCuy SMCs fi FENL i i #27~ &

Fig. 9 Schematic diagram illustrating the regulation mechanism of resin coating status on the core loss

behavior of Fe735Si13.5BoNbs;Cu; SMCs.
4 & ie
ALV FerssSitzsBoNbsCut 24K Sty AR Wi th 34k, EP WAL OHR, R4S
W T EP & BB RO . SIS GRES & SMCs i 33U P R R 52 0 7

17



B, FELRWT:

(1i& & EP 8 (2 wt.%) BEWS i 35 X0 2 AT RAKY O 1Y) Pev, FLAE 20 mT/1000
kHz 5 50 mT/100 kHz 43514 628 mW/em® 15 283 mW/em?®, it H A& ¥k
Al AR R 5644 N B SMCs.

(2) Bertotti H#E5r BRI, BIMEE & EERMIFIC P RN, REHK
T Po; MEELE Pov PO HTHE R FEBUAR Po BRI T ZERK . K, EP2
FEA ) Po bR RAC, H5 PoXBIGRAIE, AR Pov it/

(3) FEARFFHKIRAZ (Dso=12.98 um) %615 F, EP2 BEfL B H A, &
4 BSR4 LR, A BN T ORI R SR . TERREIR S Py 555 pm

(IR, HAT S IR A vy A -

e 2 BN

[1] Pilawa-Podgurski R 2020 /EEE Power Electron. Mag. 7 41

[2] TanJ F, GaoJ Z, Qin X, Fan G Q, He Y, Zhou J, Ke H B, Yang Q, Hu S T 2025
Mater. Today Commun. 48 113395

[3] Ding H P, Liu L C, Shao L L, Zhou J, Zuo D R, Ke H B, Wang W H 2025 Acta
Phys. Sin. 74 136101 (in Chinese) [T, XIZER, AHE R, Jiuh, ER,
PTE, TETLAE 2025 PIFE2EA 74 136101]

[4] Suzuki T, Sharma P, Jiang L X, Zhang Y, Makino A 2018 /EEE Trans. Magn. 54 1

[5] Zhang Y, Sharma P, Makino A 2014 /EEE Trans. Magn. 50 1

[6] Guo W H, Xiang SQ, SuY S, WuY, BuH T, Yang X L, Shao Y, Yao K F 2026 J.

Magn. Magn. Mater. 651 174170

18



[7] JinCL,FanY Z, Zheng X Y, Wang Min, Zhou J F, Luo Q, Guo Z J, Shen B L 2025
J. Mater. Sci.: Mater. Electron. 36 2195

[8] Jin X W, LiT, Cui H X, Feng H, Liu Z C, Shi H G, Xue D S 2025 Acta Mater. 288
120866

[9] Yao K F, Shi L X, Chen S Q, Shao Y, Chen N, Jia J L 2018 Acta Phys. Sin. 67
016101 (in Chinese) [Whnl ok, HinzHl, PSR, AREE, FRGE, SIEIEN 2018
VI 2EAR 67 016101]

[10]Hou L, Wang Y, Yu L J, Liu W J, Wang B J, Yuan C C, Xia A L, Feng H C, Zhang
Y C,LiWH, Liu H S 2026 J. Mater. Sci. Technol. 268 300

[11]Gautam R, Hiramoto S, Kulesh N, Mamiya H, Okamoto S, Ono N, Ogasawara T,
Ohkubo T, Sepehri-Amin H 2025 Nat. Commun. 16 8022

[12]Sun J, Shen P F, Shang Q Z, Zhang PY, Liu L, Li M R, Hou L, Li W H 2023 Acta
Phys. Sin. 72 026101 (in Chinese) [#h#, PEMS &, widLil, skmsmE, xF, 2=
WIER, e, Z4Ek 2023 PR 72 026101]

[13]Guo Z J, Zheng X Y, Jin CL, FanY Z, Cai M J, Zhou J F, Dong W'Y, Luo Q, Shen
B L 2025 Mater. Today Nano 30 100621

[14]Xie L, Xu Y, Zhao Y H, Zhao F K, Li Z, Shi S Y, Li Z Z, Hou L, Zhang X F 2026
J. Magn. Magn. Mater. 648 174033

[15]Liu TC, Feng T, Li LJ, Li Y H, Li B S, Meng X S, Zhang W 2026 J. Mater. Eng.
Perform. 35 17164

[16]Chen H R, Xu J, Wang C, Fu R P, Chen Q, Liu X 2024 Ceram. Int. 50 35746

[17]Yang S, Xu J, Tian MY, Wang J, Yang T S, Li G B, He Y H, Zeng M Q, Liu X
19



2023 Adv. Powder Technol. 34 104024

[18] Sunday K J, Taheri M L 2017 Met. Powder Rep. 72 425

[19] Shokrollahi H, Janghorban K 2007 J. Mater. Process. Technol. 189 1

[20]LiuJ Q, Zhu Z Q, Wang P, Li Y F, Pang J, Zhang J Q 2024 J. Iron Steel Res. Int.
311279

[21]Barquin L F, Sal J G, Gorria P, Garitaonandia J S, Barandiaran J M 1998 J. Phys.:
Condens. Matter 10 5027

[22]FuP X, ShiJ L, ShiR C, Zhang Y'Y, Qi J T, Yang Y Z 2023 Mater. Today Commun.
36 106685

[23]Gong HY, Guo L Z, Jing X D, Huang H, Chen K, Zhou D Q, Xiong X Q, Xiong
Y'Y, Arshad M I, Zhao TY 2026 J. Alloys Compd. 1076 189413

[24]Shi GB,Hu X L, Lai Y F, WuJ H, WangM X, Li X L, Peng C X, Li Z Z, Wang L
2022 J. Alloys Compd. 925 166740

[25] Semoto T, Tsuji Y, Tanaka H, Yoshizawa K 2013 J. Phys. Chem. C 117 24830

[26]Feng T, Cheng M, Li Y H, Zhang Y B, Jiang L, Yang L, Zhang W 2025 Sci. China
Phys. Mech. Astron. 68 296111

[27]Li K L, Cheng DN, Yu HY, Liu Z W 2020 J. Magn. Magn. Mater. 501 166455

[28]Wang P, Zhu Z Q, Liu J Q, Wang H X, Pang J, Zhang J Q 2024 J. Magn. Magn.
Mater. 596 171985

[29]Li J, Peng X L, Yang Y T, Ge HL 2017 J. Magn. Magn. Mater. 426 132

[30]Sunday K J, Hanejko F G, Taheri M L 2017 J. Magn. Magn. Mater. 423 164

[31]Wang P, Liu J Q, Zhu Z Q, Pang J, Zhang J Q 2024 J. Mater. Sci.: Mater. Electron.
20



35425

[32] Taghvaei A H, Shokrollahi H, Janghorban K 2010 Mater. Des. 31 142

[33]Wang W B, Wu P, Qiao L, Wu W, Tu C F, Yang S Y, Li F S 2023 Acta Phys. Sin.
72 137501 (in Chinese) [E30%, RIE, 758, Rfi, MK, MRT, XK
fifl 2023 3=k 72 137501]

[34]Bai R S, Shao L L, Ding HP, Li X S, Zhou J, Xue Z Y, Ke H B, Wang W H 2025
J. Mater. Sci. Technol. 211 82

[35]Luo Z G, Fan X A, Hu W T, Luo F, Wang J, Wu Z Y, Liu X, LiG Q, Li Y W 2020
J. Magn. Magn. Mater. 496 165937

[36]Wu S, Fan J L, Liu J X, Gao H X, Zhang D H, Sun A Z 2018 J. Supercond. Novel
Magn. 31 587

[37]Li W C, Cai HW, Kang Y, Ying Y, Yu J, Zheng J W, Qiao L, Jiang Y, Che S L2019
Acta Mater. 167 267

[38] Oleksakova D, Kollar P, Jakub¢in M, Fiizer J, Tka¢ M, Slovensky P, Bure$ R,
Féaberova M 2021 J. Mater. Sci. 56 12835

[39] Semoto T, Tsuji Y, Yoshizawa K 2011 J. Phys. Chem. C 115 11701

[40]Wu CJ, Wang Y T, Yang L, Li Q F, Wang Y, Li Z Y, Jiang X N, Lan Z W, Sun K,
Yu Z 2024 Ceram. Int. 50 11351

[41]Meijerink J I, Eguchi S, Ogata M, Ishii T, Amagi S, Numata S 1994 Polymer 35
179

[42]Li B, Zheng Z G, Yu HY, Zeng D C 2017 J. Magn. Magn. Mater. 438 138

[43]Liu M, Huang K'Y, Liu L, Li T, Cai P P, Dong Y Q, Wang X M 2018 J. Mater. Sci.:
21



Mater. Electron. 29 6092

[44]Peng Y D, Nie ] W, Zhang W J, Ma J, Bao C X, Cao Y 2016 J. Magn. Magn. Mater.
399 88

[45]Zhou B, Dong Y Q, Liu L, Chang L, Bi F Q, Wang X M 2019 J. Magn. Magn.
Mater. 474 1

[46]LiuHJ, SuHL, Geng W B, Sun Z G, Song T T, Tong X C, Zou Z Q, Wu'Y C, Du
Y W 2016 J. Supercond. Novel Magn. 29 463

[47]Fuzerova J, Fuzer J, Kollar P, Hegedus L, Bures R, Faberova M 2012 IEEE Trans.
Magn. 48 1545

[48]Chen X H, Zhang Y, Zhao F, Tang M Q, Xiang M L, Huo J T, Gao M, Wang Y C,
Yodoshi N, Zhang L'Y, Wang J Q 2023 J. Non-Cryst. Solids 616 122482

[49]Wang F L, Dong Y Q, Chang L, Pan Y, Chi Q, Gong M J, LiJ W, He AN, Wang X
M 2021 J. Solid State Chem. 304 122634

[50]Xu W, Wu C, Yan M 2015 J. Magn. Magn. Mater. 381 116

[51]Zhao G L, Wu C, Yan M 2016 J. Magn. Magn. Mater. 399 51

[52]Song Y'Y, Zhou S X, Zhang Z, Zhang R B, Li X T, Jing X Y 2024 J. Non-Cryst.
Solids 646 123260

[53]Wang B, Zhang Z S, Shen J B, Tian Y, Wang B X, Cai LW, Liu L D, Yu Y D, Wang
G D 2024 J. Alloys Compd. 972 172812

[54]Shi GB,LiM R, Wang H L, Zang J A, Yin G C, Wang M X, Wang L 2024 Mater.
Today Commun. 39 108888

[55]Liu J Q, Dong Y N, Wang P, Zhu Z Q, Pang J, Li X Y, Zhang J Q 2023 J. Non-
22



Cryst. Solids 605 122166

[56]Kim H R, Jang M S, Nam Y G, Kim Y S, Yang S S, Kim Y J, Jeong J W 2021
Metals 11 1220

[57]Luo D H, Wu C, Yan M 2018 J. Magn. Magn. Mater. 452 5

[58]Shi G B, Zang J A, Chen R J, Wang X R, Wang L, Wang M X, Cheng Y 2024 Mater.
Today Commun. 40 110177

[59] Taghvaei A H, Shokrollahi H, Janghorban K, Abiri H 2009 Mater. Des. 30 3989

[60]HuH M, Li Y, Li Z, Wang LN, Li Z Z, Li R X, Li H X, Liu X G, Zhao F Q, Zhang
X F 2026 J. Alloys Compd. 1056 186614

[61]Kuno M, Ono N, Imano Y, Urata A, Oikawa H, Okamoto S 2025 Acta Mater. 294

121159

23



Mechanisms Governing High—Frequency Loss in Fe—
Based Nanocrystalline Soft Magnetic Composites
via Epoxy Resin Coating *

Yu Ling-Jun " Zhu Xin-Yuan" Li Yang® Zhang Yi" Xu Wang-Nuo" Hou Long"? ' Li Zhong?

Zheng Cui-Hong" Feng Han-Chen® ' Li Wei-Huo"

1) (School of Materials Science and Engineering, Anhui University of Technology, Ma’anshan
243002, China)
2) (International Terahertz Device Research and Application Joint Research Center, Wuhu
Technology and Innovation Research Institute, Wuhu 241000, China)
3) (School of Materials Science and Engineering, Instrumental Analysis Center, Southeast
University, Nanjing 211189, China)
4) (Zhejiang Key Laboratory of Energy Conversion Materials for Advanced Motor, College of
Materials and Environmental Engineering, Hangzhou Dianzi University,
Hangzhou 310012, China)

Abstract

High-frequency core loss (Pcv) constitutes a critical bottleneck restricting

the widespread application of soft magnetic composites (SMCs) in next-

generation, high-frequency, miniaturized power electronic systems. To
effectively suppress such losses, the synergistic optimization of insulating

coatings and processing parameters represents a core strategic approach. In

this work, Fe735Sii35BoNbsCu; nanocrystalline powders with a mean

particle size of 12.98 um are employed as the magnetic matrix. A series of
SMC toroidal cores with varying epoxy resin (EP) coating contents is then

fabricated through a sequential process of powder insulation, uniaxial

compaction at 1800 MPa, and subsequent stress-relief annealing at 450 °C.

The effect of EP coating content on the insulation integrity and high-

frequency magnetic performance of SMCs is systematically investigated.

At an optimal content of 2 wt.% (designated as EP2). the Pey is significantly
reduced, vielding values of 628 mW/cm? at 20 mT/1000 kHz and 283

24




mW/cm? at 50 mT/100 kHz. These loss characteristics are superior to those

of most reported SMCs under equivalent testing conditions. Bertotti loss

separation reveals that increasing the EP coating content slightly reduces
eddy-current loss (P.) while substantially increasing hysteresis loss (Ph).

Specifically, upon increasing the EP content from 2 wt.% to 3 wt.%. the
contribution of P. to Py decreases from 60% to 48%. whereas that of P

increases from 40% to 52%. This indicates a transition of the dominant loss

mechanism from P. to Pn, with the rising proportion of the latter being the

primary cause for the overall increase in P.. The proper EP coating content

reduces porosity and enhances the densification of the magnetic powder

core. Meanwhile, it forms a uniform, continuous, and dense coating layer

that effectively suppresses localized agglomeration between particles. This

combined effect enables the EP2 sample to achieve an optimal balance

between Pn and P., thereby vielding the minimum P.,. Through precise

control of the EP coating content, synergistic regulation of individual loss

components can be realized without resorting to complex strategies such

as multi-layer coating or interfacial modification. This approach thus

provides an effective and straightforward pathway for loss management in

high-frequency, high-power magnetic components.

Keywords: Fe-based nanocrystalline soft magnetic composites; Insulation coating; High-

frequency magnetic properties; Core loss
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