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Fig. 1 Characterization and theoretical calculation of Fe;O, nanoparticles surface-loaded on SiC nanowires: (a) XRD patterns
of SiC nanowires before and after surface modification; (b) Low-magnification TEM image of SiC@Fe;0,; (c) High-magnification
TEM image and lattice spacing of SiC@Fe;0,; (d) XPS survey spectrum comparison of SiC and SiC@Fe;0,; () Fe 2p spectrum
comparison of SiC@Fe;0, and Fe;0y; (f) O 1s spectrum comparison of SiC@ Fe;0, and Fe;0,.
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Fig. 3 SEM images of composite materials: (a) cross-section of randomly filled composite materials, (b) cross-section of
magnetic field-assisted oriented composite materials and (¢) SEM image of interconnected nanowires; (d) XRD patterns of
composites before and after orientation.
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Fig. 4 Nonlinear conductivity performance tests of composites: (a) nonlinear conductivity performance of composites with
volume fraction of 5% filler before and after orientation, (b) nonlinear conductivity performance tests of oriented composites
with 2 wt% loading Fe;O, at different volume fractions and (c) nonlinear conductivity performance tests of oriented

composites with volume fraction of 5% filler at different loading contents; (d) Comparison of nonlinear coefficient with

previously reported studies.
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Table 1 Nonlinear conductivity performance comparison
between composite materials.

Sample o E, (kV/mm)

5%SiC@Fe;04  @2% Random 8.67 2.48
@2% Oriented ~ 22.52 1.64

@4% Random - -
@A4% Oriented  30.88 2.46

SiC@2%Fe;0, 1%@ - -
Oriented 2%@ 15.61 2.24
3%@, 18.00 1.93
4% @ 15.77 1.81
5%@, 22.52 1.64
5%SiC@Fe;0, @1% 16.19 1.48
Oriented @2% 22.52 1.64
@3% 23.71 2.03
@4% 30.88 2.46

NEES, XRFNEEE R EEm, A
W 5 T e B S e . Ik, FXERFHE
RN g5, ARl R IR T SR
A BB E wA T

Bl 4(c) M 5% A 8 N A A Fe,0, il T
BA YKL € M5 M E A MRHEEL i 5 3
BRI, FEAHRRRA > 50(5%) T, BT AEas
R B AR E R A, I R E 3 b
Fe;O0, 1 E IHY INTT 38 K . X W] §EJ2 B T Fe;0,4
GORRLF RIS A R R A 2, FaRkn
TR, A RE TR EAE B AR B T A AR I Ak
LML SR

A S ASHIE S A AR P REAL
V5 1T AP R CARTE (1 58 171 5 3D S5 44 [F) K 4R 4%
PEE S E AWM ERETARER M REUEREXT LG . B 4(d)
SEARM I 5 SRR AR E S 2427 [F) 2R B S AR
B, ARHRE AWM EHEARE RS &R R RS
DL AR 2R M R BT

N T W ST FesO, 3 5 0 it [ 4E 7 5 1)
WHEHLE], X ASF Fe;04 18 & T AR H
SEAMELET T #ORBUR IR (TSDC, thermally
stimulation depolarization current)flli&, MiA%E HE
W5 Fros . 24 R Uk Fe,O, I, I AB IR A Ky
110.5 °C, B a2 4%, WEAE IR 3 0
F130.6 °C, FRZEREW, SiCHPKL K 7
HIGIK Fes0, 51 N T IRFEBFBEZL 38 0 T Féa
HLfuf 25 5. TESRFIA T, BTk S TR B P

5%SiC 110.5 °C

30.0 /\/\
< O . . .
T 40,0 S%SIC@2%Fe;0, 1195 °C
(=)
E /f‘\f_/\
£ o . . .
& 5%SIC@4%Fe;0, 130.6 °C

100}

0t . /\
0 40 80 120 160

Temperture (°C)

Fig. 5 TSDC properties of composite materials.
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Fig. 6 Diclectric properties tests of composites: (a) random composite samples with SiC, (b) random composite samples with
2% Fe;0, loading content, (c) oriented composite samples with 2% Fe;0, loading content and (d) oriented composite samples

with 4% Fe;0, loading content.
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Research Article

Enhanced Nonlinear Conductivity of Epoxy Resin Composite Dielectrics via
Magnetic Field-induced Alignment and Regulation Mechanism Research

Hua-song Xu'?*, Tian-yi Luo'?, Ai-lin Chen'2, You-shun Chen'?, Qi-yan Zhang'?, Yue Zhang?
(!College of Electronics and Information Engineering, ° State Key Laboratory of Radio Frequency Heterogeneous
Integration, Shenzhen University, Shenzhen 518060)

(®Key Laboratory of Engineering Dielectrics and Its Application, Ministry of Education,

Harbin University of Science and Technology, Harbin 150080)

Abstract To address insulation aging and breakdown issues in high-voltage electrical equipment caused by
uneven electric field distribution, we proposed a novel method for enhancing the nonlinear conductive properties
of SiC nanowire/epoxy composites through magnetic field-induced orientation in this work. First, magnetic Fe;0,
nanoparticles were loaded onto the SiC nanowire surface to impart magnetic field responsiveness. Subsequently,
curing under an ex-ternal magnetic field achieved the oriented arrangement of nanowires within the epoxy matrix.
Results demonstrated that the oriented composites exhibit exceptionally high nonlinear conductance even at low
volume fractions. At a volume fraction of 5% loading, the nonlinear coefficient o reached a maximum of 30.88,
with all oriented samples exceeding a a of 15. By adjusting the volume fraction of SiC@Fe;0, filler and the
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loading amount of Fe;0,, the threshold electric field (£) strength of the composite material could be effectively
tuned. XPS analysis and First-principles calculations confirmed that the built-in electric field and Schottky barrier
formed at the SiC-Fe;0, interface due to electron transfer were the dominant factors responsible for the nonlinear
conductivity properties. TSDC test further revealed that Fe;O, loading modulated E, by introducing deep-level
traps. This study provides novel fabrication strategies and theoretical foundations for designing high-performance
nonlinear conductive insulating materials.

Keywords Epoxy resin; SiC nanowire; Magnetic field orientation; Nonlinear conductivity; Schottky barrier



