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Abstract: To address the insulation failure of epoxy resin (EP) used in stator windings of large generator caused by long-
term coupling degradation effect of electrical and thermal stress, it is urgent to develop epoxy resin composite dielectrics
with both excellent thermal conductivity and mechanical strength. In this study, SiCn@SiCp/EP composite dielectrics with
varying SiCn and SiCp contents were prepared by using epoxy resin as the matrix, silicon carbide particles (SiCp) as the
nonlinear conductivity base elements, and high aspect-ratio silicon carbide nanowires (SiCn) as the network skeleton. The
results show that the multi-scale three-dimensional functional network formed by the mutual matching bridging of SiCn and
SiCp provides transmission channels for external stress and internal phonons. The tensile strength, toughness, and thermal
conductivity of composite dielectrics reach 64.8 MPa, 1.86 MJ/m’, and 0.326 W/(m-K), respectively. Meanwhile,affected by
the percolation network, the composite dielectrics exhibit superior nonlinear conductive characteristics at relatively low SiC
content, with a nonlinearity coefficient as high as 7.79 and a threshold field strength of only 2.12 kV/mm. The mutual
matching of different morphologies of the same material avoids the complex issues arising from differences in interfacial
interactions among multiple heterogeneous fillers in previous studies.
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Fig.3 Conductivity characteristic curves of
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Fig.6 Thermal conductivity of composite dielectrics
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Fig.8 Dynamic thermomechanical properties of

composite dielectrics
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Fig.9 AC dielectric response spectra of composite dielectrics

10?

107

—3— EP

[ —>— 10p

—&— In@10p

S T 2n@10p
f —e— 3n@]10p
—&— 4n@10p

10

A i HL 5 % /(S/em)

10° 10* 10°
HiZ /Hz
E10 EEHENFEHXRBESE

Fig.10 AC conductivity of composite dielectrics

10! 10?

2,52 mEimSrErERe

11 /2 20~160°C T SiCn@SiCp/EP & & />
JR I TATA s SRR 2k . AN 11T CUE Y, B
I BT, PR i S 3L A B T AR G A
L B0 5 T34, 7F 160°C I, 2 b 4l 38 4 1 A



BRAFI AR . KRR HLHLE 5 S8 2H 24 S0 I 2 52 6 v A A ) 2 S P RE 20 T

XA HLUH R 7,52, AR BE Bl An@ 1 0p B A H
AT AR A E B 12,36, 2 4IRS 1.64 15 .
FERE A H 8 000 T o 8 T BR8N IR 9 4 T Bk iE
B I8 ek P T v i 4 i, R AR T S S AR A E T
R A A A, T BN SiCn 5 B A A RAE
AT R R AR A L BORE T X R BT
SiCn K A% FLIR K, BG4 70 8 {8 e AE A S B A rh
BT FEL I 283X il 5 K A B8l 8 o T B A R A A
TR mAL.

13

—o—EP
12F——10p
1nE—*— 4n@]10p

gl

AR H

20 40 60 80 100 120 140 160
BE/,C

11 EAENMFENIMSENTEEH
Fig.11 Power frequency high temperature dielectric

constant of composite dielectrics

12 /& 20~160°C T SiCn@SiCp/EP 5 & ./
JR I T tand 2% . MK 12 AT LLE H tand 76
100°C BL R 24k /N, 24 1t 100°C Ji5 5 tand i T
1, 160°C I ik 2 I E . 463855 10p 7F 160°C T 1)
tand AHZE A K, 3% 2 BT S44 SiCp 7R3 R it
o IR IR A BN, B F I SRR A K BN
Ji & E0N 4% (1) SiCn J& , T SiCn 5 SiCp #H HAE
M e R NP E P EDE S - 4% tand E— 20 1
Tb, 153 0.189, 72 2B A M I (0.167D 1) 1.13 fif . A&
K 3, BAR SRR 4n@10p B A A B tand A
B b5t AR AT R FFE AR K o

3R 55 B2 B SiCn A1 SiCp 1 22 R TR JE A%
(10 o 285 = A I 245 3 i T KR VS I SERE E A A
HLPE BRI 544, TR B BT T 00 () Mk R T 28R
26 EEHENMFRMBSREE

13 J2& SiCn@SiCp/EP & & HiL A i f) L AR 5
k. IWE 13T LA, BEE SICH SN, EEH
A0 AR A0 H A B IR [RD AR B 1 R B, XU T
SICAG®BEMHETE, K 4n@lop H T mKE
FE 1) SiCn FGH2K SiCp 1 22 R IE & T B ) v 2 =

—o—EP
——10p
—&— 4n@10p

0.201
0.151
Q
g 0.10f

0.05F

0_

20 40 60 80 100 120 140 160
R C

E12 SA8ENRMNINSEN RIRFERER
Fig.12 Power frequency high temperature dielectric loss of

composite dielectrics

| @ EP
goF > 10p
¢ In@10p

10 20 30 40 50 60 70
B 5 /(kV/mm)

E13 EAENRHNBESEE

Fig.13  Electric strength of composite dielectrics

ok S H X 2%, A5 B (27.48 kV/mm) A 8T 46
RS i FEL S50 (59.61 kV/mm) K [ T 53.90%.
HE 48 I R ALK % A B AL 1) 3 Rl A
JECUD N 18 kVET, e AL IE F- 26 R FH 2 b
“dnsg A EHEMYRZ, JEERT 5 mm, % K
f S s A H A R U8 220K, B2 2 & /> 7R
% 18 kV/mm (¥ o7 B B 3758028, K I, B4R SiC 1
FINBA T AN G ) H A5 B {H 4n@10p 4535
JE SRR A R
2.7 MEEXTER

N TSR 2 R B S B 6 E0
JR R IR, JE %% T 14p 14n R R & LA
RGN E T B SR 2 R 5mE TR R T
A AR, A5 R 14 FTon . MW 14(a) W] LLE
i, 14p A 14n 35 R0 H B 2 10 AE LR 1 i S 1,
HBE S A ZE N K (H 14n B EZR 1 R BB K
F 14p, X IR T SiCn = K A2 LU R A5, 58 2% 5 A0 B4



8 HGHE

2026,59(5)

B TR . X 14p.14n 5 4n@10p 1T DL
t » SiCn A1 SiCp I [F 45 2%l K 1 S /MK BB 37 5 A1
HRMAELNE R E . MWIE 140) AT LLE i, AHIF SiC
FEMIEDL T, SiCn Al SiCp 14 A 2 1 2R A R AL
B B AT e AT B 1 SiCn 1 38 58 RO T 4
(BB — SEOR} 0 v 2 5 S 0 32 R L THD R B AR
TR BEEWEREGHRESE, XEF NS E

SURHSE SR SINBR - \E 14() 7T BLAR
L+ @ EP
10°F o an@iop
> 14p
10°F & 14n
e
2101
i3 101
pesd
10—12 L
1053 E . oo e
! 10
FLI7 58 /(K V/mm)
(a) HEL S i 2R
70
—EP
--== 4n@10p
56 -0 l4p
—-—14n .
¢ ;%s’.
§42- P I
5 gy
2 I
& 28t
:la .,
77
/
14}
00 1 2 é 4 5 .
T A N AR /%
(b) FEAd N g~ A
e 160
035} \\\\\ L
% O/O 130
= 0.30F .
5 115 ¥
- W
E =
Foask ° lo
4-15
-
0.20 s T - " “
LA
(c) G=x

| @ EP
gof ¢ 4n@10p

(
IS
(=]

o FEMEER /%
S S8

10 2I0 3b 4IO 5|0 60 70
HLS 3 /(K V/mm)
(d) A RE

B 14 ATREENROMERESTE

Fig.14 Performance comparison of different dielectrics

14p. 14n F1 4n@10p 1 #4 5 23 A 5T 20 34 S A 2
BIFETE T 28.64%-34.47% 1 58.25%, H AR M [F] SiC
T8 T 14p M l4n X SR FRIA KR, HmK
12 LG IR SiCn 42 4280 A BT 4, {9 5 i [ 14 i 1) 2R
B, R =4 T AN IR N T R R R
KEZE, WA 14(d)FTEUE ), W12.6 15 frid , SiC 1)
FINB T A NG TSR, 14n 0 F F%
T2 FE S KT 14p, X ARIL T SiCp 7F 14 2 5 F il i 7
I3 4n@10p [ FEFEIE K.

3 g

AHIF 78R F 22 48 T 25 1 SiC 78 3K S 0 i 36 44 o
P 5 = 458 23T 6 WX 4%, 70 B AR AN I &= 1 17 00 1 3R
57 M REIL 57 10 SiCn@SiCp/EP & & LA i, T &
50

(/D& SiICn 51 N B Z B T = & A
B E 3 98 (2.12 kKV/mm) , [FI I KR & 7+ RH AR
e SRR, X T R KA T SiCn 5 SiCp Hr i
ELJC TR R I 5 P 245

(2) = 4YE M 25 22 N A A N B3R AL T R
JIAEHETE A AR AR, R AGE T EA& AN
Ji ) 3 5 A0 S AP B Bz A0 SR B A 64.8 MPa, T
249 M 3R TF & 1.86 MI/m®, § # &R Bk F 0326
W/(m-K).

(3)SiCn [ 51 N34 58 1 & & B 5 19 5 10 AR
1k, SiCn 5 SiCp MR I =4k S M4 LR S BB &
P A SR R R 6T A B KR A SR A5 R R B B T (B 4
B 1) A 0 3 DR B0 06 24 4 R TR LK R



BRAFI AR . KRR HLHLE 5 S8 2H 24 S0 I 2 52 6 v A A ) 2 S P RE 20 T 9

(D SIC 5 N1 7 A BE 1 A

dn@10p T B§ 55 W I, 38 B 53.90% , (A3 2 K Y
R IN R S e S R | SR R G A S
BE SRR LA BERFAMR, BOR— Ik
B, IS (R RS SEDR) G & 7 A4 1 = 48 Th RE I
2 FRAA Y EI R S A A B R T R AR B

(1]

(2]

(3]

(4]

(5]

[6]

(7]

(8]

S2Z @k References

AR 2 R A TR A R A A L B R T KR 2%
R 2R [J]. &1 R R, 2024,50(1):194-209.

LI Shuaibing, LI Tiangeng, DAN Jiahao, et al. Review of tera-
hertz non-destructive testing of composite insulation structures
for electrical equipment[J]. High Voltage Engineering,2024,50(1):
194-209.

R, A OB R r LA 25 2 MO0 S T R
8 HL I A LA 20 AT RS (). 250 B1,2022,55(1):73-79.

LI Yinwei, LI Qiang, LI Yan, et al. Influence of insulation para-
meters on electric field and potential distribution at stator bar end
of large hydro-generator[J]. Insulating Materials, 2022, 55(1):
73-79.

JARRAR I M, CHERNEY E A, JAYARAM S H. Ageing and the
life curve of type II turn-to-turn insulation under repetitive im-
pulse energization: effect of switching frequency[C]//2021 IEEE
Conference on Electrical Insulation and Dielectric Phenomena.
Vancouver, Canada: IEEE,2021:12-15.

CAVALLINI A. Reliability of low voltage inverter-fed motors:
what have we learned, perspectives, open points[C]//2017 Interna-
tional Symposium on Electrical Insulating Materials. Toyohashi,
Japan: IEEE,2017:11-15.

T2 5,22 AACRE B W, 55 402K ALO/h-BN &2 Fc o o4 50 24 4200 fig
E A MR EE RE R SE ). &5 2 M R 5 TR, 2023,39
(7):131-138.

CHENG Xian, AN Yongke, HE Yongming, et al. Effect of nano
AlLO,/h-BN hybrid modification on the electrothermal perfor-
mance of epoxy resin composites[J]. Polymer Materials Science
and Engineering,2023,39(7):131-138.

NG, 25 B, R K 5 . L GIS 26 ity B S 8 48 R 2L IR 49 A
SR AL ], ) LR R ,2017,36(1):102-105.

HU Peng, LI Chenggang, CHEN Dabing. Cause analysis and
countermeasure study of cracking accident of cable GIS terminal
epoxy casing[J]. Electric Power Engineering Technology,2017,36
(1):102-105.

BRI, BT, DR R B B AR SR/ B Sic 2
FBH ] 9 Bk BELI]. oW i S 2281,2022,39(1):35-38.
LIANG lJiaoli, JIA Xueya, IRSHATI Tishati. Preparation and
properties of epoxy resin/modified SiC composite[J]. China Syn-
thetic Resin and Plastics,2022,39(1):35-38.

e /NG, B S AR D RE AL AL e DR TR RN R A M
B & 5 S HAPERR D). 5 A M R2R,2022,39(8):3747-3756.
XIANG Xiaolian, MA Zhonglei, SHI Lin, et al. Fabrication and

[9]

[10]

[t]

[12]

[13]

[14]

[15]

[16]

[17]

thermally conductive properties of functionalized SiC nanowires/
liquid crystal epoxy composites[J]. Acta Materiae Compositae
Sinica,2022,39(8):3747-3756.
2Bl R Mg 2o AR e v 3 ) SIC/R A IR 48 25 0
AR T TE[]. FUIR TR 241,2024,60(6):207-215.
LIANG Yu, LU Guoquan, MEI Yunhui. Thermo-oxygen/hygro-
thermal aging of SiC/epoxy resin composite as an insulating coat-
ing with nonlinear conductivity[J]. Journal of Mechanical Engi-
neering,2024,60(6):207-215.
W i) 242 5 /N L, I B 55 IR AR 00 % i) A SRS IR e A B
U A MBS AR B AR PE R 52 WA [T]. TR 240%,2022,37
(15):3897-3912.
CHEN Xiangrong, HUANG Xiaofan, WANG Qilong, et al. Ef-
fect of temperature and frequency on AC nonlinear properties of
epoxy resin/silicon carbide whisker composites[J]. Transactions
of China Electrotechnical Society,2022,37(15):3897-3912.
HU H T, ZHANG X H, ZHANG D P, et al. Study on the nonlin-
ear conductivity of SiC/ZnO/epoxy resin micro- and nanocom-
posite materials[J]. Materials,2019,12(5):761-772.
HAN Yixin, SHI Xuetao, YANG Xutong, et al. Enhanced ther-
mal conductivities of epoxy nanocomposites via incorporating
in-situ fabricated hetero-structured SiC-BNNS fillers[J]. Com-
posites Science and Technology,2020,187:107944.
JE i 9, R RO AT L 2 T IR B G R AR ) 2 K A8 2
P RE[I]. 4624 K1,2023,56(3):1-8.
ZHOU Yuanxiang, WANG Huijuan, HUANG Xin, et al. Prepa-
ration and insulating properties of multiple mixed-modified insu-
lating paper[J]. Insulating Materials,2023,56(3):1-8.
WRAE 25, 0 VE 7, S 8, 460 . Sl F e EL VR VY TR M) 2% 1B s 5 e i 7K
T BE 1 SiO,/MWCNT/PDMS K & 44 ¢ ik )2+ 1 il 4% 5 1% RE
F[I]. 62K 8E,2024,57(12):51-57.
CHEN Tingxin, QIAO Wangyang, WU Mei, et al. Research on
preparation and performance of SiO,/MWCNT/PDMS compo-
site insulation coating with high DC surface flashover voltage
and superhydrophobic performance[J]. Insulating Materials,
2024,57(12):51-57.
CHENG Lei, LIU Xiaopan, GAO Pengzhao, et al. Experimental
and numerical investigation of the effective thermal conductivi-
ty of MoSi,-RSiC composites with a three-dimensional interpen-
etrating network structure[J]. Ceramics International,2021,47(7):
9534-9542.
Ty, B2, 250, 55 SIC-BN SFURL % Ak 2 1 i 268 2 5 A R
[31. = o T AR R 225 T8,2018,34(9):156-159,164.
XU Fang, XUE lJie, LI Xiang, et al. SiC-BN hybrid highly elas-
tic and electrical insulated thermal conductive material[J]. Poly-
mer Materials Science & Engineering,2018,34(9):156-159,164.
R R R T QAT A B AL DURRAT 2T 2k - B AL T = 4 S S0 2%
Fey 3 v 3 IR S B 2 A AR, MOl K 27 29, 2025,47
(4):177-184.
LI Miao, ZHAO Junbo, LIU Fu, et al. Carbonized hemp fiber-
boron nitride 3D thermal network for constructing high thermal-

conductivity epoxy composites[J]. Journal of Beijing Forestry



10

AR

2026,59(5)

(18]

[19]

[20]

(21]

(22]

[23]

University,2025,47(4):177-184.

IR BRI AE FE, 5k R MR, 55 BR ATkl 028 R IR 524 A i AR 2k
PR SARE R S [0, TR 541%,2020,35(20):4405-4414.
CHI Qingguo, CUI Shuang, ZHANG Tiandong, et al. Study on
nonlinear characteristics on conductivity of silicon carbide whis-
ker/epoxy resin composites[J]. Transactions of China Electro-
technical Society,2020,35(20):4405-4414.

LI Chuanchang, ZHAO Xinbo, CHEN Jian. Diversiform micro-
structure silicon carbides stabilized stearic acid as composite
phase change materials[J]. Solar Energy,2020,201:92-101.

L7 ES VAR O R R S N Y e N E AN R
FEBHRH 5 5 P RERIT FE[)]. R $2,2025,53(2):32-37.

YANG Yuxuan, LU Shaowei, LI Wei. Preparation and perfor-
mance study of carbon fiber reinforced carbon nanotubes/epoxy
multiscale composites[J]. Plastics Science and Technology,
2025,53(2):32-37.

o] B, S B R A S T IR S A SRR AR T RE
PRI I e He 4% R B A 0 G A S % 0], v H R 50, 2025,51
(7):3306-3317.

HE Enjian, TIAN Wendi, GE Yuzhen, et al. Dynamic insulating
epoxy networks with enhanced creep resistance and reprocess-
ability via resin blending[J]. High Voltage Engineering,2025,51
(7):3306-3317.

s 7K AR, FMEE, TR T 4 Gl oK SIC/HR UM T 524 B4 R S TE
FEELE 1 i SRRV [D]. AR 43R ,2020,37(7):1562-1570.
HAN Yongsen, SUN Jian, ZHANG Xin, et al. Interface and non-
linear conduction characteristics of micro-nano SiC/epoxy com-
posites[J]. Acta Materiae Compositae Sinica, 2020,37(7): 1562-
1570.

BlEN= Q2 N o N ORI EE< 95 E | PN v T ER 4
TEFC[I]. H D TR R,2022,41(2):143-148.

FAN Lu, GENG Yiwen, WANG Yalin, et al. Study on non-intru-
sive surface potential measurement for surface flashover[J].

Electric Power Engineering Technology,2022,41(2):143-148.

[24]

[25]

[26]

[27]

[28]

FPBL, TR P T HL AR BRI OK SR S
LA AR RE BT TU D). 2844 E,2025,58(6):52-60.

SHU Rui, NING Xiaoqiu, YANG Bo. Study on thermal proper-
ties of epoxy resin/micron-alumina composite dielectric based
on dielectric response[J]. Insulating Materials,2025,58(6):52-60.
Wt e M, 0025 AN A B ALO, WORLESOE 3R SR fIE 24
FOBH G 2T S PE[D]. BLIC T RE 41 K1,2022,46(8):8-14.
YANG lJia, GAO Zhipeng, LIU Yi, et al. Thermal and electrical
conductivity of different content Al,O, micro-particle modified
epoxy composite[J]. Materials for Mechanical Engineering,
2022,46(8):8-14.

AR, KB A 24k VL 26KV K B 5] BLE T 4R BT A
By 7 G5 R R 9 [0]. 45 2060 R, 2011,44(1):25-29.

LI Zhenhai, ZHANG Ying, ZHENG Wei. Applications of new
anti-corona material on HEC 24kV and 26kV/1000MW stator
bars[J]. Insulating Materials,2011,44(1):25-29.

BORER . R KRG R B L E T G 2 i S R 7 A SRR 2 A A
TSI BHE AT 5 R ,2016(19):57.

HUANG Chengwei. Analysis of the causes of corona discharge
at the ends of high-pressure hydroelectric generator stator wind-
ings and electric field calculations[J]. Technology Innovation
and Application,2016(19):57.

ZRYRIE . s AL 2 [ AR A 5 5 R L R RSB S (0], 46
2 144,2004,37(6):12-15.

LI Zhenhai. Applying stady of anti-corona structure and materi-
als for HV-machine[J]. Insulating Materials,2004,37(6):12-15.

55 HH#A:2025-06-16; 1&[E B #A:2025-08-07,
TEHE N

A F A (1968 ), 4 (%), W AR ARA, #1245, £ B FE

REBBG IR SR HANATI

BATAE A AR L(1987-), 5 (iRsk) , Wl g A, 81 AF 50

R, AR T @A ZeIES S5 R,



