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Abstract: Epoxy resin is widely used as such insulation parts of electrical equipment as support insulators and insu-
lating rods due to its excellent electrical insulation, heat resistance , mechanical properties and good plasticity. With
the increase of voltage level of electrical equipment, the operation is becoming more and more critical and the insula-
tion failure caused by mechanical stress is becoming more prominent. Based on the reference both at home and
abroad, the research progress on insulation breakdown due to electrical tree deterioration of epoxy resin under me-
chanical stress is reviewed in this paper.The morphological characteristics of electrical tree growth under tensile and
compressive stresses are introduced on the bases of different bearing stresses of epoxy resins, and the influence of
mechanical stress on electrical tree growth under temperature conditions is summarized. The mechanism of electrical
tree deterioration of insulation materials under mechanical stress is explored based on the physical micro-structure
and charge transport characteristics of epoxy resin molecular chains and also from an energy perspective. The key is-
sues and solutions for the study of electrical tree branches in epoxy insulation components of electrical equipment is
described, which provides a reference for the development of epoxy resin insulation materials with high insulation
performance.

Key words: epoxy resin; tensile stress; compressive siress; temperature gradient; electrical tree; insulation

breakdown

Wr#s B #3:2023-12-08;  f£[E] B #3:2024-02-04
E ST A AR AR R SE I H (QN2023073)
Project Supported by Science and Technology Project of Hebei Education Department(QN2023073).



XU 5 T Sei i A RMIFSE B

gk 22, RER, FAAM, 2 MUY PR R IRk A 2 AT i + 25

0 5l

WA RTE oA E R R &S FREY B
AL S I 4 G Pk RE R = T S v, Tz N T )
Al A BORS ) H e A FDe T IR AR E S (L
TCFHE T A G4 2 A VR RS
Y 3 ) CBERTRL, BREM IR A AL PR BE HILAR |
U ALTERE AN ) RG22 T HEBT,

AR AR AT SO B AR g A = il
T BRIt {E RS Bl 2 2 A I B A 0
KA Horh BRI AR AL BE ) 2 B Sk 98
o 201448 FEEIRAE LB 100 kV 45 IR A
DR A 2 1 AR JE BRI 5 2015 4F ] B4 55
I PR I 750 kV SRS S 15 7% (gas insulated
switchgear, GIS) 28 4 H I , e 25| & Bk ) =+
52016 47, R ARAE R I 1 100 kV GIS FH A4 4%
TG 5 A 0 A by e o o SRR
2019 4F, BRI WA Je IR v R 2 X e 2% - A B g
AR TR AU AT SR BRI AT B
7 7 50 JRy i H, 37 W A 2 5 SO SRR i 4 2
B A T R R N L R R
FEAERAWTHE =, PR E R 4 2 AR VR 228
S H A2 AU RE T Im 5 5wy 20 2K

FL AR R B 5 5 4t Ay Jo Jmy v P AT R % DDA
KM, RN NR A G 2 B I
iy H SRR (2 ] RE s AT, A A i B 3 4
T A T LA AR BERE S e R RE T 0
REWV 7 HE A, e ZIE AR EE X, B 53
THE ) AR TR D AR BB L 7SNt
FEAEFT A AEMACIR G, 7 A i AR LA R R T 1)
BRI Y SRy el e 37 50 R R A b2 2k 555 X T
i ZE I FHELI L 355 & R T L, 2 R AR B A
ML R IE o 25 b HUBRN g ik el A8 S AR R
PRISWLZE R, 52 W H o7 a0 31 L I & S BUR AL
ARt AR A R AR AL . R AR i H AR A i 2 ) A
JUE R A R E AN RS T, AT MR
RS I 20 2 b RLZE DL 7 3% T R A A L
B, XA T T SR isd T oA A T,

RS E A G A IALEAT TOL 5 %
TR, ) T B — AL oy R T 6 S — LA
FIFE[RIVE A 43 1T #1S0 F REA A A A HEAEE, A
THOWASHE | LT iz £ B2 S 1 HILBON ) LR A
A RKAHLIR, IR IR IR 1 BRI 246 2 i BRI 5T 1Y)
JEH,

[l

1 IRERAE B RZ L 77

YER SR A A S DA B AR AR 7R
W47 1 A8 T R 2 25 MU 3 /R A, an bl 2 34
N 125 | B E S MU, 77, LA S AR T B sl
AN MRYEIE R R A AN ], B 420 i 40 2% K
AR 30T 53R 5 28120 (DA 26 % A4 il 3 o F
H, AN 5 FEEAAL AR AN [ 5 R Y
PR R A3 N ) 5 A TR ) RN L g 5 A R T
QW THAMAR T i E ORIk R BN
] , 76 R PR RIS R B 52 e T, 48 2 bR
Z W FFERK R 7 5 @ H T 2148 1 246 2% P 87K A2 T
JERRBE N[ DX R AR 2 7= A 1 g g 5 (B2 i
P R 2R RS R B G IRE AERR
[ R AR O3 S A

IR i i 24 1 S A AE s A T R R 22 2
I 77, 110 kV GIS 72048 2 116 K -l ik
I, 7K A2 B RPN F7 27 MPa, £ 4 T 48 AR Fil
AR 22 [] b ST 5 T 4 1 T S, 4 A 0 2k RN 4
GRS AR Z BT Fm b R R 46 0 R
29 MPa, WLIE 1™, fEisfradfid, TR a4
AR 22 850(23.21x107° °C)FIFR AU i 11 BRI K 22 %
(56.8%107° C)A[A], P4 g 7R 32 T4 & A5 IR 1Y
PRI 7 o G PLATAE I ARG T Kk &
(GIS) B it 2 (1) S AR A , 7853 4 I i i 2 rh R
ZHE PR i 48 SRR IR S BB 7R 32 sh AT
Mol 46 0 P, SC[22] K& B 252 kV Wi %,
=30 mm 48 P KT AE i 17 0L FE R AZ (1 47y i
BT 35 MPa, it i Ji 4% 32 22534 78 600 Hz LA
T BRI, 1100 kV GIL = H4a 2% T 1Eiafpik
A FEERA RN 128 55.48 MPa™,

Hifii. MPa 7. MPa
25 5
: :
R R -5
e 10 g _15
5 -20
¢ -25
-5
(G ETACINY] (b) 4N F7

El1 110kV GISEZKFHR 157
Fig. 1 Stress distribute on of the 110 kV GIS insulator
FL R LR SR AN TR T, RS iR 246 2
PERCT BEZ 340, 7 38 Az 47 e RS2 HLO
TR SR PR IR 4 2 P REAZ I T A S
NG A A7 I E AR A AR LN )T
PSR i 4 2 P R i A AR BT EL, i A SR



< 26 - 2024 4E 4 J

Enéx

o0t 4

R PFL A ERE S HLBN 1 Bt 5K
2 AU 13 IR SR AR FR AR A A K Y RS

BUBUSE 3 38 1 4 3R G W o T HEHES Y | 52
M FEL fRT A 35 1 R, DT X B A S 4 2% 45 1047 9 7
FEREMA™, AR, LR AAFEANTH R T3 R
A 1R PR IR A S A A A R
2.1 HIfR R A3t AT A KB R2AE

FLTRL I P A A 5 AL I B
FAAZE ST IE T 20 S0 B e LA S 1 1T
R A KR, BIOW 507 2544 #1138 T HIAR A 17
A RHLBET AR 7 77 ) 5 B AR T L, I
25 min I LA RO 25 WL I 2. Bt 3 4 Rz g 1) 3
T, PR AS T T AR A I A R AR R ) T 1)
/DY B Y i N A (AR E 2 NEaR i
P BREES F 5 0015 B LRSSV B IE , 412 Al re £y
T o BT AR SR T ey Sl Pl 37 5 227, AT 3 R
WAE RS R . 2 SESF IR T HUAKS. 77 B
YR A R IR B AR Y 2k i P VERE , R BRREE
P P3G, A ORI 2 i i 25 T

%

s00pm £
| B2l A |

B soppmitE
(c) 20 MPa (d) 30 MPa
B2 RfR S TR IRFE
Fig. 2 Electrical tree morphology under tensile stress
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Fig.4 Observation of stress distribution and electrical

tree in epoxy resin by photo-elastic method
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Fig. 5 Electrical tree morphology under compressive stress
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Fig. 7 The space charge density and trap density in epoxy

resin under different compressive stresses

PR AR i 731 S S A A A 1) 28 A 52 ) v 77
s PR AR AR B 5 . ARSNGB T,
2 (] FEL AT ARER L 12 o o R R T ) i L A
LT8O T B 2R S BIR R SR i 70 55 L T I
RIrF H HHE DT Al 26 2% 40 Joi 1) B e A S
TE R B DX S, e 200 Il s Ik o 2 R I A
MR, 2 2T it A AT o B A 1 5 i ) 4
TN, 25 T B iy AR SR T, 384 T g S v 37 W A A
o £ LRA, MU 7 32 208 i R PR R IR
F A HR MOV ) 5 M) P s o R, DT R R Je
HI A

B T IAMNG, T KA E AN ERTE TR )
Xt HE 2 AR PN TR S (6] L T A B2 IR . T R A
BURLACIRAS T, 2R 05 A 1 el £ B 5 W B4l 30
Jlas T AL A0 R A N R IR AR R AR
(38 T, Fe Ao AR R R S BT D R 3 i s 3,
LB IT S 5 BB AR S HILBRON ) %) 4 2
BB S 6] LA 20 AR I SIS T — LR, (EALAK
JO7 3 %ot He 225 18] FE A i a5 P R R R A A R £
SRHRAL 1 AN BB . A A A A 25 A I a2
T L £85I 2 0T AT 1), g S B AR A A
A g s [ H ey 14 () 25 S A it — 20 B
WHSIRATI
3.3 MR S TS IR EBIRE AR A KA IE

SC26]4 Hi , HUBRN 1 A2 2R S8R i 04 SOML 45
Ay, [5) Bsf 52 M0 246 % A4 R N AT LARBE 19 231, DA T 24
AR R AR B . S A TR HLON,
PEHIT R BRI S RE B, 15 BIH LB 1 5 R &)
AL LRI R o S HARS BOAE T, AR
B RIS RE R P I THLNY 1o i —J0 IR
B MR o ==0.5e Yo o e N RAR K-, VRS
FdE . ANt R U AR, AU F1 8N,
MR R A . BEE DU B3, R AR I
YRBREEIGIN, Ao SRR 4 U RIS, i
7 J7+o 3R, PIEIN, B R AR BE B 5 R AR K
AN ]~ SR, PSEIs /IR, R R A
KEEPARLE S MR TS B2 LR,
A 46 1V 7 PT DL SE S R AS A A o A

PSRRI PR T e o FEZ R FEL R AR 22 T ) 32 A
KA N LUHRIRUNE o AEPRAEU IR 4 2l A A4 i
iz AE AT AR v, AT RE 2 B AN R A
B o BRSBTS 0 ) del e 3
O B, SR HUBRON S SR LI 8 .
M 8 AT LA Y, PERALA S A SRy B Sy e, X
A RERT R B 4 A R T i)y AR B B . LA [



XS 50 T S AP RHIFSE B

gk 22, RER, FAAM, 2 MUY PR R IRk A 2 AT i +29 -

37 0 A UL 9 X T WISk I , AL R oR
ALY, LA TP T RALIN AR, UL 9(a). PRI, 24
SEEICER7EEw cibun CEN R o (R 7o L9/ G SR
FLNER AT B2 51 R Z YRR , S PR AR R - fd
AL IR, T, L AN DX I 3 4 v 5
Vo R R, DL IEI 9(b)e SCI4THE Y, RER S
A AR AR RO R JRy R PR IR (S L
Z USRI AT RS, e A S ECR B o
FUBRSCTE RN, ) AR5 IR AR R AR ] S
ZE5t PN AR T 20T HEWr 2 BI(E, f2 2 T BRI
TR )77 ) B3 JE R G BT RS 77 1)
AR RS T I RGN T AT DU A A I
DRI Fhy T FAURITE 13 T 7 A ) 246 197 20 2 L R S
A ATAEEE IR RS o 5 ] (E e 24 1z T 3R
I, IO ) EL IR IR U I 2018 , AE ™ A ik
BREATT MR R AL . B. R. Varlow S5l 7ER 4
S [ A i e R A 2T A Ny — S T A R4
DX, e BRI AT AR i P AU i T FEL RS P R, TS

38 Y A T e A i RS A AR RE

=N

¥ifr; MPa
E8 ERBEXTHLI R 1S 0a

Fig. 8 Effects of defects on mechanical stress

\
\BR
6

4 5

|
HA7: kV/mm
(a) Rtk (b) Btk

9 HREAXTERIFS AT
Fig. 9 Effects of defects on electric field distributions

RIS T HUBON 7 T BRSO R P SR BE 5 A A
fiaz R B4 R B A T HLBE A BT S T —
FEVEIE . (H AR A KL T TR AR A TR R
B, BB AR N LR G, AR 2207 T i AR TT TR
AWFSE o B R LB BEAS SR BR T B — P R Y
S, R EE— U 7 | TR A HE— LA, ) 3L []

VEHIR $R A iR 26 2% N T IOMLE 1 | v i iz 55
HURIR AR I Z 8] 1R 56 3 Fp i — R

4 HRSRE

SCHR RS T PR AU R 268 S B B AL Tk
4 R R R, [RS8 A RS AR AT o 5 AR R
JEIFITTE o 5 IEIR AR 48 2% (AR L T s 45 i
I3 BAUBRS ) —ili B B IL R A I a8 A5 T80, 45
Rl IA RS B2 Y e VAT S NN R TR E )
SN, T R N 7 AALBROSE A7 /R T HAR A A A
SHRERAYTTIALR  NRES A BB 1AL ) £
AR R A R PLIE . BT 30 Ay ZRid , R K
AR A 2% r WA A R TS BEA TN T JR R

DI AR R SR SEPras AT FRR 32 52 2 N
1, i AU X T B AR A LB )R R AL
FromitAT TORGE . BTUIR T B R TR S A
IO 3 75 1) S5 DR 28 X B SR i Rl B S A R AT
Wi i 75 HEAT ZRGE Az B o0 AT, LA 4T S R B S 4
Gk R RE o

2) HAT A A AT R A T2 T
BB SRR , SR T HEL AR ASE dtt o LA L% 2 (1]
B SERH2EME SRS Hit,
0 YD ERFR A AR S R v s T R AT £ S
IR T5 3% A DA 487 A 5 | e 5 A AL 1t
ARBITETFB

3)TEBC IR i 2 S I, 5 2SR A
T3 FIBLBRNE 77 B FE I , it E— LA 7 B e JEE A6
—HUBRNE 3 3 [F) 1 T 204005 0 BB 25 4 5
FERL A A IR A RO AR 1 AN . A,
PR T AR AR, PR N [T A4 T 2R iy 5
(R B Z B WL, N M B — 2 IS
HOIn A, 5RO B AR G A T Bext R 1 A
AT AT AR

Sk :

[1] WANG M Y,DU B X,HAN X T, et al. Effects of magnetic
field on partial discharge in epoxy resin for superconduct-
ing coil insulation[]]. IEEE Transactions on Dielectrics
and Electrical Insulation,2021,31(8):1-3.

2] Bk P XU, EREh. AR AR K M. e st

e Tolk i ikt , 2011,
CHEN Ping, LIU Shengping, WANG Dezhong. Epoxy resin
and its application|M]. Beijing: Chemical Industry Press,
2011.

(3] FEAUER, RS, BOUR AR AR R T AR T B BR A B



+ 30 - 20244E4

Eudz

o0t 4

RETURN PR IR N A5 PERER R M )]. L TRl
2022,37(9):2377-2387.

YAN Jiyuan, LIANG Guishu, DUAN Qijun, et al. Effect of
plasma surface step gradient Silicon deposition on flashover
properties of epoxy resin[J]. Transactions of China Electro-
technical Society,2022,37(9):2377-2387.

XUBRR, SR , 2 A, A A BRIR B 20 U AR RO}
AR IR PEREXS LEOTSE[)]. M T H AR 4R, 2022, 37
(9):2366-2376.

LIU Hechen, GUO Zhanpeng, LI Yan, et al. Comparative
study on the performance of itaconic acid based epoxy resin
and bisphenol A epoxy resin[J]. Transactions of China
Electrotechnical Society,2022,37(9):2366-2376.

SR Dk T S R PR T PR i RS AR IR
PERFSE[D]. KA KHER, 2016.

ZHANG Miaomiao. Electrical tree characteristics of epoxy
resin under pulse voltage and low temperature[D]. Tianjin:
Tianjin University,2016.

DU B X, TIAN M, SU J G, et al. DC-impulse voltage depen-
dent electrical tree growth characteristics of epoxy resin in
LN2[J]. IEEE Transactions on Appiled Superconductivity,
2019,29(2): 1-5.

W ), s, sk, A R R 2 BR SR R A
FERGE ORI E BEXS LU R ST (D], PR S 3l 3 4% L 2022(2):
146-152.

ZENG Xiangjun, WANG Tingting, ZHANG Fuzeng, et al.
Comparison of properties of new alicyclic epoxy resin and
Silicone rubber|J]. Insulators and Surge Arresters,2022(2):
146-152.

BRPRRR, 2 5,030 W, AR GURBAOR AR BRI 2
BEMIIT T Bl 1Al T, Pk FR 77, 2023(2): 142-149.

BI Maoqgiang, PENG Hao, WEN Ya, et al. Molecular
dynamics simulation of the thermodynamic properties of
nano - doped epoxy resins[J]. Insulators and Surge
Arresters,2023(2): 142-149.

IR, £ e, EoRE, 5. R ARG 2 4 ]
TS o AR A2 2 1 B A A (0], v i R BOAR
2014,40(12):3888-3894.

CUI Boyuan, WANG Ninghua, WANG Chengyu, et al.
Quality control for basin insulator used in gas insulated
metal enclosed switchgear of ultra high voltage[J]. High
Voltage Engineering,2014,40(12):3888-3894.

[10] fiTE-Afg, PROCHR , T8 2, 45, AL e 41 KR

[1

BFIEL]. T3 J7,2015,34(2) :24-29.
HE Ximei, CHEN Wengiang, WANG Zhihui, et al.
Analysis on the malfunction of basin - type insulator{]].

Qinghai Electric Power,2015,34(2):24-29.

1 B o, AEPRUR, g, SR 1100 kV SR Y 20T 615

AR LG T h i AR 25 R )]. m R EREA
2016,42(2): 564-570.

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

CHEN Yun, CUI Boyuan, WANG Ninghua, et al.
Structural design of central insert in basin - type insulator
used for 1 100 kV GIS[J]. High Voltage Engineering, 2016,
42(2):564-570.

LIANG Hucheng, DU Boxue, LI Jin, et al. Mechanical
stress distribution and risk assessment of 110 kV GIS
insulator considering ALO; settlement[J]. High Voltage,
2019,4(1):65-71.

T, LT s R F ST F R EPDM B R AS AR AL
HEIER EEFAED]. K KHER,2019.

SU Jingang. Growth mechanism and suppression methods
of electrical tree in EPDM for HVDC cable accessory[D].
Tianjin: Tianjin University,2019.

LIU Ying , CAO Xiaolong. Electrical tree initiation in
XLPE cable insulation by application of DC and impulse
voltage[J]. IEEE Transactions on Dielectrics and Electrical
Insulation, 2013,20(5): 1691-1698.

ZHANG Yunxiao, ZHANG Ling, ZHOU Yuanxiang, et al.
Temperature dependence of DC electrical tree initiation in
Silicone rubber considering defect type and polarity[]].
IEEE Transactions on Dielectrics and Electrical Insulation,
2017,24(5):2694-2702.

ZHU L W, DU B X, SU J G, et al. Electrical treeing
initiation and breakdown phenomenon in polypropylene
under DC combined [EEE

and pulse voltages|J].

Transactions on Dielectrics and Electrical Insulation, 2019,
26(1):202-210.

PEF 82 TR, K 2, 45 9K MgO/FNE M IR R & 41
BHIRBE BRSO AR RS BIF ST e TR
27 41%,2022,37(21): 5562-5569.

CHENG Zixia, XING Weiwei, ZHANG Yunxiao, et al.
Study on trap properties of nano - MgO/epoxy resin
composites and its influence on electrical tree properties|]].
Transactions of China Electrotechnical Society, 2022, 37
(21):5562-5569.

FAfS 5k a2, FLIRRINE , 45 SR IR 4 2% ri A A 25 1k
WS ERE)]. WL TR, 2022,37(5): 1128-1135.

DU Boxue,ZHANG Ying, KONG Xiaoxiao, et al. Research
progress on electrical tree in epoxy resin insulation|]].
Transactions of China Electrotechnical Society, 2022, 37
(5):1128-1135.

RUAN Kunpeng, ZHONG Xiao, SHI Xuetao, et al. Liquid
crystal  epoxy with  high
conductivities and their composites: A mini - review[J].
Materials Today Physics,2021(20): 100456.

P R R PR E BE R AU i 55 AL T[], FR T AR
it . 1993(4):49-55.

SUN Manling. Contraction and internal stress of thermoset-

resins intrinsic  thermal

ting resin matrixes[J]. Thermosetting Resin, 1993(4):49-55.
EWR LB o, R A TR AR L AT S S PERE



XS 50 T S AP RHIFSE B sk 22, REK

K, ELAME, 25 PN

I EMIE A R S AT e « 31

AL, B THAR A4, 2021, 36(21):311-320.
WANG Haoran, CHEN Yun, WU Zehua, et al.

characteristics test of insulation pull rod for circuit breaker

Dynamic

[J]. Transactions of China Electrotechnical Society, 2021,
36(z1):311-320.
[22] FEEAE. Witk as e e hiFF Y Sh 2S5
2002(2):25-28.
QIAO Guihua. Dynamic stress calculation of circuit break-
er insulation rod[J]. Huatong Technology , 2002(2) : 25-28.
23] Bi= &, B IEE L AF 1100 KV SR8 2% 4 b
P i P e et P = ST 2 1 PR RE DL AR [). P44 5858
FEFEAR, 2020, 54(7): 168-179.
JIA Yunfei, GAO Lu, JI Shengchang, et al.

performance optimization for tri-post insulator on 1 100 kV

[REESSTE v NI

Electrical

gas-insulated metal-enclosed transmission line[J]. Journal
of Xi’an Jiaotong University, 2020, 54(7): 168-179.
[24] X3, 2=, XA, A4F. —il GIS ek 1R J1IF
RG] FRALAR 2020, 56(2):240-245.
LIU Tong, LI Hongtao, LIU Jianjun, et al. Insulation
breakdown fault caused by stress crack of GIS basin - type
insulator{J]. High Voltage Apparatus,2020,56(2):240-245.
PARK C H, KANEKO T, HARA M, et al. Effects of
mechanicl stresses on the dielectric breakdown strengths of
PET and FRP[J]. IEEE Transactions
Insulation, 1982, EI-17(3):234-240.
[26] DU B X, ZHANG Y, KONG X X, et al. Morphological
feature analysis of electrical tree growth in epoxy resin

[EEE

[25]

on Electrical

under tensile and  compressive = stress|J].

Transactions on Dielectrics and Electrical Insulation, 2022,
29(1):343-346.

[27] DU B X,SU J G, HAN T. Effects of mechanical stretching
on electrical treeing characteristics in EPDM[J]. IEEE
Transactions on Dielectrics and Electrical Insulation, 2018,
25(1):84-93.

[28] XA JE. L ANHLBRNL 1% GF/EP S5 BRI BB JEE Y

FEMR[D]. M /REE MR T K22, 2017.
LIU Shumei. Effects of temperature and mechanical
stresses on the dielectric breakdown strength of GF/EP
composites[D]. Harbin: Harbin University of Science and
Technology,2017.

[29] 3k 2. IREEBREE SHUMN T T PR AR AR E K AL
HHFFE(D]. Kt RHER A, 2022,
ZHANG Ying. Effects
mechanical stress on electrical tree growth in epoxy resin
[D]. Tianjin:Tianjin University,2022.

[30] NAKAMURA S, KUMADA A. Effects of temperature on

electrical treeing and partial discharges in epoxy/silica

of temperature gradient and

nano composites[]]. IEEE Transactions Dielectrics and
Electrical Insulation,2020,27(4):1169-1177.

[31] LI Fan, DU Boxue, CHEN Yun, et al. Effects of mechanical

[33]

[34]

[35]

[36]

[37]

(391

[40]

[41]

stress on electrical tree growth in epoxy resin at high
temperature[C]//2022 IEEE 4th International Conference
on Dielectrics (ICD). Italy : IEEE,2022:609-612.

CHEN Xiangrong, XU Yang, CAO Xiaolong, et al. Electri-
cal treeing behavior at high temperature in XLPE cable in-
sulation samples[J]. IEEE Transactions on Dielectrics and
Electrical Insulation,2015,22(5):2841-2851.

VARLOW B R, AL-GHAMDI S A. Treeing in heat-treated ,
mechanically pre - stressed electrical insulation]C]//2001
Annual Report Conference on Electrical Insulation and
Dielectric Phenomena (Cat. No. 01CH37225). Canada:
IEEE,2001:232-235.

B . UURE LB 7 %) B SEUIR AR 2 2 131 ThT DN 4
PERYEZIR[D]. AL AedbH 1k, 2020.

LU Shijie. Effects of temperature and mechanical stress on
surface flashover characteristics of epoxy insulating parts
[D]. Beijing: North China Electric Power University , 2020.
DU B X, TIAN M, SU J G, et al. Temperature gradient de-
pendence on electrical tree in epoxy resin with harmonic su-
perimposed DC voltage[J]. IEEE Transactions on Dielec-
trics and Electrical Insulation,2020,27(1):270-278.

DU Boxue, MA Tingting, SU Jingang, et al. Effects of
temperature gradient on electrical tree growth and partial
discharge in Silicone rubber under AC voltage[]]. TEEE
Access, 2020, (8):54009-54018.

CHEN X, WANG X, WU K, et al. Effect of voltage reversal
on space charge and transient field in LDPE films under
temperature gradient|J]. IEEE Transactions on Dielectrics
and Electrical Insulation, 2012, 19(1): 140-149.

iR BRET IR, S RS s AT 8 )
S PR S EUE BT ], Hh E L T AR
#,2022,42(8):3037-3054.

ZHANG Ling, CHEN Jianning, ZHOU Yuanxiang, et al.
Progress on theoretical models and numerical simulation of
space charge kinetics in polymeric insulation[J]. Proceed-
ings of the CSEE,2022,42(8):3037-3054.

GUO P X, LI J, ZHANG C, et al. Effects of mechanical
stress on cohesive energy energy and energy level distribu-
tion of bisphenol-A epoxy resin[C]//2021 International Con-
ference on Advanced Electrical Equipment and Reliable
Operation. China:IEEE,2021:1-4.

BRELr, BRI A A, 5 RN P AR KL
R %ﬂii&,zom,@(n) :298-305.

CHI Xiaohong, GAO Junguo,ZHENG Jie, et al. The mech-
anism of electrical treeing propagation in polypropylene|]].
Acta Physica Sinica,2014,63(17):298-305.

XIE Z1,PANG X, XU T L, et al. Space charge dynamics of
epoxy/micro - Al,O; composites under multi - physical fields
[J]. Journal of Physics D: Applied Physics, 2023, 56(34):
4005.



<32 - 2024 4E 4 J

Eudz

o0t 4

[42]

[43]

[44]

[45]

A I BRBINGE I i ey A =07 B0 R S LA WA AL
TR F M DFT T [D]. KA AR R
%,2012.

LI Xue. The DFT study on structure and nonlinear optical
properties of compounds involving carborane with thiophen
and triarylboranes[D]. Changchun: North China Electric
Power University,2012.

E AL EATT,U LA BHERE T LDPE/SIO, Bt
FAAH S ] R AT AFPERIEFE ()], v FE FUL TR, 2016,
36(4):1163-1170.

WANG Can, WANG Youyuan, FAN Peng, et al. Study on
space charge behavior in LDPE/SiO, nanocomposites under
tensile condition[J]. Proceedings of the CSEE,2016,36(4):
1163-1170.

RS 0 B 25 RE, A PR T REAR R3S SR
LIRS B S 1023 (] LT R L) . 48 20b1 8, 2014,
47(5):106-109.

YANG Yiwei, LIU Song, PENG Jiakang, et al. Space
charge characteristics of cross - linked polyethylene and
Silicone rubber interface under different tensile rate[J].
Insulating Materials,2014,47(5): 106-1009.

DU Boxue, ZHANG Wenjin, LIANG Hucheng. Combined
effects of electrical and mechanical stresses on insulation
breakdown - part I: Tree growth of epoxy resin[J]. IEEE
Transactions on Dielectrics and Electrical Insulation, 2023,

30(5):2362-2369.

[46] ALAAA, FRENL AR L, S5 HUARAL I T i AL iEAR

HECHR B AR, o B UL T AR5, 2016, 36(24):
6627-6634.
DU Boxue, SU Jingang, XU Hang, et al. Treeing growth
characteristics in HTV Silicone rubber considering mechan-
ical stress[J]. Proceedings of the CSEE,2016,36(24):6627-
6634.

[47] LIU Hechen,ZHANG Mingjia, LIU Yunpeng, et al. Growth
and partial discharge characteristics of DC electrical trees
in cross - linked polyethylene[J]. IEEE Transactions on
Dielectrics and Electrical Insulation, 2019, 26(6): 1965 -
1972.

[48] AL-GHAMDI S A, VARLOW B R. Treeing in mechanically
prestressed electrical insulation[J]. IEEE Transactions on

Dielectrics and Electrical Insulation, 2004, 11(1): 130-135.

R AE(1996—), J, Ak, BHIF , BE R 6 A FREM g 28
GRS A0 AR AL

REK1981—), 4, 3+, 813, IR T @A B ELE
& A2 %K B B R (B 45 4F ) (E-mail : 13933278667@163.
com),

FUBEEBE(1993—), B, W+, A AL R, B R 5 1 A IR A
AR B H R T XEE S CISEEAFELIRIT,

A F1961—), B WL g W E R T @A RS
Wy G AR T S M A S AR b 5K B IR AR T RN
AR SWGHAMAT B ALG AL LN &8 ERHHREF





