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Comparative study on surface modification of two types of epoxy resins:
charge accumulation suppression and flashover performance improvement
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Abstract: In order to suppress surface charge accumulation on the insulation in HVDC wall bushings and improve their
flashover performance, the epoxy resins used for the supporting insulator and the tube body were surface fluorinated under
the same conditions using a fluorine/nitrogen mixture. The results show that fluorine atoms are introduced into the surface
layers of two types of epoxy resins by the substitution for hydrogen atoms and the addition to carbon-carbon double bonds,
forming C-F bonds. The fluorination is accompanied by chain breaking, which mainly occurs at the crosslinking sites. Due
to the difference in epoxy value, two types of epoxy resins show different crosslinking densities. SEM imaging shows that
they have different thicknesses of the fluorinated layer and surface morphologies. Surface potential decay and surface
conductivity measurements reveal that the fluorination increases surface conductivity of two types of epoxy resins and
inhibits their surface charge accumulation to different degrees. Flashover tests show that their DC flashover voltages are
significantly increased by the fluorination to almost the same degree.
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Fig.1 Schematic illustration of the setup for corona charging

and surface potential measurement
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Fig.2 The finger electrode/sheet sample configuration used

for DC flashover tests
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Fig.3 ATR-IR spectra of two epoxy samples before and after

fluorination
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Fig.4 SEM cross-section and surface images of two

fluorinated epoxy samples
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Table 1 ~ Surface conductivity of two epoxy samples before

and after fluorination measured at room temperature in

high purity nitrogen
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Fig.5 Surface potential decay of two epoxy samples before
and after the fluorination measured at room temperature in

high purity nitrogen
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Fig.6 Weibull plots of DC flashover voltages of the virgin

and surface fluorinated epoxy samples
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Table 2  Statistical results of DC flashover voltages of the

virgin and surface fluorinated epoxy samples

UV AL I 449 IR 2
WA B v JEARA T B ——
HM 20 39.99 54.13 39.62
FHM 20 43.42 52.93 42.99
XR 20 40.01 58.64 39.67
FXR 20 43.45 49.48 43.01

BRI TR 7, 3 BH A 2 o8 10 s ko /s
T EL Ak 30 B S 5 A TR 4% P s D 35 1501 o
AT R AL INS RN SCE £ BT
AR BE AR M BB AR b, B SR T H S R A K
R THI HEL 5 6 1 RO B DN 4% FE R IR AR T R
J7 TH RS20 — J7 T, 3% 1 S F O T
i) FL AR 5 FEL 5 | AR P R 2R T L A AR R R A R T
BN R 3T s 55— 5T, TR R T 1)
I N o -1 T T R [ B (= A S N R
5, M T A K 2 1 K R S i B Y L
N ASFI T TR 28 F R R 3 7t DRt 3 Ak 51 /S 1) 2R
LA 25 T AL TN 265 P e YD O 2 3K 7 THD S 1) A L
TR . FAMTEEUL IR, bRl = ARE A
B P 2R THT R AT 5 ik DU VTN (1) A 8 A RLAE “AI%
H3% N IR LR R TR AR TE R LS R I I % N B
R T RS BHE = I NI ERE”, I A 4
SAE B T I SR T H T BE AT TR SR I R 2R AR
PERS, A FXR A FE FHM 7R F3% F B3R T F
PERE ZZ S e A0 B N 45 fe LA I



W N AESE « PR ER SR I R T eSO I L ERRTT 5%« B A AR SR i) L5 8] 45 1 i 5

141

XArgeE ROV ENT SR £ s T AA ML
PR RE .

3 &g

CLD A ) B Fo A Ak B 7 79 o 24 S8 fliE LT B T
J3JEE S ZE AR AL = BB B R A A A B T
A SRE 5 FAAL 2 R DO B SR A 5
HEMNERAEEEN =02 —. #AZ KR
23N SR IR T 40 I JEURL A PR SAUME, 38 5 D) R BT
Hor 745K

OPR=K: 3 R ATE $: 18 PNNELELEIE UL RS
T HL T R, DR A R ] T B AT SR T AT AR R
LA R A (E B e IR A MR T P S B
R HEL S R B0 1 1 BE K, xR T FR A AR SR 3 1) 2K
RN &

(30 |1 T 0f T HL Ay AR R A 0, B AL
EWPEm T A E M IR E RN . N
RAELER ST, WACZAE = T IR E AT g
HA SR AR MR

S22 #k References

(11 &5 — 3 VY R S B SF R A G FREEE 42
SRR FOHE R[], 8544 81,2019,52(5):6-16.

LI Naiyi, PENG Zongren, XU Zuoming. Research progress in
insulation structure design of UHVDC SF gas-insulated wall
bushing[J]. Insulating Materials,2019,52(5):6-16.

[2] CHEN M, LIU X, LIANG C, et al. Study on surface charge accu-
mulation characteristics of resin impregnated paper wall bushing
core under positive DC voltage[J]. Energies,2019,12(23):4420.

[3]1 YANG X, YANG Z, ZHANG Y, et al. Simulation analysis of
electrical-thermal-fluid coupling property for supporting insula-
tion in SF filled HVDC apparatus[J]. IEEE Transactions on
Dielectrics and Electrical Insulation,2022,29(1):69-76.

[4] WR4kB] RS04, L EIE, % JEER I SR E X B GIL 484 T

215 1]/ THI HRL A7 A THT HEL 320 990 9 28 0T 9 (0], 46 6 R, 2024,57
(3):89-95.
CHEN Jiming, WU Jitao, BI Guanzheng, et al. Study on regula-
tion of space/surface charge and surface electric field of DC GIL
insulator by nonlinear conductive coating[J]. Insulating Materials,
2024,57(3):89-95.

[S] VOLPOV E. Electric field modeling and field formation mecha-
nism in HVDC SF, gas insulated systems[J]. IEEE Transactions
on Dielectrics and Electrical Insulation,2003,10(2):204-215.

[6] DU Q, ZHANG Q, WU Z, et al. Surface charge distribution on
DC basin-type insulator[J]. IEEE Transactions on Dielectrics and
Electrical Insulation,2019,26(1):17-25.

(71 507, FAT . B N AN S T AR S AR AR T
Tf AR A S MR (). 48256 %1,2021,54(3):54-59.

[8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

LIN Zhanfang, WANG Ke. Efect of volume conductivity of basin
type insulator on its surface charge accumulation under DC elec-
tric filed[J]. Insulating Materials,2021,54(3):54-59.
T e BOHUE AR5 . ZnO TS KRR X EP & AR R I H
Ao A i S T DA 24 A RE RS2 WA, 4 2544 #,2024,57(3):50-57.
YIN Guohua, DUAN Qijun, SHAO Shuai, et al. Effects of ZnO
morphology and particle size on surface charge transport and sur-
face flashover performance of EP composites[J]. Insulating Mate-
rials, 2024,57(3):50-57.
A5 AT XS 1100 kV ER SFSUA L 2 G i B Hilg
15 A HTI]. = L R 4R ,2020,46(1):205-214.
LI Naiyi, PENG Zongren, LIU Peng. Electric field simulation and
analysis of 1100 kV DC SF gas-insulated wall bushing[J]. High
Voltage Engineering,2020,46(1):205-214.
ZHANG S, PENG Z, LIU P, et al. Design and dielectric charac-
teristics of the 1100 kV UHVDC wall bushing in China[J]. IEEE
Transactions on Dielectrics and Electrical Insulation,2015,22(1):
409-419.
YANG X, ZHANG Y, YANG Z, et al. Modelling on thermal-fluid
field in SF insulated high voltage direct current bushing with its
influence on electric field distribution and metal particle motion
[J]. High Voltage,2023,8(2):380-389.
6, R AR SR, AR IR F 800KV AR 4a 2% HL I 2F BB 1
I [T]. B AHEAR,2017,18(12):42-45,52.
LIU Pengfei, NAN Zhenle, LI Zhenjun. Development of
+800kV gas-insulated DC wall bushing[J]. Electrical Engineer-
ing,2017,18(12):42-45,52.
KUAZ AR PR, 75 3,55 800 KV A4 i i B IAL 27 4 B B i o
M R Bt B[] 5 R TR, 2019,45(9):2928-2935.
LIU Shan, SONG Shengli, LU Licheng, et al. Failure analysis
and design improvement of a type of +800 kV UHVDC wall
bushings[J]. High Voltage Engineering,2019,45(9):2928-2935.
PRSI IR 0H, 5 . ELU R R M R b R U
of 2 THT FL AT T HOS AR (52 [0, 48 206481, 2015,48(8):28-32.
HOU Guoliang, WU Mingqing, JING Juan, et al. Effect of elec-
trical properties of epoxy insulating materials on surface charge
dissipation process under DC high-voltage[J]. Insulating Materi-
als,2015,48(8):28-32.
SHAO T, KONG F, LIN H, et al. Correlation between surface
charge and DC surface flashover of plasma treated epoxy resin
[J]. IEEE Transactions on Dielectrics and Electrical Insulation,
2018,25(4):1267-1274.
IR0, S A A T A R T A AL B SRR T A FL THT A 2%
FEERE U] 2244 8,2021,54(12):52-57.
YAN Haiou, WU Xing. Surface fluorination of epoxy resin by
plasma and its surface flashover characteristics[J]. Insulating
Materials,2021,54(12):52-57.
MRS ML, T DG, A L A5 T AR S U DR S i B R T R
Tt FEIR[T]. 1B TR 22 412,2017,32(16):256-264.
LIN Haofan, WANG Ruixue, XIE Qing, et al. Rapid surface
modification by plasma jet to promote surface charge decaying
[J]. Transactions of China Electrotechnical Society,2017,32(16):



142

AR

2025,58(7)

[18]

[19]

[20]

(21]

[22]

(23]

256-264.

TR, AR 4 AR R TR AL 9 SICAR AR A R
J2 ok B4 SRR i DA 5% 2R A FD R (D). 7 H S R, 2020,46(7):
2444-2452.

LU Fangcheng, LIU Chunbo, ZHAN Zhenyu, et al. Effect of
plasma fluorinated nano-SiC/epoxy composite coating on the
flashover characteristics of epoxy resin[J]. High Voltage Engi-
neering,2020,46(7):2444-2452.

LIU Y, AN Z, CANG J, et al. Significant suppression of surface
charge accumulation on epoxy resin by direct fluorination[J].
IEEE Transactions on Dielectrics and Electrical Insulation,2012,
19(4):1143-1150.

ZHANG B, ZHANG G, WANG Q, et al. Suppression of surface
charge accumulation on Al,O,-filled epoxy resin insulator under
DC voltage by direct fluorination[J]. AIP Advances,2015,5(12):
127207.

QUE L, AN Z, MA Y, et al. Improved DC flashover perfor-
mance of epoxy insulators in SF, gas by direct fluorination[J].
IEEE Transactions on Dielectrics and Electrical Insulation,2017,
24(2):1153-1161.

LI C, HU J, LIN C, et al. Surface charge migration and DC sur-
face flashover of surface-modified epoxy-based insulators[J].
Journal of Physics D: Applied Physics,2017,50(6):065301.

QUE L, AN Z, MAY, et al. High resistance of surface fluorinat-
ed epoxy insulators to surface discharge in SF, gas[J]. IEEE

Transactions on Dielectrics and Electrical Insulation,2018,25(1):

245-252.

[24] DU B, RAN Z, L11J, et al. Fluorinated epoxy insulator with inter-
facial conductivity graded material for HVDC gaseous insulated
pipeline[J]. IEEE Transactions on Dielectrics and Electrical
Insulation,2020,27(4):1305-1312.

[25] AN Z, SUN J, YANGYY, et al. DC flashover performance of GIS
spacers fluorinated at different temperature[J]. IEEE Transac-
tions on Dielectrics and Electrical Insulation,2022,29(3): 1200-
1207.

[26] KHARITONOV A P. Direct fluorination of polymers - from fun-
damental research to industrial applications[J]. Progress in Or-
ganic Coatings,2008,61(2-4):192-204.

[27] NIU B, MA F, XIANG Z, et al. Effect of epoxy material itself
on characteristics and properties of its fluorinated surface layer
[C)//The 22nd International Symposium on High Voltage Engi-
neering. Xi'an, China: IEEE,2021:1035-1039.

r#s HER:2024-09-29 ; 1& B HHA : 2024-11-03.
fEE BN

B4k (1990-), 5 (%), ThiFGA, TR, HL+, £
BIKNF TR B R BLORSEM B GEAT T SRR A Y
R

AT # Rk (1963-), B (R3k), i Atk A, #IL,
T BNF R G A SRR 8 R UM A AR R A R R



