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Study on surface flashover performance of epoxy resin improved by
plasma gradient fluorination under non-uniform electric fields
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Abstract: Under high voltage DC electric field, the particles and defects on the surface of epoxy resin will distort the local
electric field and form a non-uniform electric field, and that will induce surface flashover. Most of the existing epoxy resin
surface modification schemes focus on the uninformity of treatment, which has limited improvement on the voltage
resistance under non-uniform electric field. In this paper, a simulation study was carried out on non-uniform electric field,
and the gradient modification scheme was designed according to the characteristics of the electric field. The plasma
fluorination modification technology was combined with the concept of gradient insulation, and the plasma step gradient
fluorination modification of epoxy resin was realized on the basis of traditional fluorination modification. The results show
that the surface morphology, chemical composition, and electrical properties of epoxy resin exhibit a step gradient
distribution after plasma step gradient fluorination. Moreover, plasma step gradient fluorination can not only reduce the
maximum surface field strength of epoxy resin, but also regulate the dynamic behavior of interface charge, and greatly
improve the surface flashover performance of epoxy resin, the improvement effect is better than that of plasma uniform
fluorination.
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Fig.1 Geometric model of epoxy resin under

non-uniform electric field
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Fig.2 Schematic diagram of plasma dielectric barrier

discharge modified platform
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Fig.3 Surface division diagram of plasma step gradient

fluorination sample
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Fig.4 Epoxy resin surface flashover test platform
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Fig.5 Shematic diagram of epoxy resin interface charge

dispersion test platform
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Fig.6  Electric field distribution of epoxy resin with

different surface conductivity
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Fig.7 Electric field distribution when surface conductivity is

a step gradient distribution
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Fig.8 Comparison of maximum field intensity under different

surface conductivity distribution
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Fig.9 SEM images of epoxy resin surface before and after

plasma fluorination
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step gradient fluorination
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Fig.13  Surface conductivity of epoxy resin before and after

plasma fluorination

242 BENLEE

B R R R T A 4% e R &5 SR an 1) 14 i
o MEIT4TTLLE Y, 255 & R R AL B S, FF
)V THT D) 245 FEL T 357 v T AR Ak B R B SR I i T
IR 4% B (9.45 kV) o

2 v 3 9 XAk B I [A) A [E] I, B 5 A3 5 X A
LIS 1A FR 24 00, S84 J5 2R S8R T 10 34 T TR 2% Pl B S
T a FEAR , FLAR 37 5 X A 38 B (8] R 20T 3 min, #F
v BV THI TR 2% P B vy, 7 AL BRI 18] 2 3 min B, 3%
THI A 6% F 08 B B fy o 24 KK 37 5 X Ak 2 (1] A [F)
I, B 37 % [X Ak BB (8] R 386 00, B R 16 94 T A
2 TF e, FLAE w47 58 X Ak PR IR 8] A 5 min B9 T A
2% LR R B B ey

2R UL B M Al A e g o X Ak 3R] R T



@EFR 2023,56(10)

W PR AR B AL T AR Y 5O R8T R S B I DN A BE R T O 81

139 ftg i 2 85 7 AR AUHLIN 1]
[ Jimin 2min  [E3min

124 [EZ4min 15min

WYTH [N 48 HL kv

1‘ ,
1o R X 4
B4 FAREMEFAENKEE

Fig.14 Flashover voltage of all epoxy resins

5 min. K37 98 X A 3 ) [A] R 2T 3 min 1955 5 -4
B R 20 Aof FE S AL Fr s LR T N 4% F T 42 T A5 BR
%, RIAE BT A FE R A, F5-3-5FF B 109 1 TN 4% H s
i, IS B T 12.01 KV, 5 AR FRFE A 1 R 25 LU A
3R T 27.1%.
243 K@ AR AL A M KL

A CIE A I R T FR A 8% (isothermal sur-
face potential decay, ISPD) Il & H fif [ 35 B 1] (1) A%
AR TR RL A 5 1Y) P A A 38 R 1 A R B A AT . B
B RE 2 E, 5 B BF E 4% 1 Q, I &8 a2 (9) ~
(10) 7R,

39

E, = kyTln (vt) ©))
_ &t do (1)
0, =127 o (10

(D~ 1O H 2 kg NI IR 2525 T RN
299 K v Ay ML Sl ik i A 2, HoAE S 4.17x10"
s'se NG R B s L ONFE T R E s e, N LS A HUH B
e NFE A TRIAF G A FLH 2

T PR AT 6 D 2 2 RUHE B R B o AT, TR
AARAD.

0.(1) = Ae7 + Be” an

KADF o NRMEHEAL ;4B mn ¥ HUE

AR SO T SRS T AR S BALRE BTE 0~30
min [ U5 — b R THT A ZE 98 10, DL AR 9% ISPD 2
W AF B8 B B AT oL, 4 il 1S AT 16
Fis o

ML 15 7] DL R FH 45 B AR s A m] DU R
IS A 2R T UL 19 22 09, 368 ek 0 %6 5 UL I T I
K. MK 16 7T LLE H , F1~F5 B[ B RE 9% FE
U B 0T BB BE B RE TR BE 4 il 1105 25,
1.086 24.1.079 94.1.071 62.1.058 01.1.055 10 eV.
W58 555 R B ) PR 85 T 8 5 T A A JE R TR B B
RE SR P I IR0/ ) 5 0 BH 55 B AR SR AL BT DL — e
FEHAIR M IR T B Re ZR B . RIE, S 55 1

—_
(=
7
o
ue
(3
[
[
°
°

3Y

(=]
N
Aq
A4
4¢
<
A e
A +
o
»
>
>
>
>
>
>
>
>
>
>
>
:

<

w b <

| ;_115L i e
A F2

* F4
4 «F5

0

VA — {3 T HLAL/p.u.
o =3

o
=N

600 1200 1800
AR AL E BRI 7]/

15 FETEENAERENIERRE B TR
Fig.15 Surface potential decay curves of epoxy resin before

and after plasma fluorination

Rk B 20 35 FE /(< 103 eV m?)
S

09 10 11 12
Fes Bk RE IR FE eV

Ell6 FBETEBALHIEAENERIEMER S L

Fig.16 Trap energy level distribution curves of epoxy resin

0.8

before and after plasma fluorination

A 9 R A 32 9P T A A S A R ) R T L A7 5 Ok
AR S I H B BRI SR 3 A

R b B AN S 8 A B R R B B AL RE A KR
T A A S LA 17 s . BT 17(a) B x-p
T AT DA H S R AR B 30 S IR A Fr e BB
e 78 LS 3348 DX B 1 Ak R AN R 23
e 5 i DX 3P i 2 AR A DX 41 4 DX 3 o 0
AR e W X, TP AL DX ) PO A B D B - R R
BEORAL . AN 17(0) ) x-z ~F 1 & AT UK B, IR [X
Y 2 T FL A B TSR T B 2 i AR, OF HL
R HLAL AR HH BLAE SRR PR B AR ) AR AL S T
B 7960 Vo [F] R R U XA 2 IR A B TR
Y- 459 2 i LA AR 5 3R T LA, B v L R L BLAE
BRI BN AL, 418 525 Vo bR, FoAth 4 X 38
F) 2 T FE 7 B B AR, LA X — B/ T 200 V5
IR Ak ZHL PR A SRR I A 2 T E B - AR R 7 F
B T AR S A BR AL 23 S A A
FLARE AR 2R PR

L 5% 55 88 1 VAR i BR B P TR AL S5 M S IR R
T HL AL AT 15 00 5 R BB 17(c) B -y ~F T8 P 22 THT H
37 PR BEAAR A 5 AR AL T A P S0 g AR AT ] [
FE P R BRI H B 7 3 T HRLASE (1 g e X ATIR 45
DX, B R U AT A9 XD 1T AR ZER K T R AR ERAE F s A



82 [T

s ST PR P GRAL S T A 28 20 R b IS A OB R I 18R] 296 128 BE AT T

iR 2023,56(10)

HLAZ/V HLhz/ v

4 400 400
moﬁm 2%

2500
20 200 2 200
400 E -400
-600 %-500 -600
800 -1000, -800

7Kq:ﬁﬁlEﬂEE/mm 7J<:F77ﬁlﬂEE/mm
QAR HEFEF x-p FIIE (b)) RAPEFE R x-z T 10 &
HLAL/V HLAE/V

4 4001500
2000 2 50 200
RZO ' ‘ 200
400
-1000 -600

7K$7ﬂ'jllﬂﬁﬁ/mm 7J<:F7:TrjlﬁjEE/mm
()BT R HE B S AU () BR 2 2 Ak
x-y V-1 x-z P
17 FEFHENRESERCIIETREMEN
REBMNNTE

Fig.17 Surface potential distribution of epoxy resin before

ﬁﬁﬁrﬂl*ﬂiﬁ/mm

[ | lﬂﬁﬁ/mm
IE %u/v

EEW;

and after plasma step gradient fluorination

P 17(d) ) ez 1 T v A BTG A DX ) R i v A {1 22
ANTRAEFRFE v, A =530 V, I H A% JE B I AH 0
SP-4H T e U X R T HEL A B KA BRAR S R AL BEIA AR
AR AL 5 L0 TR S0 R LU R AR B AR A 13,
WY 45 B AR o R R 0 B A S5 A S A 11 R T
iy BRI B /b, I LS 1 T 1Y) 20 AT AR LR AL R A
F SR 3

3 SR

AR ARAEER 55 B TR S A A SE B T AR
B BR R B R AL B 3 S A RV REREAT 2R A L
B SO T A R RE R AR AL LA, S5Ot
— U 5B PR A T DA 2% 1k E A SR T LB

5GBTS RT DL v A SO IR (1 2R T
LG ARl ELAE R TR SR TR R R B AR
R LT RN AR A B ) R K3 5 T
e K35 — € REJE B ok € T 0 S0 i 2R i A A T
HL R RBE R, i K07 S KR ) 51 AR i TR 452, R
L B T 2 SRR Tl 8 2 i PR 3 R AT A AR e Y T
INZ& L IR . A 6~7 7T A, 3R 00 L R 2 R
P67 A i [ B T DL R AIR 5 K3 58, P IR T2
SIRCBRIROCR o ESEIG AR B, i T A 2%+ e v )
FER NS5 T PR BR 2R 96 P R A I FR) A 28U i 5 I
SR ULH BT IR SR i R A S R, 2 AR
B K 3 5 FUE 4R T I SR 5 T TA) 48 12 e 1) S A

Z—

FLUR S 5 B T MR AL AT BUSR v A S8R I 10 i
FELAT VH BSOA E , JF ELAR T R0CR B Ak PR TR) 4 S K T
BHTAL 58 o F T LA A KB R R ™ e AR A
Sy 58 o A A8 A SN TG R T e A T8 e 3 T 5] A T TN
2%, DR LR T A SRR I S T L Vi ST 5 T A g
VR N 48 B S . ESRIR R B, S5 B TR 9L 5 min
(R A 2R I T LA 30 AR 2 dg DI, (H L T DA 4%
LR AN T 55 8 T AR AL 4 min BORE R, OF BT A
PR T T DA 8% HL s o e 1Y) A2 R 37 98 X S S A
AL 5 min K37 95 DXCRAL 3 min BIFEF, BT SE &
vy 47 56 X0 5 THDFL A 9 AR A RT DL e TR RE
(ELAIR 37y 56 (X A9 5 T P A 3 AT PR i 2 s 9 T A
28Nk RE T B 5 BIVAN [R] IX 48000] 5 i e A7 Y SR 2 ) 7
SRANIA S A (7] I 12 25 X3 1) 75 SR A BE 2 i A R
P I E AR 2 50 B 37 R B T A 2% P g

e Ja 38 T B SR i S TR A A A 0T R
ST FEL A AR AR K B AR SR v 3 9 X P AT, X 4 LA
ERE— D IRTHZ XI55, SR S IR R E 2
HL3 T B T I 26 PR e — 0 R B . TS B T
W R 2R 6 R PTS539 X BT R
Ay ¥ AR 3 R A i) 122 XI5 T R Ay AR B R R
T35 T+ 3 S8 R PO T R) 245 11k e

BE UL EARE, KOG TR ST 3 R A
I FROIF T IR) 46 28 e 5 280 2 3 AR — R IR
THARTH L ORI R K I 2 R T &
56k DX THT FEL A Y ST 5K PR AR B K R B =
e 3 I 38 20 AR AR 37 98 X F T E AT Y TG AR ORI
P AL AR 8] R R IE RS o SR 25 B T AR 8 S0 AL Ty
V25 B AR AT DL R AR 5 K37 56 A5 T S T R A AR
HR, H BT S R AR A [ DX T L 5K A
SRR % T PR 2% 11 RE PR S THAT PR o T 45 25 1 AR BR
LB FE G A B wT DL 1 ) 3 B R R B R O3 A 1 3R
T FL 3 R AT R AR B R 3 i, O] DA I e 8 Ak
AL IF ) 5 47 T R AT Y AR A, A g 08 X S T
P AP SR AT DL 15 2 3] 1 [R5 7 L L A
e T AR EAS , AR 28 2 HiL 3% R PR SR A3 1T T
2k RS B i KRR LR T T

4 5

ARSI 7 HITERT U T R AR AR AR
YOI A SRR U R E Y TSR T AR B R
Bl FE IR AL SR o T I A B AR A B SO B
SEBL T ISR R PR 59 50 S A AN R R A6 B AL,
XSO AR R REHEAT ZR A0S B B JE T T A



@EFR 2023,56(10)

W PR AR B AL T AR Y 5O R8T R S B I DN A BE R T O 83

TR B R R JEE R A BE DK R 52 T 24 SR S I 1 A
EVEREIONLEE . RELRWT

CI Y SIHRTH R IR 10 2 1 H 3 = ) A5 20 b
AR £5 50 HL 37 (1 B K37 5, (HL2 R M 3 S A 11
Al B PERE , 3 B0 TN 28 RE T B

(2D 55 8 T VR BR R P52 JR Ak vl LA 2 3 T F
5 R T R AT Y AT ) B A B AR AR A
HL 37 ) e K7 i 5 L RE 40 1 1 2 0 X R HLART AR
SETHAT I N 28 1R R RORIL T ¥ S AL

(BRI AR 2 Hi37 N PR AR i 18T A 45 P g
AL 3 A A R I I R R R
1] 73 A R FEAR e K358, — A& Jl L iR v 37 56 X 14
G T FELA VH IR ORI = 45 A VAR BT, =2
2 1 1K 3 56 [XC A9 7 T R A 3 AT 3 R PR A B o 1k
7 L JEIE AR AR

B CHR:

(1] &) 48 P, B 2 I e ik 2 T UL i v e R AE v [ ) R e b5
FH[I]. o B L AR 54317,2016,36(7):1760-1771.
[2] e S O X ek A5 P DR 20 5 T ORI T S [T].
L L AR 2 4%,2020,35(1):3-20.
[3] V@R, 2R, 25 4 0, 4 800k V 415 £ B GIL SR AR 7T
[J]. A [ E AL AR 2 41,2008,28(13):1-7.
[4]  TRRMR AV, SN A5 ST R S AR SR IR A R
Wt B [)]. 482544 84,2022,55(3):10-22.
[S] HIE 5, 5K0E PR S B A AN 38 53 Hi g vh CFL1-CO, TR & UK TR
M RS IR FT[T). 4820 M R 2019,52(5):40-44.
[6] K Jeh %%, 2% SOk, XI55 A FE DD RERE TR RHE v A 40 2 U 1Y
I FE 3t R [J]. o B FEPL TR 2431k, 2017,37(14):4232-4245.
[7] 2Rk, iR W o, A8 . i AR A 2 i v FH TR L AR
W5t (D], 5 FUE B, 2020,46(7):2471-2477.
[8] LICY,LIN CJ, HU J, et al. Novel HVDC spacers by adaptively
controlling surface charges - Part I: Charge transport and control
strategy[J]. IEEE Transactions on Dielectrics and Electrical Insu-
lation,2018,25(4):1238-1247.
[91 DU B X, WANG Z H, LI J, et al. Surface FGM insulator based on
BaTiO, magnetron sputtering for electric field grading of AC gas
insulated power apparatus[J]. IEEE Access,2019,7:62681-62688.
[10] LI J, LIANG H C, Du B X, et al. Surface functional graded
spacer for compact HVDC gaseous insulated system[J]. IEEE
Transactions on Dielectrics and Electrical Insulation,2019,26(2):
664-667.

[11] kIR 22, 2% SOV A% PR3 45 T 3D 47 B (¥ A1 B 6 000 2 446 2%
T il i 26 B % )5 10::CN201510341671.9[P].2015-09-16.

[12] LI N, TIAN J H, DENG W, et al. Application of functionally

graded materials for solid insulator: Fabrication, optimization
design, and surface flashover of prototype samples[J]. Advances
in Energy Science and Technology,2013,291-294:2308-2312.

[13] KATO K, KURIMOTO M, SHUMIYA H, et al. Application of
functionally graded material for solid insulator in gaseous insula-
tion system[J]. IEEE Transactions on Dielectrics and Electrical
Insulation,2006,13(2):362-372.

[14] MIYAJL'Y, KOJIMA H, KATO K, et al. Fabrication and evalua-
tion of permittivity graded materials with SrTiO, particles and
localized conductive layer[C]//2016 IEEE Conference on Elec-
trical Insulation and Dielectric Phenomena. Toronto, Canada:
IEEE,2016.

[15] =GRS, 5 A 45 B 1A R T G 1 Ak B P S0 I A FLV T T4 4%
REPERE FE ] 46 200 K4,2021,54(12):52-57.

[16]  fEHRT*, Uit By R 7 1, 55 . 48 8 TR SR A SO R SR i S S
7E CFN/CO, 1 4/ 1 o LA e B F 9 (0. b T B R 224,
2020,35(8):1787-1798.

[17] CHEN S L, WANG S, WANG Y B, et al. Surface modification
of epoxy resin using He/CF, atmospheric pressure plasma jet for
flashover withstanding characteristics improvement in vacuum
[J]. Applied Surface Science,2017,414:107-113.

[18] YIM J H, RODRIGUEZ-SANTIAGO V, WILLIAMS A A, et al.
Atmospheric pressure plasma enhanced chemical vapor deposi-
tion of hydrophobic coatings using fluorine-based liquid precur-
sors[J]. Surface and Coatings Technology,2013,234:21-32.

[19] LICY, SHAHSAVARIAN T, BAFERANI M A, et al. High tem-
perature insulation materials for DC cable insulation - Part III:
Degradation and surface breakdown[J]. IEEE Transactions on
Dielectrics and Electrical Insulation,2021,28(1):240-247.

[20]  FiReih e . 45 B - AR B Ak B R JHC S A SR IR 2 T HL AU e S
WAL [D]. 4R 2 AR AL AL K%, 2021

[21] 0 &7, AT B R R RN S T AR L RO R T
AR SR RF L R A M [T]. 28 50 B1,2021,54(3):54-59.

[22] STRAUMANN U, SCHULLER M, FRANCK C M. Theoretical
investigation of HVDC disc spacer charging in SF¢ gas insulated
systems[J]. IEEE Transactions on Dielectrics and Electrical Insu-
lation,2012,19(6):2196-2205.

[23] XIS, 2008 5, TR A AR 55 WY TR R0 GIS 4% 7 [N 25 1 R ) 52
T[T, 1 H R 4 R, 2020,46(8):2906-2913.

[24] %A, R AR T, R B, A L SR P A5 i R T VL 5 ek vk R AE
LDPE 55 HDPE W I Bk i 23 A 45 V5 [J]. of [ s BL AR 2 41,
2016,36(1):285-291.

[251 L xR, ST W], 5 AR = AR SRR BRI A 4% T
WX A IR NALT]. 48 2501 §1,2022,55(8):90-96.

Its HER:2022-11-19; 18 E HEA:2023-01-03.
YEB N HFT(1989-), F (LK), 7 M ZIAA, H A TAZIF, £
BENEZUELLGERGHR .





