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Study on effect of plasma fluorinated nano-SiO, on surface insulating
properties of epoxy resin under high temperature and moisture conditions
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Abstract: With the increase of grid capacity and voltage level, the insulating properties of epoxy composite insulation
materials is crucial to the safe and stable operation of electrical equipment. Long-term high temperature and high humidity
will lead to a serious decline in insulating properties of materials. Nano-SiO, was fluorinated (F-SiO,) by the plasma
technology of dielectric barrier discharge (DBD) in this paper, and fluorine-containing groups were successfully grafted on
the surface of nano-SiO,. The high-temperature and humid state of the material was simulated by the wet heat ageing
experiment, and the surface flashover, charge dissipation characteristics and trap distribution characteristics of the samples at
different ageing stages were tested. The effect of doping F-SiO, on the wet heat ageing resistance of epoxy composites was
explored, and the inhibition mechanism of F-SiO, on the water intrusion was revealed from the molecular scale in
combination with MD simulation. The experimental results show that doping F-SiO, reduces the saturated moisture
absorption of epoxy composites by 16.16%, increases the surface flashover voltage by 13.06%, and can continue to maintain
high insulating properties after wet heat ageing. The simulation results show that F-SiO, can reduce the free volume fraction
of epoxy resin and the mean square displacement of water molecules, and enhance the barrier effect of epoxy composites on
moisture. Plasma technology can graft fluorine elements onto the surface of nano-SiO,, effectively inhibiting the intrusion of

moisture and enhancing the surface insulating properties of epoxy composites in a humid state.

EEWME:BRaAxA5FL28 LR B (52277147); B4R K800 B (112616)



12 A2 R

2025,58(1)

Key words: plasma fluorination; epoxy composites; hygrothermal ageing; moisture diffusion; molecular dynamics

0 5|5

MLAEK, MR B & LG BHE B AR 2 T
Iz N HT B AR T A IR A L A TSR0, RS
A7 Rt AR e fE R R ) I 1 £ 2R 1k BE AN B
HEEE ), NI IR B R 2 e AR E 1. AE
KPR TOUT , A A A G PTRL Y T R IR A 85
BN o = = R TR S S A e BT T
T MR 5 WK 23 5 U R A BT I B 3, A
M7 51 7™ F AR R 38 55 A T A

WEFLN N SRR R AR R KK i BT N &
FECA AR BT, A R B AT AE
FL 37 73 A B AS 320 S 1 7 A TR T FE  TA) 48 TR A
T 2 G oy o S RS, DRI SER IR R R D T 9
P REXE L 2 K 2 B s b TAREN A . st B
55 B S TV ) PR SR i B A o AR SRR, AT R
S e P E IR (0 L 2 R R RE AT ) S PR RET.
o BN K Si0, A AR R A g S P R AR
R, B 46 0 S IR 2 A AR R, 1RO
TEHLAKIERL , Si0, 7T LAAT Rt 1 il 7K 73 (142 vk, (2
o5 IR IR 45 15 9 LA v, T ROt A L A
PAAE R L 2 WDIR S T ORISR O 2 P e

A LA T KN, Hg A S
A LA PRI P R AL S P B 8 LA 5 AL 34
S R L B 32 R R AER 18 1ok
& K A BRI A e =AM R AT S
P AT DA T 26 25 b4 Rk 0 R e T 5 5 A B
I T PR BE o« 55 2 T 1 TR AL 5K 2 3 4E 5K 1
FERK R — 5 AT AR RO A4 2 T R AT S AL b B
I RE NS AE T LMK E L 400K I IR 5 v Rl Py SE B
AU, [R] I A0 TR S A S Bl AR D% K SR th
BN BT A A S S S I I P AT
PSR AL B, A 45 T B T SR AL R T 410 )
THRAFEN A T AR R A RTEE
AR T ARE IR AR S R IR TR B T
THEHOIN S . (BRI T, AR S
Y AR SFOREEEAT SRAL SOk DAY 55 2 5 45 G
AR TS 42 A A 1 BE AR S T FT 2D, B L AT T R
IRORL X A SR A A REBE LK 0 7 B R By
HIE RN E

AR 55 W T AR AL A K Si0, BTV S T

WAEEMEHESZERES IR M4 LR, I
$ 2% Sio, M F Ak Si0,(F-Si0,) I A E & M Rl 31T
TR A AR FE . 38 3 X AN [F] 22 AL B B R
AT I TH DA 2488 R R AT 1 SR M DK, B 90 P2 Ak
J& F-Si0,%F MR A PR A 28 H [ K 2 1T Ha A 1 K
(1) 5 ), 3808 3o A [R] 22 Ak B 1) B o = 1) AR A
B, TR F F-Si0, 0 M8 2 G A BEA K 43 3 B 52
W FARE . B S S A WOMRAEM 73 T3 1 E
AR 225 6 A A 1 S B i 25 B8 1 AR AL S10, 46
IR A MR iR S DI A TR R T 4 S
RE PR 52 MR AL 1 o

1 S2IE

1.1 FEFHEMLLIE

A i@ i DBD &5 B 144 5 g AL Ab BERLAR
50 nm (1 Si0,, B ER W1 N « B 6, B & & T8RS 1 98
K Si0, ¥ 5] i 7 /£ DBD J W 38R [, FFK 1% [ B 38
) Q= R A O N R S 0l L O =/ B DU A R R
ME, W E Ar IR A 2.5 L/min, CF, FI i N
0.4 L/min, /¥R G A ANB R P E . H
o, Ar FIE GRS, CF IR SRSk . BEG , £F
SR E J5 8 30 B TR SO A HUOR  FE R
ar LI 2 6 KV, AR BE A 50 kHzo BRI, [ B
3 K T U R I AR B TR, , AT A CF, AR
Je K Si0, F T 72 A5 K5 PR ik ], 33 17 0 2 s
PR 7E BB R b 558 7 A Joit BH B4k e it
FREWE 1 AR,

Bl FETHNREERESE

Fig.1 Plasma dielectric barrier discharge process

1.2 EPE&MRHIE KEAIMEE LI
WHEYK SIO, EEM B H & M2 W T 1
g, K 3l B A B IR SE W T R DY A AR
1% I [ £ 70 R 22 5 0N e A R, 1 B SRR T R R
300 r/min, 7£ 60°C N 45 ¥ 10 min, P ¥ 1 1& & 1



PE L% - SR TR AL 9K S1O, 0 el 52 R 2 T P4 S0 i % T 448 25 Yk E ) S 0 B ST 13

2,4,6- = ( — H B F ) S M 41 32 71, 42 o) 2R S8 0
JE A7) 2 38 77 7 BT & BE 9 100: 801 1. ARG S
i & 1 50 nm Si0,¥3 K , #2 1i1] Si0, i 5t & 7> o
3%, 4k ZE P 20 min, fF F 3 A . E80C
T E A, DL BR IR iR, IR S e
A, 320 B A EE S TR & 120°C [ 1k
2 h, W25 [k 58 %, FEAE 120°C RIS E AL 10 he B
RSER I 5 TR I 55 78 20 [ A , 819 2R S 26 6 ) [
A 2 AT B e RS TR R 45 B 1) IR A 2 A A R
43 7l 4 N Si0,-EP # F-SiO,-EP.

2 & B A ST FH I SR IR 1Y) 3 3 A 2 A U
i IR 48 2 2% R RS A MR I8 AT IR B LA R Bl
o) 5 B BV, R E R BE VS A,
15 10°C , J B 2 Bt FE R R L9380 1 A . B
SCAEFH 7K 38 1 7 A AR I I S WAR S K E R
AEEGMEEE T E£8 7K, Ifd i fohn #vii
I EE 90°C HEAT N & 4kY, FEIAIBE 1 d HUH RE
F W TR KD G RRE . [FR, XFZ 4L 0.5, 10,
15.20 d FIFE 7 3EAT TOM SR AE A L 2 1t RE DA
1.3 REBEFENE

Bl 2 RS IR A AR TN 28 DA & .
FE R FE D 25°C 04 Jis A P 0 2R AT BB P IR 9 T A
28 M, K FH BT — 5T B AR T B AL 7= AR AN 35 50 11
W37 . HLAR AR v iR 420N 0.2 mm, HERK [R] R A 7
mm. A =R B R, R A S T R R
JE I TE RN 100 Vs, BRI RN . N
TREZIE 25 T mTSE M, 6P REFPRE o B S AR, 2031
HEAT 1S IRIN S8 5256, FE TSP 3B A v

'7mm'

BB e [T LR

oL

2 AEINKFEE
Fig.2 Flashover platform along the surface
RSB S=R R R = P = PR =) N
LI R AR R T T -7 kY, IR AR RE A B L
E 757 mm A AEH 7 R A L 60 s HLIR A
PR BRERTERE Fr 75 2 mm Ab %o 2 T FELAL HEAT R
8, FFB:30 mino R, X RAR 5 B B 3E AT )R —

AT
rditRa)
R BV R
-
000 =
Fo o ‘%%ﬁ%
ﬁéuﬂﬁze/

3 REBMRANLES
Fig.3 Surface potential decay test platform
Bt — 0 B T 55 il IR 3 980 (isothermal sur-
face potential decay , ISPD)™, | H H A7 % 9 iy £& K
AT SRAS B AR R T I B B AR L. AR
B B 8 9 (H .0 55 BE B RE 208 5 (D) il 2 1 3 (1D
~ (DR R AR,

Hy = kyTln (v, t) QP)
_ e d5,(0)
Dy =1t ol dr 2

D~ 2D 2 £, (#) 9 3 THT FEAE 3 k1R B s ey 9 3R
255 W B TR v, N TR IR ;0 N
TC LT B 5 ORE B S e, M 6,20 BN L35 A Bl 4L
AT A FL R 5 ¢ R R I ]

% THT HL AT 2 9 T 42 36 2 XUHe 5 o B 2 AT, TR ot
LT R N3 AR T 45 SRR A 45 28 5 & 4
o} 2 THI 1) B B i 2% o A1 it 2%

£.(t) = A€ + Be™ (3)
ENGDL IV N NVRW S PV Ei LR GHE e =
2 FBR5T
2.1 BALSIO,RIESH

AR S5 B T R AL O P T S B 44K Sio, i
A7 18 L AR P 21 A0 3 CETIRO M F X8 28 0% H
FREEM A (XPS) , g5 R 4 fion . MK 4(a)n] A
E L EALET IS 902K Si0, ¥ 7E 808 em Al 1 100
em™ &b U HLJE T Si-O-Si 55 Si—O 8 (194 45 I 3 1
ML S B 99K Si0,7E 570 em™ L 3L T C-F, 1)
FRAEUE, 76 1 216 cm™ &b B T C-F 48 [ REAE U, 358
HITEAN K Si0, 3R TH R T & Ak

M 4(b) ] L H, 952K SiO, 7E 530 eV &b A7 1E
O Isl&, 78 153 eV 5 104 eV AL A71E Si 25 55 Si 2p 4
fiE V& s F-SiO, 7E 687 eV Ab U B T F 1s RFfiE I , 75 832



14

AR

2025,58(1)

eV ALIE I T F oo & MR 8 . i A Avantage 3K
FEXE C TG F A F Je R AT 73 WAL 38 S5 159 21 & 4(c) AN
Kl a(d). WK 4(c)Fimn,C 1o £ Z A& C-F,.
C-F.C-O 1 C-C 4 Mg, 73 7| tH B 7E 292.0.288.5.

M/ (a.u.)

2000 1800 1600 1400 1200 1000 800 600 400

WU (cm™)
(a) FTIR )i
7000+ ke Cls
— WAk
6500} e
3 6000F
]
=
55001
#H
50001
45001

- l - 1 1 1 1 -
290 288 286 284 282
ghifrfigleV

(c) C 1s ik lA

7I - 1
296 294 292

)

u

0/ (a

j

285.8.284.7 eV. M 4d)Fi,F A EE N 1A
B, HELAE 688.5 eV L. M1 AN, 1E NIRIES
K1) CF 76 25 8 1 R e el A v el B A A 8/
%5, DL-CF, f1-CF Ay F 2% AL AE G K Si0, K i .

- SiO, Ols
—~ Si2s Si2p
= Cls
<
>
= s
o i
i
[
i
i
___________ Ak Rl
R IO A
1 1 1 1 1
1200 1000 800 600 400 200 0
4iErfigleV
(b) XPS fg il
Fls
40000 . Eqsie
— WA
35000}
5, 30000+
25000}
20000}
15000 N 1 1 1 1 1 ]
694 692 690 688 686 684 682
ESE Y

(d) F 1s 5y

El4 442K Sio, BRI H FTIR 1 XPS i 5 R
Fig. 4 FTIR and XPS test results of nano-SiO, before and after fluorination

3 XPS W 45 5 55 0L IO, LA U 1 %
i

TR AR, R TR
#z1 RSO, BmUBIEEETLE L
Table 1 The proportion of main elements in nano-SiO, before
and after fluorination
TiH Si/% 0/% F/%
SiO, 33.04 54.23 0
F-SiO, 22.86 43.92 17.20

3 1 A&, F-SiO, & I F JC & &t ik %
17.20%, 1M Si TG M O Jo 3 4 LU AH B Si0, A7 9 2 1)
TR, 454 FTIR A XPS 3 K i LUE Y, 55 55 71k
FAG B AR T LU 0 R s R B9 Si0, &
T 38 0 2 s A A 4

22 &L SIO, X EP R4S RS20

RS B MR 11 R A A T DA AR 4 W i i B

ZALIT (8] (B A A AT o b . A sk

1R 9 20 d, HLAFRE 1 d X FE B AT — IROB R il 5%

A A D B A THE S SRR TR & .
m, m

”:m;x 100%

D NFE IR & s m, N AT [R] A ¢ 5 R
FIRE s m NVTUEFE i &

Kl 5 81 24 Si0, Al F-Si0, [ 3R 8 2 & RHEAR
[F R P Z ALY B i B . A S o] L L F-Sio,
X PR A ORI B Ak A ) s N K {H 2
HEwmMHR AT MM RMREE. EE20Y)
B, 3 MR B SRR B B B N, BE AL S

(4



PE L% - SR TR AL 9K S1O, 0 el 52 R 2 T P4 S0 i % T 448 25 Yk E ) S 0 B ST 15

Fick 4 #UE B, BUAERE A () W0 B 5 22 A4 N TR 1~
T7 R £ M 55 &R, H o F-SiO,-EP f 4] 31 W 1 & 2
W% =5 T Si0,-EP. [ifi 5 AL I [a) 38 0, 3 PP IR A 2 &
R P TR i B 1 T 32 T AR 1 L R kB A A,
F-SiO,-EP 4 T SiO,-EP iA 21| ¥ Al , ¥ FIWL g & 294
0.83%, ik T Si0,-EP B A2 5 (275 0.99%) , F-
Si0,-EP 1 F1 W 3 & 5% Si0,-EP 4 Al W 4 & F& AR T
16.16%, 15t B 22 1k 5 B 1R S AL I S10, b AR S AL 1
SiO, EHMHI 7K 7342 N J7 T R I B 35035, & wl Ak
e A M HK 733 8, HXHR NI E E A M BN
B IK > T HA — E MR

1.0k 1.05

(=]

o]
=%
1)
[

W /%
(=]
(o)}

0.4}
—a— EP
—4— SiO,-EP
02 —&— F-SiO,-EP
0

0 200 400 600 800 1000 1200 1400
AT [/

E5 HEEAMBEREERRZUNERNTIEE
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different hygrothermal ageing stages
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Fig.7 Potential decay curves and trap distribution of epoxy composite materials at different hygrothermal ageing stages
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