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HFHREFE AR IR A PRGN K SiO2, HIlAS RN K SiO2 73 BB UGN K SiO2 MIURL. 7333 F “HUbZ” A
CRIIE HI YK SiO2 TEN 2 wt%, 3 wt%, 4 wt%, 5 wt% Fl 6 wt% HIAREIELIK Si02 K5 F M i A
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2.1 REEHIE

YK SiOo /IR EM g 52 A ARLR WU A R4
PR 2, DLRR RS AR R = R IFF O [E A7, s
IEIZ8K Si05 $i4% 4 30 nm.
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K SiO, #£ 100 °CFJEFa T8 24 h, HE S 1K
DL 2 B A5 7K A e Be AR 6 1), AT 7K 2 A 5 )
W15 992K Si0o 5 7K fif 5 1 ik Joe A% 18K 741,
16000 r/min f= & H F 2 5 HE 20 min, #1453 5 b A%
T K Si0 43 B
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TREVENEER, TR T 146, 140 °CTiif&4k 3 h,
180 °C [4k. 5 h.

2) IR 1 & B 9K Si0, /3R SR g
G R

CVET R AR R ZER AP AR
W ELa KR T R B E R L AT PO
60 °C AT, ¥ 2% . [ 4k 771 A9 2K Si0,
SYECBR G HEE2 b, A" 3 h. HiHE)E IR
AW E 2 T 1846, 80 °C, —0.09 MPa i< i
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Bl1 Ak HEREE
Fig. 1. The setup schematic diagram of “bubble mix-
ing method”.
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Fig. 2. Corona resistant test circuit.

247802-2


http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn

¥ 12 Z R Acta Phys. Sin.

Vol. 65, No. 24 (2016) 247802

3 &R 5iT#
3.1 HEHEM

AR A IR 5 AR G0K Si0, 2 & 1) “HLIRE”
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R AR &AM RE 1) W5 55 37 58 B A /R 43 A7 40 B 3 Bt
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il % ) U AR oK Si0, /PR S8 M iR 52 & A4 k) (BUF 1
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MR 0 5 90K Si0, S E I R WK 6 Bk,
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A 41K SiO, & & 1) 2 & BL 1) o 28 37 9 3 B 4l
WEMNEA Frde s, =P AR 5 3 5
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Fig. 3. Weibull plots for breakdown strength of com-
posites 1.

W95 BAR T AL B K TE Y 2R G Y Y A
LIRS PEAR AT 5| 2 1 R 2 L 1 A (21,
AR AWM B YUK & BBURIT, AT BLA AN
KORLT- 1847 A2 0 B B8, S X sk AL, K&
I TR PR A — B BB R R, e 1 Fl
THIE R, o TR RER AR, MU 75

Ji, BETTHR o 5 A A R e PR (22, M gikok

SRR, S XEIT RS, SR (23, 24] 1A
N, R EMRIE XIAFAE S XRS5 8, 2

TR A8 F 37 I, A oRORE T [ 7 FLAE P i A LR T
REHAT, BT T W RSP T
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Fig. 4. Weibull plots for breakdown strength of com-

posites 2.
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Fig. 5. Weibull plots for Breakdown strength of com-
posites 3.
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Fig. 6. Breakdown strength of three kinds of com-
posites with different namo-SiO2 contents at 63.2%

cumulative breakdown probability.

/— i)z v

e@ SEE W,
&P

eéBe

(a) (b)

7 (a) S ARXUR K (b) AL
Fig. 7. (a) Diffuse electrical double layer and (b) the

resulting electrical potential distribution.

T e T X3 e (1 L % £ At L AR
NIRRT I 8 B (3 LBk AR, (8RS 4R
RSN, S TR AR 9K Si0, &

AT
HLfif N\

r

BN5 wt% I, 9K Si0, /P E M IR 2 & AR
e IR O E, R R 7@ e, 4k
A SIO, T, MBLEEIR, EEMESL 755
TR

A2KSi04

PR

K8 sl gnEk
Fig. 8. Schematic diagram of the percolation phe-

nomenon.

3.2 THEFHFIE

F1HIH T IBOK 25 (51}, 4R E M i 5 9k
SiO, & E N4 wt%, 5 wt%, 6 wt% 1 = Fh 4l >K
SiOo /3 E M R & A #8360 h M2 2 5 i
KM SEM B%. & 1 i LLE 2, 99K Si0, /3R
AR S G MR i 2 R TP 5 e R B L A PR S
&/, HBEAE 91K SiO, & &I, ZE&MERm
) REL A A2 FE Uk 0S, 7E M TR 90K Si0, & B, B &
PR3 (R TH BE P32, UL A PR 3 I S ik P
LT

F1 =MESHERZRER SEM EE

Table 1. SEM images of three kinds of composites after corona aging.

4K Si0, & & AEPRAM

Rtckas)

4 wt%

5 wt%

6 wt%

AR AR
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PLEN K S0, & &N 5 wt% I & kR 4,
TR A MBI =AU, MR T R R R T
Bt R A 6 I IX 3 P RELRE DA R B 1 B R P
B R, o, MAREE WA FR 2. R 2 W LA
H, 243170 h A1360 h E 5, EAME 1 BEE
TR R, K, UM BRI ™ E, A4
K2 R R AR T R, {50/, U I oM S5 gk
SiOg /I E M a5 A 4R oL 2 A5 31— 2 1 2
GO MR 3 R R R R, f/)s, VAT
PR

#2 HWEZNEEEMERIEMIRE R,
Table 2. Erosive depth R, on the composites surface

after corona aging.

. R,
Y =S
170 h H & 360 h H%
1 11.734 15.094
11.004 13.894
SHEMEN
9.112 12.064
P 10.617 13.684
1 8.677 10.279
8.175 10.202
SHEME 2
7.886 9.173
P 8.246 9.885
1 6.879 8.103
6.066 7.952
SHEME3
5.487 7.547
“FIME 6.144 7.867

3.3 EEMBHPPKRSIO, HMHENEE
FRAE

B9 (a)—(c) 7 Bl N 9IK SiOr & B A5 wt%
m, EEMEL EEME2. B4 MK 31 SEM
BUE. B BRI i E AR 1A, B Image J
BAE o B UE 5 R 95K Si0, KT # T
3 PO @ AR R KA e H0 2 I3 9K Si0,
TS 23 B T8 B RALE.

RN K HHe B0 T 3R AE S ATE B AR R 1
PR B2, I FH T A 3 BB o3 A 1S U e Ak, #x
TR EHRE T e RIE

P
> ni(ni—1)

T=P =ty M

X, PoAATHEG A S, M A BEGHRT
B ng NS CREG PR AN R <1, R
B F 0 A 35 5), TEREEIR 1, R 77 HeR i
M, R T > 1, RUR T RAE T BIER, TEHK,

MR 22 3 9K SiOo K 7 3, (1) it &
YK SiO, & &S wt% i, EAME1LKAZT
KIE# L = 1.0820. BEE&ME 21K T K5 H
I, = 0.9792. B &M E 3 B T KI5 = 0.9963.
Ui 492K Si0, & 5 wt% i, &Mk 1 gk
SiOq Fi ¥ 7 B 5L 22, 5 &M K3 HH 402K Si0, ki
T BT

9 EEN5 wt% 4K SiOq /I EM G B G 4K
SEM Kg (a) EAH#E1; (b) EA&MEL 2; (c) EHH
#3

Fig. 9. SEM images of 5 wt% nano-SiOz/epoxy
composite: (a) Composite 1; (b) composite 2;

(c) composite 3.

A RRE3 2 <R ) 0 e 1 K R
BEGNK SiOg /A M i A AR, TR I S
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ZK S10, 2 T AR F2 FE AT, A8 IBC5T 2 1 EE Y g
AL 535 90K Si0, K IR AT FLEARHDE. ik
JE IZAK Si0o B35 A7 SR 7K M R 2 A8 B A7 S
PERIAHLE RER], B8 1 99K Si0, 5 R G YA
B, BHAE 740K Si0 KT I . 5 <Pk
K FAE BT D) 0 73 B Ko 7 M LE, <<k R
B ) A KRR RO SR B R TR AT
7E, GAKNE T 5 BT BRI, A gk
Ry 534S BIXNA] (LR A 7)) SRR, BLS
HIZAR 73 73 Bk, &l 10 Firos. BRI, <<
57 1 9% (1 2OPE N OR Si0o B A5 3 M I 1) 20 T
EE <HUBE” 1 4% I 2 5 0 B R G
R3 E9BMIMERAK Si02 K14

Table 3. Numbers of nano-SiO2 particles in each grid
of Fig. 9.

b TR
PR %
SEME HEMEL 2 HEMEL3
1 16 31 39
2 23 27 40
3 36 27 38
4 27 29 30
5 14 27 29
6 15 34 42
7 38 29 42
8 27 31 37
9 14 31 24
10 35 33 33
11 33 32 31
12 11 33 36
13 32 39 30
14 35 31 29
15 29 31 37
16 25 28 29
Jatig 410 493 546
PSP ST KRR T
L]
[
SE1 L)
SRk
[
[ ]
, =y, L
REASY WK

K10 SIEIEAK /2 BOSURL /R FALEE
Fig. 10. The diagram of bubble expansion force dis-

persed particles.

3.4 HKSIO, HIME S E MR T FIE
MR E MR K &R

i 6 AT, 992K Si0, & &N 5 wt% i, B &
MRS B o S e T AL B R R A ARL. =
HAMEB RS M RER IR rT LR, 56
MRS M iR T E S MR L RIS SR 21
i LB . 45 A gk Si0, /PR i A & A1 R 43 Bk
M 58 B RAE T4, 90K S0y BT 78 L 44 1y 43 Bk
MERR AT, 992K Si0 /PR E M AR 5 & MR o 2 e vk
DU CTT

— J7 T, 442K SiOo A LA BH 1 H 7 0 H 7] B4
BP9 R 7)) 18 SRR A T F R Bk g,
K11 (a) FioR; FIRE, 992K SiOo th AT DL BH £ 80 K
J&, e AR 22 I 11 (b) s, 99K Si0,
WL 7E S A4 1) 2 O R A, B4 0 R R A
FRUF, G B T4 S AW i R

11 (a) MORIERTHJE AT (b) RIS K R A2 =
Fig. 11. Schematic diagram of (a) the surface degra-

dation and (b) internal discharge progress.

73— J7 1, 9K SiOg Ki T 7y BB, EE &
Py R %, MR Tanaka %5 P51 32 H 1 2
BB, KR 5 A T 1) B X skl = R A
e SRR R, R AR BOHEE AL AAT AL
Wasi &, R ARAR, 55— R AR T
RIMA LA R EWEEH R 5 =2 AMHEUZ,
S5 TR B E MM IR N, BA 5 R &Mk
AFK A R AERMG RE. WNE—RRE =R, B
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BB SE R BB EL R, S XA A KR
PP RO (R T AE OB AR R R
B/, $E0 7 A MR o 2 7 5 AN
IR

4 % @

1) FH =MA [E J7 6] 2% 49K SiOo /31 W IR
B EMEL B E & RIAERE S MR F 99K Si0,
GV {1117 O 0 U W 1] - S SO 257 S
SiOq /F M Ig 52 A AR 412K Si09 B 43 Bl &
THARPIFE G (B &M E L 2).

2) MK SiO, N5 wt% I, 44K Si0, /3
AR A ARG o 77 37 1R IA B B K AR, 4k 238 n
Pk SiO. & &, EEMEIE T8 T %, 518
L.

3) i 2 g A L e 45 SRR W, 92K Si0,
A DU S A e S S AR st B A AR
GUKKL T 107> UM 5 5 pRHR) 5 58 3 s AT F
T EAFAENT LK R
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Abstract

Polymer nanocomposites have advantage over traditional materials in electrical properties from the standpoint of
dielectrics and electrical insulation. The influences of nanoparticle dispersion in the matrix, which is mainly caused
by different preparation methods, on the dielectric properties of composites have been given in the past work. In
order to investigate the relationship between the dispersion of nanoparticles in the matrix and the dielectric properties
of composites, nano-SiO2/epoxy composites are prepared by different methods. Nano-SiO: is first modified by silane
coupling agent to obtain nano-SiO2 powder and nano-SiO2 dispersing liquid, then unmodified and modified nano-SiO2
powder are mixed into epoxy by “mechanical mixing method”, and the modified nano-SiO2 dispersing liquid is mixed
into epoxy by “bubble mixing method” to prepare nano-SiOs/epoxy composites. The amounts of nano-SiO2 content in
the composites are 2 wt%, 3 wt%, 4 wt%, 5 wt% and 6 wt%, respectively. Breakdown strength and corona-resistance
characteristics of the composites are tested. The results show that with the increase of the nano-SiO2 content, the
breakdown strength and corona-resistance of nano-SiO2/epoxy composites increase. The maximal breakdown strength
appears in the composites with 5 wt% nano-SiOs. This appearance accords with percolation theory. The composites
prepared by “bubble mixing method” have better breakdown strengths and corona-resistances than the composites
prepared by “mechanical mixing method”. The scanning electron microscope images of the nano-SiO2 /epoxy composites
are analyzed by Image J® software to obtain the information about the nanoparticle number in the special grid. Morisita’s
index is used to characterize the dispersion of nano-SiOz in the matrix quantitatively. It is concluded that the composites
prepared by “bubble mixing method” have better dispersion than those prepared by “mechanical mixing method”.
Compared with the unmodified nano-SiO2, modified one has good dispersion in the composite because of the improved
compatibility between the nanoparticles and the matrix. Based on the role that nano-SiO2 particles block discharge
from developing in the composite, the better dispersion means that there are more nanoparticles and more barriers on
the discharge path. Meanwhile, the better dispersion also means that more interface areas form between nano-SiO2 and
matrix. The shallower traps supplied by the interface area will contribute less energy when current carriers jump into
and out off the traps. So the better the dispersion of nano-SiO2 in the matrix, the superior the breakdown strength and

corona-resistance of the composites are.
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