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Fig.1.1 1000kV GIS and transformer for verification tests!®.

Fig.1.2 550kV GIS with 1 break GCB.
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Fig.1.7 Cone spacer of 550kV GIS.

Fig.1.8 SEM image inside spacer material.



Table 1.1 Type of epoxy resins.
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Table 1.2 Physical properties of fillers.

Specific . Specific Thermal . . Electric
. . Reflective . Expansivity Relative L
Material gravity Hardness index heat conductivity [10%/°C] ermittivit resistivity
[g/mi] [callg-"C] | [Wim-C] P Y| 19-em)
Crystal SiO, 2.65 7 1.54 0.20 14 10 4.5 1016~1018
Fused SiO, 2.20 7 1.54 0.20 14 0.5 3.7 1016~10"8
Alumina 3.95 9 1.76 0.26 30 7 9.3 1015~1018
MgO 3.50 5 0.25 35 13 9.7 >1014
TIO, anatase |, 4 6 252 0.19 6 9 31 >101
crystal
TiO, rutile 4.20 6.5 2.71 0.18 6 9 114 >101
crystal
CaCO, 2.70 3 1.49 0.26 5 13 8.5 >1014
MgCO, 2.20 3 1.52 0.24 6 12 8.1 >1014
Dolomite 22 3.5 1.65 0.25 6 12 8.3 >1014
Talc 2.70 1 1.57 0.25 3 6 9.0 >1014
Kaolin clay 2.82 25 1.56 0.27 3 4 8.0 >101
Mica 2.85 3 1.60 0.21 0.7 6 6.4 1011~10%4
Synthetic 2.85 35 1.60 0.20 1.0 15 6.2 101~106
mica
Glass fiber 2.54 6 1.55 0.19 1.0 5 6.5 1012~10%4
Potassium
. ) 3.30 4 0.22 5 6.5 1015~1016
titanate fiber
Hydro- 242 3 157 0.28 3 15 3.6 >101
alumina
Ca(OH), 224 25 1.55 0.27 8.7 108~1010
Mg(OH), 240 3 1.56 0.28 108~1010
Sb,0, 5.20
Anhydro-
calcium 2.60 25 1.55 0.32 1.3 >1014
sulfate
BaSO, 4.35 3 1.64 0.14 1.5 11.4 >1014
BN 2.26 10 0.12 60 1.0 4.2 >1014
SiC 3.21 10 0.28 60 4 45 10~50
AlF, 3.10 4 1.43 0.22 15 25 5.0 >101
CaF, 3.18 4 1.43 0.23 9 25 6.8 >1014
MgF, 3.13 4 1.38 0.24 10 25 6.5 >101
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Table 1.3 Main component of spacer material.
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b1 —
EBHF H—RoT5v9, $H# -
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i e e

Table 1.4 Characteristics of material with fillers.

TIARF AR

TARF AR &

HS X1k
mEE | LUNTE | FLIFRE | ASR@E | TUTATL
teEEEE 32~45 35~50 6~ 35~5.0 53~73
HE [g/cm®] 1.11~1.40 1.6~20 14~18 1.6~20 1.65~2.30
5|5RYTRE
[X10%%g,/om’] 280~915 490~915 490~ 845 700~2100 210~700
[F4EMEEE [ke/om?] | 1050~1750 | 1050~2450 | 1050~2300 1750~2800 1400~2100
BnE R
[X10cal,/sec-°C - g] 40~50 10.0~25.0 15.0~25.0 40~100 10.0~16.0
EbEh [cal/°C-g] 0.25 0.20~0.27 0.21~0.26 0.19 0.25
HSRERFEEE [°C] 150 104 127 - -
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Fig.1.9 Effective permittivity as a function of filler content
(Relative permittivity of matrix and filler = 3 and 9).
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Figure 13. Time scale in the development of nanodielectrics with novel properties applications for illustration only: a, TEM photo of alumina
nano particles dispersion; b, a bright-field TEM detail of the PS/octadecyl-ammonium silicate intercalate and the simulation of the structure: a
styrene 12mer and the octadecyl-ammonium surfactant molecule [63]: ¢, SEM photo of carbon nanotube filled Poly(methyl methacrylate) with
unique mechanical, electrical and thermal properties [64]; d, Proposed supramolecules/assembly with design-in dielectric properties. Some of
the structures taken from [8, 65].

Fig.1.11 Development of nanomaterial®",
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1.5 tEFI#BE#f ¥4 (FGM : Functionally Graded Materials)
1.5.1 FGM O# K &M
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OFIAPIRL, EREBEELEET 7 F 22— 2 OEBEZ AN L Lz FGM Ol Eh
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VE—H U AREEICRINT ZERA R L ASZ NIRRT B EAE ORI
HE & L7z SiC, ZnO % FGM o AP at s Tun s,
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72, FGM O RN ERET LV E LT, K 1131037 X 9 REERICHE
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Table 1.5 Application fields of FGM.

55 75 F HEOEHEDE, BESNIHE
E—BELUEOED(IIVE, FAA—)k | THREHE, TREh, B2
was | EEREHE(—SAEER, BEEMEALY) | BResk
TSR, SEAEM BRI, ThRsHg
IV IEER
R, H52ELRE
SIVHTIITY =
R M B 7’;‘;’7&’3
wmme | s REOER
TG & P RED & REOTSAF VY
Z MRS
R TIERTRETH o ARE
BATES
£SO EAN O
ADHE wSIYHETSAFYY
2. | A0E 53V ERR
wpame | AT t K R HEAT I D B 18
ATHiE T
BESEAH LY B A, EEM D
BEA S END
©529HTALE EEAOERHER
Ny £ REPE (5 D B RME AR
B %E%ﬁ%? EROMERER
5" _ATA s . O iy A 5B
BF 7R | KAME, BHE YAV LA RE RS
ey L
S . PNy |
s W BIRERIC BEOEL, BRI NELATEES
i X R T MR ORI O ERHAR
AL A EBADERER
. BIKETYFUTDENEE LY
&% N T b S W 4t
B ARt s
S 7 BRATRE T COME
BEEEL— Ok A OIERHER
KZEFNAR | KAREGRINLYX
KFARY RS
e | meernms s muEs R, €53v7. T5AF9Y. A,

AIEKE, BAVE

216 -




MVelectiode’

4
| Gas (£,=1)

6ol 80
- | 2
£ R
S E=)
= Spacer 15

i g
80~ o 20
i Gas (¢,=1) %

- ©

[
I 1

100 bt el Sl i

40 80 80 007

i . zlmm]__ . GND electrode

Fig.1.12 Optimized permittivity distribution of FGM for reducing

electric field stress around cone spacer*?l.

Cone spacer with two permittivity materials

(a) Cone spacer

1.6
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(b) Flashover voltage characteristics

Fig.1.13 Flashover voltage characteristics of the cone spacer

with two permittivity layer*?.
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1.5.2 FGM O & 4 £ 1l

FGM ORMERMTIIRE~ H Y, Zh ook b SFE+T 550 22T,
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L MREN 72 B E 2 R,
(1) FERERZETE ALFAREE, EEEREE, K FRINE, 77 A~vBEHE
(2) EFEHIZEALTTE 2O IE
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MR 22D K ORI L, IR, BEM S YL HIETH L. KirRAHE &3,
GRHASLE T I v 7 AR EOR RO EME A, M EE X e bR
WCHEEFRE LAY N VAT LHHETHDH. 7T XAEMNELIL 26807 T X
~ h—=FEZHW, & M —FOEHNFMELHIET 2 Z &1 20 M IR
AR SEDHIETHL., ONEEE, ZBONGHICEWTHRIREE & 4
BORL 1 & DHEZEIZER T 2 BB d 22 AW TGRS 2 HiETH 5.

FRLOFEDOMIZEH FGM OEHE R LTk A H Y, BRICE o -8 ELEN
ERENTWD., BONEZIVHAFIETHY, (P FIEICHE S THBER KR
Al72 FGM OBUENTFIRETH B 72, A~—H7p E&E ks H E Ry ~o
FGM B HRICA A RBEFIETH L EEZBND. BOLIEIZ LD FGM RE
21X, &ROWBAKETICBIT 58T 2 v 7 AR OMHIEICE L TR,
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1.6 /321Ky R(NC : Nanocomposite)
1.6.1 NC OB B[

T arRYy FNOWX, @B, E7Iv IR, AER)~—0D5 b0
MO FEE, FUHEEOMEZEE LB CTHEREND. 2O TYH, «
MU w7 AREAEHERY ~—THDNCIZIEETSH. ZHIZK LT, GISZREDH
Rk I, TR ME B um~% 10p m DRE S DORLF DOBEE B
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NUY T, BSOS A T EICKRAITHIENTE S, BETIE, Th
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v MEIZ K D2 EKMEEICET 2 HMEITFELEML T 5.

PR - MM B O S EIC T D NCHFZEDED & LT, TJLewis (2K D 1994
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LRV TOFBEROEIHA~ORMEN2INTEY, ZhEEAICLTHE -
FOBLE D NC ORFZERRZE ABALE Sz B 2002 4L 5, NC O BHEE
PICBET 2 EBRT — 2P BESND L H 1o Tz, £z, ITF T,
INOLORMEEE L DL E2a—bBEL RSN LT TE WL
EHEEVEIC W TIE, Mk 17 Pk tvbhTky, —J, EEHEEBZIIC
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Table 1.6. Various characteristics of nanocomposite!?°..
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Table 1.7 Structure of nanometric dielectrics and their characteristics

[51]

Form Phenomena Factors Marerials or States Area
Inside Bulk Cooperative Phenomena Dipoles Ferroelectics Bioscience
Self-ordering van der Waals Liquid erystals

Electrically-induced Ordering Liquid crystal polymers
Interaction Electric field Smart devices, sensors MEMS

or Interdependence

Mechanical forces
Chemical potential gradient
Entropic potential gradient
Piezoelectricity

and actuators

Dielectric-metal interfaces

Helmholtz layers
Gouy-Chapman layers

Electric filed
Coulombic interactions
Dipolar interactions

Electric double layers

Electroactivity

Electrochemustry
Insulation

Inner Helmholtz layers
as highly onented form

Electric filed
& Chemical reaction
Polar molecules

Electric double layers

Redox process

Quantum mechanical Ultra-thin barners LB Films Electronics
Tunneling Molecular structures Materials Science
Interactions {Lateral charge transport Molecularly ordered layers Polymer insulator Insulation
In the plane of interfaces Ion-rich space-charge layers  |FET like devices
Self-assembly Mulu-layers Conducting polymers Electronics
backed by insulating polymers
Interfacial planar Molecular seale Ferroelectricity Nanometric devices Electronics
_dipole arrays quasi-2D dipole onentation for information processing
STM and AFM embedded | Tunneling and Duelectric properties Inside Helmholtz layers Insulation
polymers hopping currents Conduction and molecular layers

Note: STM and AFM stand for scanning tunneling and atomic

orce microscopes, respectively.

Table 1.8 Link between nanodielectric and its potential impact

on applications!*®l.

Nanodielectric Quality

( vs existing)

Potential Application Impact

Unique

Significant lowering of space charge

dc designs

Enhanced

ac breakdown and endurance

reduced insulation

reduced overall size

improved design

Mechanical properties

improved design options

Permittivity

lower capacitance

Slightly enhanced

Thermal rating

improved design margin

Processing (mixing/extrusion/etc.)

improved performance

and reliability

Uncertain

Environmental

plus or minus

Conclusion

potential impact in several areas

-21 -




BIETIE, fixORY ~v— L BHEMOMAGDOHIZKH L THONIFHEE -
AL D SEREA B R ME DR T — 2 R < HE S TS, Nelson 51, NC
O 45 R R MR R BB R 2 UG LTV a0 I 114 ISR AR, RIS, FE
(2 MC 2T NC ORRN BN L FHE0E 10 wt%fRE DR TR TH D L LT
W5, b, T/ AR~ A7 uY A XOWBCT Z R A& FIE LT R
IZ2WNWT, - PIREMTOREBEHFMOWEEIT> TWEP FohnzRe2X
1.15 127”9, MCIZHTNC TiE, 500 kV/mm FIIMEECTHMBHK 10 51,
100 kV/mm FUMEFIZ, s 1 GREU EIZIEDD L ORREZ/F TN D.

— T, NCICTHEHTHAN =X LN RBRITITLAERINTELT, DT
IZ Multi-core model | <> [lnterfaces of finite dimension in nanometric systems| &
TN D EEMNRET VREE S TS, [Multi-core model ] D& X % X
1.16 1273 Multi-core model Tid, 7/ 2 VR Y v MCHN D HA OWEE
LA, T /R ERMORBEICALDL3 SDOBICERTLHELTNDS. 203
X, TR FORMEBLIONMOREE bR VWDITIRERBEZEHKL TEBY,
FIEHNPORY =R FRHEE L TWDLREERE, NI ~v—»NRI2XkoT
MEERZZ T 20008, REEOFEICL VRN ~—0BEBNEELZT D
WEBfEJE 2572 5 & LT 5. [lnterfaces of finite dimension in nanometric systems |
OB A 117 12400 Z ik, BN o R NI T D ki i i o Bk
0, kL DF A I X VR 2RO R EE LT T 2ET L THD.
IO DORFHIEMEN R D THY, %+ REMTRLETHD.

B R A ZA B OB BRI EXIFFEO R TR EBENR O THY, K
ZLLOT=FZPBGFEINT VWD, FFICAFETHGE L LTV DR F RIS
DNWTOREMNRIET — X /T 5. Singha H1X, =HRF T VI T %
T L7256 OF BRI OV THRE LTV DL K 118 1Tk %4 =T, NC

DORMITZRF o, FHEM L L CTOEHRZ 45 0m OT VI TR -2 H TR,

-2 -



E

o

% 3

£ 1 Nano

® 25

B

n 2 e R
Q Bl -
315 — —
]

=]

[y
T

Loading (p.u.)

Fig.1.14 Short term breakdown strength of NC and MC%l,

700
E 600 . Nano  —
£ [ ‘e
z c00 N . o~ (23 nm)
Lo \ | | e i
© ~ — S
i 400 =
o . n
£ 300 Micro N
] ~
o (1.5um)
o 200
F ~

100 | ~

1 10 100 1000 10000
Life (hr)

Fig.1.15 Long term breakdown strength of NC and MCP*.
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Fig.1.16 Multi-core model®°!.
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Fig.1.17 Interfaces of finite dimension in nanometric systems®®.
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Fig.2.1 Calculation model of cone spacer.
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(b) Relative permittivity of FGM for reducing electric field

stress in spacer / electrode interface (U-shape FGM)

Fig.2.2 Permittivity distribution of the cone spacer.
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Fig.2.3 Electric field distribution around cone spacer.

Electric field strength [kV/mm]
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40 50 60 70 80 90 100
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electj[}'{)de Position r [mm] electrode

Fig.2.4 Electric field distribution along the spacer surface (#1).

Table.2.1 Reduction of intensified field strength around triple junction.

Permittivitiy ditribution type Intensified field strength
A 1.18
B 0.81
C 0.93
D 0.74
E 1
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Fig.2.5 Electric field distribution around the spacer.
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Fig.2.7 Centrifugal force technique for controlling filler distributions.
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Table 2.2 Specifications of base resins.

Chemical Specific Relative Viscosity
structure Company| gravity | permittivity (20°C)
[g/ml] | (1kHz, 20°C) | [Pa-sec]
Bisphenol A 117 13.6
> epoxy resin Japan
g Epoxy
Bisphenol F Resins
w . 1.20 3.67
epoxy resin
3 or 4-methyl- 35
= 1,2,3,6- Hitachi
q) ) ’ ki
$ | tetrahydrophthalic |Chemical 1.21 0.061
° anhydride
%
. Japan
1-isobutyl-2- Epoxy | 0.94 0.007
methylimidazole ;
Resins
Table 2.3 Specifications of filler. materials.
Chemical Speqﬁc Re@“Y? .Mean Particle
structure Company gravity | permittivity | diameter form
[g/ml] | (1kHz, 20°C) [um]
MICRON 4.0
Al O3 3.95 9.1 0.4
Admatechs 9.5 )
50 Spherical
F i 2.21 7 N
used SiO» DENKA 3 8
42
Crystal SiO, | FUKUSHIMAYOGYO| 2.65 4.5 5.9
Wako Pure 06
Chemical Industries '
TiO, 8.7 Angular
rutile crystal 4.2 14
KINSEIMATEC
22
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Fig.2.8 Particle diameter distribution of fillers.
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Fig.2.9 Planetary mixing and degassing machine.
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Fig.2.10 Centrifugal machine
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Fig.2.11 Fabrication process of FGM.

_47 -



¢ =5Smm
Gap=0.13mm _°

HV electrode

Test sample

(a) Electrode configuration of dielectric material test fixture.
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(b) LCR meter and dielectric material test fixture.

Fig.2.12 Setup for capacitance measurement.
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241 ZDARICEFERILT D FGM

AN —H R mEEAEMNE FGM & LT, LA FMIZEFERILT S FGM
(GHP-FGM : FGM of Grading to Higher Permittivity along centrifuging direction)®
HEH I IZ DWW TRETT 5. GHP-FGM 1, AX—H @& I K MIZER 940 LT
WHRANAR—=H R EExG L Lz FGM T 5. GHP-FGM 1L, KRR
FEFRR T ERMICTEEL, Tho a2 —1cfk Lk, @0 haMmdT sz
LICE o TERT 5. X 2.13 12 GHP-FGM OfEfla & 7 h &R d . RXIZR
T LI, BONEMMT D LXK VR RE L, 2005 M E#F A IS
B BENSAT 5. IR THFEERNEOVFEERL T2 W50,
=0T AN EF BRI T 5 FGM(GHP-EGM)DERLN ATRE & 72 5 .

UbEoDZ & &BE %2, GHP-FGM Z{ERL U 7= /ERIS % & 2.4 (277 7. Sample
A 1 TiOy B 7% AV 72 FGM T Y, Sample B 1% ALO; Ki 1% V7= FGM T&
%. 72, GHP-FGM ¥ > 7L DFEE Ry A NE R R4 X 2.14, 2.15 (1277, A
X, L izEo hodmilEd#EERbT 2504 (GHP-FGM) 2 i T& 5.

S HIT, RToOME, FER, HORGEEZELSEDZLICTLY, LFER



Centrifugal force

...................... €
O Q Epoxy resin
O Q Precipitable
Q Q O high ¢ . filler
0000 -
v r
Fig.2.13 Concept of GHP-FGM.
Table 2.4 Condition of GHP-FGM fabrication.
Centrifuging conditions Loading
Sample Filler (Vﬂ?mz::tio
number | Eorce | Time duration of | (Mean diameter [um]) vS. epoxy)
[G] centrifuging [min] [vol%]
A-1 40
5000
A-2 15
TiO, (8.7)
A-3
10000 30
A-4 240
A-5 5000 15 TiO, (22.8)
B-1 1
B-2 500 10 AlL,O; (9.5) 100
B-3 30
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Relative permittivity

(b) Sample A-4, A-5

Fig.2.14 Permittivity distribution of GHP-FGM samples with
using TiO; filler.
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Fig.2.15 Permittivity distribution of GHP-FGM samples with
using Al,Os filler.
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IR A~21 OFIPA T, RO MOTGIRELESEDL T ERHRERI LN Dol
Wz, (ERL7H v TV ORFRIE L & RN T 5 72, {E# L7 GHP-FGM
2 7 OVIBE O R K 4 & BEEEIC K o TS L7 AR 2 X 2.16 1R
X0, FR L 72 FGM Y > 7V INER O 5% AL O R 156 B 23 15 0 ) J7 RS
DML TNDZ RO D. ZORMEMLIERLTFEESMICL > T, FERE
BRSO ERNER SN TS Z LR L. U EORENS, ELH
LeMnn 2 Lok, Bl RiFER Mz A+ 5 FGM 2 /F L RETH 5 =
EERBL ML

242 R DARICEFERILT S FGM

AR —HREENEME FGM & LT, LA FMICKFEESRILT S FGM
(GLP-FGM : FGM of Grading to Lower Permittivity along centrifuging direction) i
AT DOV THRETT 5. GLP-FGM 1%, R MR MIcZ{EL Tnda—r
AR—=HROT 4 AT AXR—=HZXR L L FGM Th 5. GLP-FGM iX, =17
IZ X o> TR LIZS WO mFERE &, O X > TREL L
FTUWVWRKAEDIKFERK O _FEHEOFEMER 2 REL, b a B —I26
L%, BONWEMNT L Elck-> TERT 5. X 2.17 I GLP-FGM DO fE
a7 MRy, RKICRT LI, mOFMIS, DNRIEEO SR EERR 1
IFREAL S E T, REROKFER FOLOEEIHEZEL. Z0Lx,
eI D EFHEFRRL T OIRGMEI A BB EEIM L AT LN TED.
ZIZT, M ERENM A GEVWFEERORNERNFZEBESTLZLITLY,
O 5 AN IRFE B R k4 % FGM(GLP-FGM)DERLNATRE & 72 5 .

b Z L alsE x, GLP-FGM OER 21T o 7=, ERIGMFZFK 2.5 1R T.
R L7 GLP-FGM % 7NV O ER M 2 X 2.18 12" d . KLY, L

Teim DA DO NARFE BRI T 59 M(GLP-FGM) 2 g T& 5. T 748bbH, Hi
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Centrifugal force
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(@)

(b)

Epoxy resin
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(c) Lower middle (d) Bottom

Fig.2.16 Particle density distribution of GHP-FGM sample (A-5).
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o
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O recipitable
| OOOOOQOQO Q low ¢ | filler
Fig.2.17 Concept of GLP-FGM.
Table 2.5 Condition of GLP-FGM fabrication.
Centrifuging _
conditions Loading
- (Volume ratio
SEIRLE Time Filler of fillers
number | £orce duration of (Mean diameter [um]) vS. epoxy)
[G] centrifuging [vol%]
[min]
TiO TiO,: 30
C-1 120 2 2
4100 (0.59) Crystal SiO,: 60
and
C-2 40 Crystal SiO, TiO,: 40
C-3 10000 (5.89) Crystal SiO, : 60
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Centrifugal force

Sample height [mm]
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Fig.2.18 Permittivity distribution of GLP-FGM samples.
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IH?D GHP-FGM O fEHE A& T, GLP-FGM IZBW T H B EMh oM Bl X
VFER, BOSELZLELSELZ LI, (FRT AHEMSMOBEEROE

PR AT O MR A G T 5 Z LR AREE R D EFEALND.

243 U FHFERSMEHF D FGM
AN —HHmEERENE FGM & LT, @OHMIC U FRICHEERN M T

% FGM O HIHEIZ DWW TRETT 5. U FRFHEESR FGM

INRIRR & KRR D m i EFRRL % 2 BRI

HARIEALT DL N EMINTHZ LICX D, FEESMELHET 2 HIELRSE

o
i
&
Z
iy
X

T5. TOFEHMa v &2 219 1C7RT. 219D X 52, o7 B
WD » TR LIZS WRIRO SFERM 2 REL, Y7V TF
BRETEZRET LS. £

EOLDZMMT 221k, B 219b)D KL 512, KB DR+ D I % HINH

l%lé:
A OIS & o TIREL LR W KRR D & ik

CIREALSED. ZC XY, F o PP RE TGS E R 7 OB E N
A, FBERIELI RDEELXOND. £, YUV TFEHTIIEFESR
B DBEENEGLS RLICODFERIIELSRDLEZE2ONDL. 20L&, 7
IV BB CIR/INRLR O 3 R ORAEAL A B I 2 & T3 ERITE b L 72
Wiz, UFRGFEERSMNEBAREEZEZOLND.

U bETik_fza w7 M-S E, U FRGFEERSAMAERICH W DM % %
E L. R OR & L CESRIEL 0.59 um, HiFEER 114 0T ¥ o %,
RPIBEORL - & LU CTEERIR 4.0 pm, FHEER I3 OT AIFE AW, (ER
FEaF 25108, EREMEM EERY TV OB A K 2.20 (2R,

TERL L 729 > 7O BRI 2 K 2.21, X 2.22 127~ X 2.21 £ Y, Sample
H-1 & Sample H-2 OFFEFRSMITIZIERLTH D Z &5, Sample H-2 DiE L

&

T
FETIERBERRFITIE LA ERAELLRVWEEZXDOND. LvL, EOf
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(a) Before application of centrifugal force.
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(b) After application of centrifugal force.

Fig.2.19 Concept of fabricating FGM with U-shape permittivity distribution.
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Table 2.6 Fabricating condition of FGM with U-shape permittivity distribution.

Centrifuging conditions Loading
; (Volume ratio
Sl Time duration lF|IIer of fillers
number | £orce of (Mean diameter [um]) vS. epoxy)
[G] centrifuging [vol%]
[min]
H-1 No operation
a filler: TiO, a filler:
H-2 S (0.59) 40
500
H-3 30 i .
B filler: Al,O, B filler:
H-4 5 (4.0) 80
3000
H-5 10
Sample H-1~5
Filler
£
& —
a
S
£
o
IS ™
S
: B
=
£
<
y N
(a) Casting conditions (b) Overview

Fig.2.20 Casting conditions and overview of the sample of FGM

with U-shape permittivity distribution.
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Relative permittivity

Fig.2.21 Permittivity distribution of the samples with U-shape (500G).

30 | | I
E
o E 20+t —SampleH-1 . |
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= 2 :
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ol » | | | |
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i 0 | | Sample H-4 | |

4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0

Relative permittivity

Fig.2.22 Permittivity distribution of the samples with U-shape (3000G).
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N % 30 20 & &< 45 2 12X v (Sample H-3), &k E RN REL LT
7O UTHBEERSMANIEIL TS, &5, Sample H-2 & [X]2.22 #1 ® Sample
H-4 LOEICLY, FUROLAOMMEF/ETH, BLNERELSTHZ LK
ST UFHFELRDMAEZFERATHILENARTHD. I, BLHOKRES
BXOZOAMMEE” % & bIlo k&< LY v 7 b (Sample H-5)28, i b AW U T
MM OFEERBEZHETH DB brolz. UEXY, KETRELEFESR
DHOGHIHFIEERH VD Z L2k U FRFHEERSMEZFF> FGM O /Ef % 52
BLL, BLEMHICL > TR UFRIBIRZHIE CX 52 L2 LT LTz,
WIS, ER LY TNk OREEFMT 2720, EEEFBEKE
(SEM : Scanning Electron Microscope)lZ & - T ¥ > 7 /LW O 45 K i 4 % Bufs L
7o, Wrmlg221X Sample H-3 3% E L, o7V E#ENr51,3,5 8, 13FHOD
AT A4 AREE W2, SEM BIEICH W= E 2 X 2.23 1R T, rds, A58
AREHI TREOBEHIC I &#E L.

- Point1 -« - - FHEERIPEVR

- Point3 - - -2 [EFEORmA T (o 7r EED

- Point5 - - -2 @O mA T (o 7L T ERD
SHME VR

%

« Point & 7 R
ISEs
==

* Point 13+ - - Y=

%
+»+
I ]1

AV
B L2 7 Vliim o SEM BE AKX 2.24 ([T . P TRV TR
X UMIEE, REFEO AW DIIBLT ¥ kit %, EREOBAWEZIET LR
THFEZZTNENRLTWD, d, BIEMERIT 11,0005 Lz, 72, Wil

ST HBEEREHIRT LT 10 54TV, B2 FVErm N TIRALEIC & - T Fe kL
THEEICELDENENZ L 2R L. AIKICBWT, ETARERRTTH
LT Z U CER TS, X223 (a) LV Point 1 TIXIFIEMILTF ¥ ki35

HTEY, D% Point 3, Point 5, Point 8, Point 13 & % 7L FEF~1T7< 1T
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Fig.2.23 Observed points of the section in the sample with U-shape (H-3).
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(a) Point 1

(b) Point 3
Tio, Epoxy AlL,O,

(d) Point 8 (e) Point 13

Fig.2.24 Observed image of the section in the samples with U-shape (H-3).
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TemoT, TOBEBENMELS o TWDHI Enbhnd. WRIZ, KA +THDLHT
NI FICHERT L. BbFZ o 0a L idiic, Y7V~ <icLien
STEDEENEL 2> TEY, Point 13 TIHIZET VI TFTRENEDTND Z
ERERTE B,

UEXY, o7 vd RN 22 BB E IR L TV D 2 & & il
WLz, Flo, M223BLUK 224 L0, BIELEERABOT VI FHR 7B X
WAL T & VR OEE EFERSM eI ENTEBY, (L U PR
DFHEERA FGM T O KR O FBE A RAET 5 Z &N TE T2,

25 F&OH

ARETIX, FGM OFEBEBREMICHLE L SNLFERER S MEER I 2L
—va VK VREEL, & OICEEERMA A A RO FGM /EREF & L T, =
DX BER T HEZRELSELZEICXLY, FEERSAMAEHET D H
WZHOWTIRE - BIE L. ZORE, UTFTOZ Lnbhotz.

(1) A=V IREERELEMTLHFELRSME LT, HRRERLHICEHHEER
M2 BL U, OIS B R R~ E R A IR S B 2B ER MR A LT
bbHZbE, BRvIal—va LN LT.

(2) A=Y NHEMAEOBREEMT DHERSME LT, REERLE

CETFEEM B AR L, A< —F IR R B B LT U R

EH

RSN E THH L%, BRYVI 2L —Ta Tl VHLNICLE.
(3) AXR—VINHERZHEMT D FGM & LT, FET Dk HEH &b 118,
EOEGEEZREST D Z LIk, mELAFCEFERLLD D VITEFHER
b 2FERSMEFO FGM 2 FRAEETH L Z L2 HEMNIT L.
(4) AX—HWNHEMATOERAZHEMT S FGM & LT, FTET D 2 FHEO
L2 fEIRICREE LR ICE O D AT 522 &Ik 0, UFEEEERS
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% 3E FGM OEXRMIZMEREDRELE

3.1 FANE

RETIX, T AMBKENEBNTHERAENDE AX—HIZFGM ##M 35 2 &
ZIBE L, FGM OEXHMGZIERR OMFELAT 9. —MKIT, SFe H A B P2 E
72 EDFERBFFICIBNTUIM A L 2N EER S D, £, W
2 iR I HEIRN D AN —H O R R ML RET DR FDO—2& LT,
B/ A=Y REOBRNETOND. T2 T, %8R 222MA A 16
&7 FGM(GHP-FGM)Z Wi il L 7= A _X—H & {EHL L, SFe H A TIZBIT 5 EH
A 8L ARG RRAE R IC K o TE ORI L2 R 2 EBRAICHRAET D .
IHIZ, UFHRFHEERSMEZFFD FGM 2 AX—HE 7 L~ H L, &/ A~
— Y 5L O S & MRS D 30 R A R R AR R R I B 2 D REIT oW T,
AR & R V-t FrtE 2 W TRET 5.

3.2 FGM DA /)L R #@ % M RE D RERAIARELE

3.2.1 EYTIL

FGM DA v 7V ZHigMERE A MGE T 5% 7 & LT, SFe W AHIZE W T
AT AR BRI & R A = T LR EE x5, 22T, kil
Dz R AR T DB SN DR TEROEMBRE FGM BEHZR L L
THET 5. R 72K 3.0 1R, Y o 7V T AR E R L
£ 20/40mm, S 10mm OHERBRARXR—V2EALLZET L THY, GIS X
NR—H 7 EOEKFHEMAR L B, H AD 3 HE(TI: Triple junction)#H 12 3 1) % &
FAEP AR L=, Z 2 TlE, FGM A_X—HH 7L L L $1T, FGM & O ik
DI, [F—JZIR TR #%5 = 5041 2 7> Conventional A~—H 4 71

ZERL LU 7. FGM A=YV T WTZHERSAIL, BiEIZBW TR
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Uil 72 i R oA O FHE#H 2 b £ 1Z, GHP-FGM(SampleA-5)% %€ L 7-.
EODN AT D508, Y TR WA A 7 m =2 TIZAEbET
FEERRE LT,

W T OERICACERMMENIRELFCTH Y, TR FI2IT Y
WP 22.8 u m DAL T & b+ & YR 5.89 u m Dt dh > U kL& AW Tz,
EREM AR 3V T AFR LB 2 s RICE 3 sicky, &
BAAN=YH TR Lz, ERLUEAN=FF TV ONAE2K 3.2
IR d . FRRGECER LI A=Y T bFEERS A2 IE LI
FEH 33T, R, @7 e BICHEDFBRDAMZER L TV
HZEDRDLMNDL., MY T NVOFEBRSMILLTOEY ThHD.

« FGM A= 7L 1 4<g,< 12 OEGAER 53 4 (GHP-FGM)

« Conventional A X—HH 7L : g,.=4 —F

ZC,ER LT FGM A=V Y o T O AR 2T 5720 E R
2l —aryEiTol. HEMEEX 3.4 1R, FXIEE Y > 7V E O E R
DA EAR L TS BREIXEMIC 100kV 2 52 -5 60ME L. R XY,
FGM Z @M T2 2 LI K> TERET A TH L TI HFOERLEFTE D 2
EWRbnL. Zh&v, ERLE FGM AX—VOER 3> b o — L3R & R

LTS,

- 68 -



Impulse voltage

1

¢80 plane electrode

C

D

SFg gas

(0.1~0.4MPa) 10

/

/ 0 =45°

C

/

FGM truncated cone spacer ($20/40)

[mm]

Fig.3.1 Configuration of experimental setup.

Table 3.1 Fabricating conditions of spacer samples.

(a) Applied filler and loading conditions

Applied filler Loading (Volume ratio
(Average particle diameter[um]) of fillers vs. epoxy) [vol%]
FGM TiO, (22.8) 30
Conventional SiO, (5.89) 50
(b) Centrifuging and cut off conditions
Centrifuging conditions
Cut off condition of
Force | Time duration of Radius of Truncated cone spacer
[G] Centrifuging [min] | centrifuging [mm]
Centrifugal |:>
duration
S
FGM 4000 600 160 (e T E
FGM e
sample
\ .
Sample cell Y 61mm
Cut off to spacer
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Conventional FGM

10mm

Fig.3.2 Truncated cone spacer samples for impulse breakdown test.
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Fig.3.3 Permittivity distribution of truncated cone spacer samples.
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Fig.3.4 Electric field distribution around truncated cone spacer.
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322 EBRAE

EBR AKX 3.5 2R T. BIETIER L7~ FGM, Conventional A #t 2 FEEH O
AR =AY T E M 0.1~0.4MPa O SFq 7 AHICERE L, EMmMER L OH
W DEERETE A RNV AEILE 2 ERIEICE S EHIM U CHg i E bR 217 - 7-.
T/, BEEPEZN LI EEBRKEOIRGE L O ALEFHEEPMT)IC X
% MR E P T OBAGFIZ L 5 T, 50pC ORI L5 A 230 257 i #E(PD)

HIE S TITo 72,

323 SF, AHRRIZHTHA NV RIEIF IR FFE

KB T O N MR AEE E(BDV) & X 3.6 1287, FIKEL D, EdE - A6
PEW T DA 27V ZAEJEHIINIRFIZ B W TS, FGM 2@ 32 2 & 12 X 0 #afka
WEEZM ETELZRbns. £, FAKICEIT 2 @1 PD 3L 3I2HE
K EE L7-5E, AXPD ZRAELEOELICHERZRIE LS AEZ L TEY,
BTHBY D5 L b OIXEMME, BkE O b OIXAmEDREF(3~6 Bl D1,
TT—N— IR KNEER/ME)VZER LTS, 21XV, FGM AX—H 4 7
IETRTOERICBWTPD ZREETEDLICBDIZES-TWDHZ ERDND.

F72, K 3.712 FGM A~X—H 4 7L & Conventional A~X—H 4> 7L LD
BDV Db &Rmd . R LY, EMmME L AR TOA L ZEEHVNEIC B
WThH, FGM OEMIZ L - T BDV A LT, FIZEMEICBNTIE, £0
[ BRI EREFEIBICB T I VBEEFICRD 2 EBNb25. FRIT, ERME
TH M EB R BN DEMMEA L ZEERIIFFIZBWT BDV K 78%
(0.3MPa)LETZX S Z ERbd. Zb ORI, FGM @I k- TERE
RS OB SR 2 SGE T E KR, MEORBAMBIShicen LERDL
no. Ei, AWEIZEWTE, SREFEBICE VT BDV M L RMN/NS 72
STW5. T, EREEBICEBW T, BREEOM/ NI SR AT
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Lightning impulse voltage

(1.2/50psec) (step up method) Test vessel

Voltage divider

Spacer sample

Matching
circuit

P.M.T

Digital oscilloscope
(1GHz, 2GS/s)

Fig.3.5 Experimental setup of breakdown test.
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Fig.3.6 Insulation performance in SFs gas applied FGM

under impulse conditions.

-73 -



Improvement ratio of BDV : BDV gy / BDV conventional
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Fig.3.7 Improvement ratio of BDV (BDVggm / BDVconventional)-
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HERBAFHMHORBNEFE IENT-LEZOND. LMrLERL, B5/El
WX R R S NBEE/L L2 LTH FGM @ BDV A Eh 3G 2 2 &0
T&E5LE25.

3.3 FGM O & A #f 45 T RE 0D A2 AT RO AR ELE

3.3.1 RBFfE V-t 14
EEBERBOGEMICEWNT, RIFMAZRMEICZ K D A= EHNE O

FECFEITEE TH Y, MERBUEEIE & BUERFF(V-O)R M, ik E 5
& EERE R (E-O)RF I Ko TRl S 41 5. E-t FptirX@.nTHREh, =R F v

BHIRICE T 3 v 7 AR T4 FB LI BEAMBIO n fliA 8 ~ 20 Th 5 = & NER
(OINEEIF SR A

E=E,_,*t''" c e e 3D

FZZTAREITIHE, =AhFrariwyy MEIO E-t B & (n) & R
RS & IR E T D EM/ A= RmDOHE KERE HW T, FGM A ~X—
DR EE Mz EREEZ NG IV HE L.

trom = tuniform * (EFGM / EUniform) -0 e (3.2)

X 38 IO EREZ R L, BEMZRFIEE L TICRT.

(1) FGM B X Q¥ Uniform A ~X—H (g, = 4) D BB/ A RX—V R BT 5 KE
R(Eep)Z BRI 2 —va L ORETS.

2) X3B.2)L Y, FGM AX—HVlMIc L M FmiEft #5HE 5. 22
TnfEOREFEMELTI6 ZHWDS.
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Fig.3.8 Schematic illustration of the life time curve of electrical insulation

for spacer material.
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biLd. £ T, HEMEMEOERE WV T3.2)3 & v fikEam REH 4 55
L7z, WATER a7 oY ETVIC FGM i35 Z &£k b, FGM I3#E
HW—TEDOMEHI T, 41 EOMBEEMERDNRPELND Z LB LI
-7z,

WIZ, T— AR—YRT 4 A Y A=Y T )L~ U FRFERSMZFFo
FGM %/l L= A 0 EREHEBRIEEZ M T 5. BHLEZAX—ETF 1
(model-2, B I PIAXR—=HIZHE X FERSMAK 3.10 1277, 70, FGM
A= B2 FERSMAIL, K 3.9 O FGM H > 7V OFERSHOEH S
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Fig.3.9 Permittivity distribution of the solid spacer
between parallel electrodes (model-1).

Table 3.2 Electric field strength at electrode surface distribution of model-1
and Life time by introduction of the U-shape FGM.

Erem Erom / team /
[kVImm] Euniform tuniform
Electric field strength
at HV electrode surface 3.1 0.77
Electric field strength
at GND electrode surface 3.7 0.92 4.1
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Rotational =— + = + =— ¢t — t — —_— —_— —_— —_— — =
axis
HV electrode (100kV application)

Z=40 Z=70 Z=150
................................................................... ’
#1
Gas
#2
................................................................... »
Z=0 Z=80 Z=110 Z=150
GND electrode [mm]

(a) Calculation model for cone spacer (model-2)

Rotational = » = & = — — — — — — — =
axis
HV electrode (100kV application)
r=40 Z=60 Z=90 Z=150
4 ...........................
gl
r
=100 D T
=0 7=
GND electrode

(b) Calculation model for disk spacer (model-3)

50 Uniform FGM -

60
/

70

80 \\

90 B

B

100 j

35 4 45 5 55 6 65 7 75

Spacer height [mm]

Relative permittivity

(c) Permittivity distribution of the spacer (model-2,3)

Fig.3.10 Calculation model of solid spacer between coaxial electrodes
(model-2,3).
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NHEA L72HE Il oW T, A=Y EHOENMOMB L OE RS2 3.11 &
M 3.12icEnZFird. ALY, FGM 22— AX—HETF L ~HHT 5 Z
CIZEk o T, BB/ AR REOERNMEBINTNDLZ RS, 22T,

4 3.10(a)IZ 7~ 7" path #1 (/5 & £ B, #2(HE B O B & m LER Mm%
X 3.13 (2T, S OICEM A=Y REICIIT DR RESME, FGM J@E 12 &
Hifaix MR SR AR 33T RT. WKLY, FGM O IC L 0 BHR/ A
— I REIC BT D R KEREA, & E LB, SHEMN TENE 8%, 2%
DKW RTH D Z EBNbnole. I5HIC, BRMENSEVEELEM A SL—H
FUIH TR R (path #1)Z AWV THEREHF MR 238 L7z, 3 —r A_X—FTF i
FGM #7252 LI2X 0, FEE-EDAX—FMEHILLRT, 4.4 FOif
RAEMIERDEDGEOLND T ERP NIRRT,

T 4 AT A=Y FF )L (model-3)IZ FGM A ~2—H & Uniform A~X—H% % Zh
ZHNEH LGB HONT, 7 4 A7 AX—YE OB S L OER S
X 3.14 L3 15 ICENENRT. 22T, K 3.100b)IZ/RT path #3(E B LEE
MRAR), #4(PEHUBE AR O EMR R I LER oA A K 3.16 (TR T. S BIZEM/ AN
— Y REICBIT AR RKEMEZER 3.4 1277, WKLY, FGM Oo@EHIZ XY
AR/ A=Y FEIZB T 2R KEMED, "EEEMME, HHEMRMN TENE
19 %, 7 %DOEBREBHIRETHLZ ERghrole. IHIZ, BRENEWE

B A~ — Y G S (path #3)% HIW Tl EMmRER A5t RE L7z, 71 &
JAR—=HETIVIZFGM 2T 22 LI LY, FER-EDAX—HHEHT

AT, 32250 EMIERDEN/FTOND ZEBH LN T.
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z=0 z=80 z=110 z=150
. GND electrode [mm]

(a) Potential distribution

GND electrode

[kV/mm]
(b) Electric field distribution

Fig.3.11 Potential and electric field distribution of cone spacer
(model-2) by introduction of uniform spacer.

- 81 -



HV electrode (100kV)

Spacer

3.0
2.0

1.0

GND electrode 0
[kV/mm]
(b) Electric field distribution

Fig.3.12 Potential and electric field distribution of cone spacer
(model-2) by introduction of FGM spacer.
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Spacer Spacer

. Gas“ / ~ Gas . Gas / ~ Gas‘

6.0 3.0
— 5.0 — 2.5
£ £
E E
é; 4.0 5; 2.0
S S
(o)) : (@)
S Uniform 5 Uniform
2 3.0 f-spacer - £ 15 R
Z ; 7 Z | spacer
E 20 "§ 1.0 ..........
- FGM - ,
L L

spacer
0.0 0.0
0 25 50 75 100 125 150 0 25 50 75 100 125 150
z [mm] z [mm]
(a) HV electrode surface (b) GND electrode surface
(path #1) (path #2)

Fig.3.13 Electric field distribution along electrode surfaces (model-2).

Table 3.3 Maximum electric field strength on the electrode surface (model-2).

Emax [kV/mm] Emax/Emax(Uni) tmax/tmax(Uni)
Path #1 #2 #1 #2 #1 #2
Uniform 5.97 2.55 1 1 1

U-shape
FGM 549 | 249 0.92 | 0.98 4.4 :
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HV electrode (100kV)
r=40
=100
' Z=0 2=60 z=90 Z =150
GND electrode [mm]

(a) Potential distribution

HV electrode (100kV) i

GND electrode 1.0
[kV/mm]
(b) Electric field distribution

Fig.3.14 Potential and electric field distribution of disk spacer

(model-3) by introduction of uniform spacer.
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r=40

GND electrode [mm]

(a) Potential distribution

HV electrode (100kV)

GND electrode 1.0
[kV/mm]
(b) Electric field distribution

Fig.3.15 Potential and electric field distribution of disk spacer
(model-3) by introduction of FGM spacer.
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% = | | —Uniform spacer (#3) —FGM spacer (#3)
2 15 L[| —Uniform spacer (#4) FGM spacer (#4)  |.
2 1.0
Q
$ 05
w

0.0
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Fig.3.16 Eectric field distribution along electrode surfaces (model-3).

Table 3.4 Maximum electric field strength on the electrode surface (model-3).

Emax [kV/m m] Emax/Emax(Uni) tmax/tmax(Uni)
Path #3 #4 #3 #4 #3 #4
Uniform 2.72 1.09 1 1 1

U-shape
Soape | 219 | 101 | 081 | 093 | 322 /
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3.4FESDH
H AMAREIIRELSN THERH I N D AX—HYIZ FGM #wf L7256, FGM

AR—=Y OERMGMREEZRMIELT-. ZOE, UTOZ ERNbhroiz.

() FEERZHEGEMICEMN ST FGM 2@ A LSRR A X—3) %
10mm ¥ v v 7k TERST L2 Z LN TE .

(2) TERL L 72 FGM A ~X—4 D 0.1~0.4MPa |Z351F 5 SFe H AH A > 3L A ffakx
A E 2 REBRIICHAE Ls. A X—V OFBERZEHEOICHEB S 2
E XV, MBEEELENRK I8%M ETHZ EEHLNT L.

(3) 1E L7 U R BRSO 2 F> FGM X, FAT PRz T HET 0,
TFTAUATAR—=YET )L, a— L ARXR—PFT )LOWNT LD AX—HFF
VICEH L T8, BEERHEGEM R0 ELE R THh 5 EMm/ A~ —5 Fh
DEREEMTHENTE, ANV OBXMBZEEMNIEREARETH D
ZEEH BN L.

FEIEDSEXM
[1] CIGRE WG 15.03: “LONG-TERM PERFORMANCE OF SF6 INSULATED SYSTEMS”,
CIGRE Report 15-301, 2002.
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EIHBRTEAOBND T HEF MISICT ) A RDOT A I FRF 4 T L
FF ) arBYy COMBBEEITY. 7R T, ZOESICHLTEARR
LS LPDEE LT, RASREY 0w AT L DR 7 #ko
BNNT ) ar Ry NOREICEBEE 52 5. RETIE, TR &R

TEEICOBT 2G5ikE LT, @EEE=ELDERWT /KA i & 52

&

LL, THRFV/TNAIFTF /2 arRYy MEHAT 5. 261, ERLZME
2B D NEW I O SEM B4 RN &k - FEERAEIC LV, RS B
ZEBAICE T 5.

4.2 F/RFIEIRMTORERE
421 BERERDAIZKD T /R F 75 BB

ARIFFETIE, @V 2RI BEZ B L, o 2R ik & 5 5
HEiffe LT, BEEEELDNDEZHWCHIEZRET S, K41 ITBEK &=L
DWNFA A=V AT TPTBEFWLIC LY T BT OB CERER) & f e L,
BEDVTRE LB EREELDEET A 2 LIV SV BOREZES 2 L 23
FECED. ZOFBNRA A —DF, KESHMERANTHA42DESITRT L
NTED. BERICE D RIRORLE A &2 /R b L, =012 Ko TEER
DERFIBEZ/NSLSTHZENARTHDL EEXBND. FFIC, BERORH
RV ~A7ub A XY T A a4 XOBREREAT DRESMIL, —
RARLAF D AN D o ORI 72 D .
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422 TRFD/TIEFF/A0ROVEOERTOER

BEREEONICED T /7R oz MnwWTo R /T T F /=
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NC Ol 7ot 2 %X 4.6 127,

(1) =& F B LA & e EAR 2 e L, fREEa1T .

2) ERBAWEICT /eIy 7Y I REREAG L, BEEEITO.

Q) BEWKRZBI LI, BLOBEZIT ).

(4) ELOBERIS, LB ZRAGWEN O RE, BERBEITS.

(5) BRI EIT o218, BElLSE 5.

TR DBRITIE, 2 4.2 1R X9 70l & B RS B[], 8 DN, 1 O A IR ]
DO EDEAPNRE 2 LSBT, 0L X OB o RS E T 40
kHz, REMRIEIX 13.0 pm THDH. Tz, L@ THESRLEIT O HENL, &
DB DR B ESMEZY b L, =KX VBRSO MO gEME% 72 <
FTTOThHD. MATIFRLEERIHI R H 7L e NC ¥ v 7L Oi#El
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Fig.4.1 Schematic illustration of particle dispersion effect by application of
ultrasonic wave (USW) and centrifugal force (CF).
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Fig.4.2 Schematic lllustration of improving dispersibility
by ultrasonic wave and centrifugal force.
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Table.4.1 Specifications of applied materials for

epoxy/alumina nanocomposite.

Epoxy Hardener Filler

Chemical Bisphenol-A Anhydride-

structure epoxy resin type Al20s

Specific gravity

[g/ml] 1.17 1.21 3.95

Particle shape - Spherical

Average
diameter of - 31
particles [nm]

40
35
30
25
20
15
10

Frequency [%]

10 100 1000
Diameter of nanoparticles [nm]

Fig.4.3 Particle distribution of alumina nanoparticles
with an average diameter of 31nm.
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2000bdc
=

EXAtan
BANEES 250ml
B 40kHz
_ 100E& B
TRt (3.5~22.5um)

Fig.4.4 Ultrasonic dispersion machine.

A%
BRAREE 3000ml
N 2208 M
& il
RERIE (100~22000rpm)
FEMIR EERET RN RE -20~40°C
10~40°C
=R
R 30~85%RH
HEDEEA—4 AL O—4
BRAEDS 20700G
O—24% 140mm
ANEE 50ml cell x 4

Fig.4.5 Centrifugal machine.
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-
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heater
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Table.4.6 Fabrication process of NC.
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Table.4.2 Application conditions of ultrasonic wave and centrifugal force.

Ultrasonic wave Centrifugal force
conditions conditions
Specimens
Duration Force Duration Temperature
N_MM 1G - -
N_Ca No 200 G
operation
N_Cb 2,000G 1 hour 20°C
N_Cc 20,000 G
N_U1 1G - -
N_U1/C1 1 min 1 hour
20,000 G 47°C
N_U1/C12 12 hour
N_U5 1G - -
N_U5/C1 5 min 1 hour
20,000 G 47°C
N_U5/C12 12 hour
N_U30 1G - -
N_U30/C1L 20 °C
1 hour
N_U30/C12H
N_U30/C3 30 min 3 hour
20,000 G
N_U30/C6 6 hour 47°C
N_U30/C9 9 hour
N_U30/C12 12 hour
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Unfilled epoxy specimen

NC specimen (N_Cb)
(Filler content = 0.25 vol%)

NC specimen (N_U30/C12)
(Filler content = 0.26 vol%)

50mm

Table.4.7 Overview of fabricated specimens.
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P L= ELED SR TR A A il U i R R B E 2 T, BT
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R FHRZREST D2 LIk, EREMREBLEDD T /R 1- 4 otk & € &
AL FI L7z, RIS, 0B ORI 7 FRERICIER L. K 4812, RFFIH
R KD B ORI Sk Z 3. X 48@ICBWT, BERNFET D
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. IREY, BEROMEEE SR T OMINEZFIMMT 5N TED. F
7o, KA FHERT, NCH U NV EEFET RV VOl ELHEL, £

DEERPBR DT,

-08 -



Ultrasonic ry
(5] e ©o (&) °
o o wave o ©0°
(6] ..' %) & [5)
e )
) e® oo
Centrifugal Centrifugal
force (CF) force (CF)
g o o« * °*°
o W e
U llllll . llllllllllll u . -------- 5-.
& $S&°

Filler content Filler content o

in upper layer in upper layer

= Not significantly

= Decrease
- Agglomerates decreased
exist - Nanoparticle
Dispersion

(b) Application of ultrasonic

(a) Application of centrifugal
wave and centrifugal force

force only

Table.4.8 Relationship of filler content in upper layer of specimens

and particle dispersibility.
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Speci-

usw CF x 1,000 x 20,000
men
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raion raion
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WD15.5mn 210KV x20Ke " " 2un

Fig.4.9 SEM micrographs of epoxy/alumina nanocomposite .
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AWithout centrifugal force -

X With centrifugal duration of 1hour |
O With centrifugal duration of 12hours |-

Agglomerate diameter [um]

0.1 B g %

Fig.4.10 Ultrasonic duration characteristics of agglomerate
diameter (CF: 20,000 G, 47°C).
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Fig.4.11 Centrifugal force characteristics of agglomerate diameter
(USW: 30min, CF: 1 hour, 20°C).

-102 -



B 187.A
Fr(p, — p)1-e

R
%Ommi} - - - (4D

0

D2

p

Z 2T Dp I THRLFBE, mo IR ORIIPREEE, A VBRSO RERORL BE oD IR i 00
B, opp & prlRIT & M O, LR, Ry & RoIEEULACER L RO
2, FIXR TORLIMEETHS. £2, AXFPHERICEIVERNL TV,
R &Y, FHEAE & EREITEMAIC KL TR0, EOMBEELZHETIE S
IR A XN SL BB ERbMND. ZHLE D, 10,0006 O F1% 1 R
T2 2k, BERRKY A XZ lum L FIZTE 52 03005, £,
HOLGO IGIZEBWTERENGREMEZ KEL FTHESTWD. 2, BEEkh]
EOIHMETNC S &b EHFEL TV AHEER KT A ANFHEMEEIV /I
WEEZXOND.

4 412 12, BEREY A ALK EEZRT. 22T, BEEE 30
SIRE L7ct2 D NC B 7z, 47°CH T 20,0006 DL EMAIIL TV 5.
AR LD, EOREHERES T 2FERERKYT A AN/NELL Y, #ELH%E 12
PRI Z 2 2 21280 180nm £ T/HhNESLK DT ENbnsd. £, BEREZ 1
5y, 5O ERET L72t O NC H o 7 iz, 47°CHIC 20,000G O30 ) & A0 L 7= 45
B ORERRT A X WEZEAT o720, BE I RERER A 30 20 DR & B3 722 %
TR LR, TDZENnD, BERRKY A XTTITE LT DOMNMEMEITEY
RESNDHEZEZLND.

I, BERRRT A AOFPRELFHFEEOEICERTS. K4120F 7 %A
A —F—DEERKFA X, K411 O~A 7 vV A4 X4 —F—DOREERK
YA RNHART, ERMEEHBEMEN LS LTS, Zhix, BERRKYTA
APNEL 72513 E, BEKRIZNGDIND TR I ERKGEDRMY R 7
< XEG DX THWREICESL 2, RBRENHAEMEILI S\ EE %

- 103 -



500

O Specimens with USW

— Calculated value

450 \
400 §
350 é\
300 O \

250 \
200 g\

150

Agglomerate diameter [nm]

O
DOCI7
XD

100

50

O|||||||||||
0o 1 2 3 4 5 6 7 8 9 10 11 12

Centrifugal duration [hour]

Fig.4.12 Centrifugal duration characteristics of agglomerate
diameter (USW: 30min, CF: 20,000G, 47°C).
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Fig.4.13 Ultrasonic duration characteristics of filler content
(CF: 20,000 G, 47°C).
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Fig.4.14 Centrifugal force characteristics of filler content
(USW;30min, CF: 1 hour, 20°C).
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Fig.4.15 Centrifugal duration characteristics of filler content
(CF: 20,000G, 47°C).
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Fig.4.16 Relation between maximum agglomerate diameter

and filler content.
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Table 5.1 Different application conditions of USW and CF for unfilled
epoxy specimens.

Ultrasonic wave application Centrifugal force application
Specimens Tormoera
Frequency Duration Force Duration tu?er -
E_MM No operation 16 ) ]
E U 40 kHz 30 min (gravitation)
EC No operation
20,000 G 12 hour 47 °C
E_U/C 40 kHz 30 min
3.50 : .
—&— Unfilled epoxy with neither USW nor CF : E_MM
3.45 ——Unfilled epoxy with USW : E_U
' —e—Unfilled epoxy with CF : E_C
340 Unfilled epoxy with USW and CF : E_U/C
3 ' — Average value (Standard deviation=0.0045)
2 335 Mg
2 =
& 3.30 \.\
o
2 .
© R
© 3.25 \
3.20 X
)]
3.15
3.10

1 10 100 1000
Frequency [kHz]

Fig.5.1 Frequency characteristics of relative permittivity of unfilled
epoxy specimens with different application conditions
of USW and CF.

- 113 -



—&— Unfilled epoxy
—8—NC neither USW nor CF : N_MM

3.50 —A—NC with only USW (1min) : N_U1
345 —0—NC with only USW (5min) : N_U5
' —+NC with only USW (30min) : N_U30

3.40 —

2 A O~

z A

£ 335 1 .

2 . o

2 330 O A X

© 3.25 : R

14 %:‘0\
3.20 -
3.15 |
3.10

1 10 100 1000

Frequency [kHZ]

Fig.5.2 Frequency characteristics of relative permittivity
with respect to ultrasonic duration.

—— Unfilled epoxy

—8—NC neither USW nor CF : N_MM
——NC with only USW (1min) : N_U1
—0—NC with only USW (5min) : N_U5
0.025 —0-NC with only USW (30min) : N_U30

0.030

\\\

0.020 ﬁﬁ

0.015

r”
0.010 e

0.005

Tand

0.000

1 10 100 1000
Frequency [kHZz]

Fig.5.3 Frequency characteristics of tand with respect to
ultrasonic duration.
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——Unfilled epoxy
—8—NC neither USW nor CF : N MM
3.50 —A—NC with only CF(200G,1h) : N_Ca
345 —0—NC with only CF(2,000G,1h) : N_Cb
—{+NC with only CF(20,000G,1h): N_Cc
340 o
2 '
S : :
2 335 Eﬁ%ﬁ %\i\
g SN
g 3.30 Kfﬁ\
< 325 ! N
i o
3.20 \'\i 3
<
3.15 :
3.10
1 10 100 1000
Frequency [kHZz]

Fig.5.4 Frequency characteristics of relative permittivity with
respect to centrifugal force.

—i— Unfilled epoxy
—8—NC neither USW nor CF : N_MM
0.030 —&—NC with only CF(200G,1h) : N_Ca
—o—NC with only CF(2,000G,1h) : N_Cb
0.025 —0~NC with only CF(20,000G,1h) : N_Cc
0.020
le]
C
©
~ 0.015

s

0.010 >
g

0.005

0.000

1 10 100 1000
Frequency [kHz]

Fig.5.5 Frequency characteristics of tand with respect to
centrifugal force.
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%] 5.6 12, BEW & O EFNRISAN L7 NC > 7o i ER O B EK
FEE2RT. ALY, NCH v FLOlFERT, BFKk%Z 30 0BT 2
CIZEVIRTFL, 25H1220,000 G DiELS)%E 47°CH T 12 KefINT 5 Z &1
X0, BEBEIRXIDHIETFTLHZ2 08005, K571, NCH T Ao
P EIERE O BB 2R, S AR O TO NC % v 7V OFEIERE
X, MAET R OFBEBEREL D 100 kHz~1 MHz O#FH TR DS A S 7.

IEDREREY, BEKERELNPERIE RN COFERMEICE 2 D HE
PDNENZ LD, BERLEELNCES NC OKFERIE, T/ 0%
PEOBANEEL VWD EEXZLND. REIZBWT, F /R HMERS NC

DIEFHEHIG 2 5 BB OV THRF E1T 5.

532 T/ FABMENFTEREICEZIEE
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BB A N, ZRUO6DORREY, F 7R+ oBEoiENS NC OFE
BRI BEL TS Z b,
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—&— Unfilled epoxy

—8—NC neither USW nor CF : N_MM

3.50 ——NC with only USW (30min) : N_U30

—O—NC with USW(30min) and CF(20,000G,12h): N_U30/C12

3.45 :
0\‘\*‘

3.40 =

3.35

SEao. I
3.30 —O- O\O.EEE\

3.25 ——

/i

Relative permittivity (g,)

3.20

|
o8

3.15 ~

3.10
1 10 100 1000

Frequency [kHZ]
Fig.5.6 Frequency characteristics of relative permittivity for different
ultrasonic wave and centrifugal force conditions.

—i— Unfilled epoxy

0.030 ——NC neither USW nor CF : N_MM

—0—NC with only USW (30min) : N_U30

—O—NC with USW(30min) and CF(20,000G,12h) : N_U30/C12

0.025

0.020

QLe

2

0.015

Tand

0.010
.

0.005

0.000
1 10 100 1000

Frequency [kHz]

Fig.5.7 Frequency characteristics of tand for different
ultrasonic wave and centrifugal force conditions.
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3.50
—— Unfilled epoxy

3.45 —e—Poor dispersion :N_Cb

—O—Good dispersion : N_U30/C12

3.40

3.35

3.30

3.25

Relative permittivity (€,)

3.20

3.15

3.10
1 10 100 1000

Frequency [kHZz]

Fig.5.8 Frequency characteristics of relative permittivity at the same
filler content with different particle dispersibility.

0.025 :
——Unfilled epoxy
—8—Poor dispersion : N_Cb
0.020 —0—Good dispersior : N_U30/C12 ’;ﬁ
¥ o
o
0.015
Vot
0 /5/
©
= 0.010 7
Yos
el
0.005 U/(
0.000

1 10 100 1000
Frequency [kHz]

Fig.5.9 Frequency characteristics of tand at the same
filler content with different particle dispersibility.
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3.30

= = Unfilled epoxy

—2&— NC without CF

—¥— NC with centrifugal duration (d_CF) of 1 hour
—O— NC with centrifugal duration (d_CF) of 12 hours

3.25

Relative permittivity at 1MHz

3.15

310 L L L L 1
0 5 10 15 20 25 30

Ultrasonic duration [min.]

Fig.5.10 Relative permittivity at 1MHz as a function of ultrasonic duration
(CF: 20,000G, 47°C).
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— — - g, at 1MHz of unfilled epoxy

—O— &, at 1IMHz of NC with USW —@— V/,, of NC with USW

Calculated value of D,
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agglomerate diameter (D,) of nanocomposite specimens under ultrasonic

duration of 30 min as a function of centrifugal duration

(CF: 20,000G, 47°C).
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Fig.5.11 Relative permittivity (¢;) at TMHz, filler content (V) and maximum



4 5.12 12, NCIZHBIT5H 1 MHz OHFER(e,), BERKKRKY A X(Dy), =L
53 BiE % DR FREEER (VOIS RT3 2 8 5 I R R R A & = 9. TR oD NC 3o
T DORLT G AR, BE AR L7212, 47 CHIT 20,000 G DiE L] &
REHMMLIZSDTHD., THICEVERI A NCIE, 180nm LV K& 72
BERIITXTRIPNATWS., FKEY, BERBHIEMARSZ251ZE, K
FFREEPEML THWDIZ00b b, ERETRF 27 NC OEGFE
BRIEDHEFIZR>TWD., ZhuE, 511 TRLULEEWT KA o8B x
DONCHADOEFERNIRDENLTVD EEZ L, BEERRFIZEY 180 nm
RMOSHLUIZF 2R T OMBBHEM L ERNEREREEZOND. ik
L7 7R+ DAL, RREEOBRMAE X 272, F /K5
CERT 2EFERADBNC 2EOLFERE L CHELLEZEEZLND.
F R REICER T 2IEFEEFRIG L LOE, SRR UBEO Y
TRy TV T ENLTERONEGICEY, RO R % VORI
SRRNIHI SN Z LEREZ NS, i IMHz X0 ESWEEKOLFE
LWL ZOIRE/RELRGL, TR+ REREORFERRGOERE 2D 5
MIEHARET DI LICLVBAONIRDEEZEZOND.

542 F/AVKROVNEBEEDHEAFZERLDLE
F1IEOIIHICBWTRLIELIIE, v/ 7 A XOR T2 LAY
~—OWHFEERIT, “OOFBEROEBEISRIEL o TEHEAESINAD. 22T,
THAIFTHMEEZRIIMEIZar T o8 LTI & AR E T 5 %55
% & 12 L 7= Random arranged model 2 i L CRHHE L2 bBER L BRI L /=
NC OFEROEREA KT H. TN LT, F /RN ESR
52 DB OWT, KFREROB AN OREFEIT.

%] 5.13 12, 1 MHz O WLFHEEROR - FRERKFEEZ/RT. 22 TlE, iET

-122 -



—0— ¢, at 1IMHz of NC with —e— V/, of NC with centrifugal
centrifugal duration of 12 hours duration of 12 hours

€, at 1MHz of unfilled epoxy —&— D, of NC with centrifugal
duration of 12 hours

3.20 L 03 - 600
Y318 | /. 1500
= I
il S 0.2
¥ 3.16 — 1400 —
> j N S
= - > o
= ) 'Z =)
E 314 T > 1300
Q 1 0.1
(0]
& I
3 4 200
§ 312 . 4

3.10 00 100

0 10 20 30

Ultrasonic duration [min.]
Fig.5.12 Relative permittivity (¢;) at 1MHz, filler content (V,) and maximum

agglomerate diameter (D,) of nanocomposites as a function of ultrasonic
duration (CF: 20,000G, 12 hours, 47C).
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—&— NC without USW

—4— NC with ultrasonic duration of 1min.

—¥— NC with ultrasonic duration of 5min.

330 o —O— NC with ultrasonic duration of 30min.
B Unfilled epoxy

= = = Calculated value

A:pplication

of USW
= effect
®©
<
2
= 3.20 T
£
()
Q H
2 "=
3 3.15
o . T / / 3
Nanoparticle Application
effect of CF
3.10
0.0 0.1 0.2 0.3 0.4 0.5

Filler content V,, [vol%)]

Fig.5.13 Filler content (V) dependence of relative permittivity (g,) at 1MHz.
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——NC without USW
—A—NC with ultrasonic duration of 1min.
0.026 n —%%—NC with ultrasonic duration of 5min.
—O—NC with ultrasonic duration of 30min.
0.024 B Unfilled epoxy |
Application
of USW_ \
0.022 . »
‘2 0.020 l
e [ ]
0.018 1
0.016 [—— Application /2
of CF
0.014
0.0 0.1 0.2 0.3 0.4 0.5

Filler content V, [vol%]

Fig.5.14 Filler content (V) characteristics of tand at 1MHz.
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