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Table 1.1: History of epoxy casting insulated apparatuses [5].

Year Epoxy casting resin insulated electrical equipment

19550 1960 Instrument transformer

19600 1965 Insulator, Bushing, Magnetic blowout circuit breaker

19650 1970 Submersible motor, Compact type substation
19700 SF¢ gas insulated compact type substation,

Solid insulated transformer
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Table 1.2: Specification of Cubicle-type Vacuum Insulated Switch-gear(d

Specification VIS
Rated voltage 7.2/12/24 kV
Rated current 630/800/1,250 A
A short-time permissible current 25 kV 3 sec
Insulated medium Vacuum + epoxy
Insulated structure Phase separation
Operation machine composition CB, DS, ES solenoid control(Greaseless)
Mass 6500 750 kg
Size (height x depth x width) (mm) 2,000 x 1,300 x 600

Notes-Abbreviation explanation 0 CBO Circuit-breakerd0
DSO Disconnecting SwitchOO ESO Earthing SwitchO
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Fig. 1.1: 24- kV vacuum-switchgear (SF¢-free environmental correspondence).
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Fig. 1.2: Flowchart of the thesis.
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(e) Bubble removing curing at 130 O for 24hours

Fig. 2.1: Heat curing processes of resins[]
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Fig. 2.4: Mechanical model for stress relaxation]
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Fig. 2.5: Stress relaxation of epoxy resin0 [91]
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Table 2.1: Setting-out item and setting-out conditions of mold process[]

Process Setting-out item Preset value
1.Resin preheating Temperature 70+ 50
Time 4 h over
2.Metallic mold preheating Temperature 86+ 5[0
Time 2 h over
3.Resin mixture Churning Time 10 min
4.Mold Pouring time 30 15 min
5.Defoaming Time Smin
6.Primary curing Temperature 86+ 5 [0
Time 6.5 h
7.Secondary curing Temperature 130+ 5 O
Time 24 h
8.Slow cooling Temperature 130 0 —20 0O
Time 24 h
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Fig. 2.7: The mounting arrangement of distortion sensor[]
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Fig. 2.8: Circumferential strain variation in mold process[]
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Fig. 2.9: The test piece of liquefied resinl]
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Fig. 2.11: Deformation on the surface of resin[]



020 0000000o0o0aooo 33

Compression
modification

Cutting trace

Solid resin

/

UopED PO
uoissaldiuon

Metal

Fig. 2.12: The interface between resin and metall]

2.5 00O

gbobobooooooooboboboboboooooooobooboboboboon
gboogoobooboobbooboobbooboobobooboobooooboooboo
gbooobobooboobbooboobbooboobboobooboboooobooooboo
gboooboboobooobobooboboobooobbooboooboobooon

(1) DOOoo0oO000OO000OO0O0O0O0O0O0OO00ODOO0CODOO0OODOOOODO
gbooboobooboboobooboooboboboboboobobobo 200000
gooodobooboboboobobuoobobbuooboboboobobooon
gboobgbo3boboobooooboboobooboobooboboooooboooon
gbobooboooooo

(2) DU00O0O0O0OOOOOOOOOODOOODOOODO0OODOOOO0OODO(DODOOD
0000)0000000000000000000O000D00O0ODO0O0oD0oooOOOO
gboboobooobbooboooboboobooon.

(3) 0000000 LOO0O0O00UOO0O00DOOO0O0D0DOODOOODUDODOOOOOOD
gboooboooboloobooob 2b00bo0booobooooboooooooon



020 0000000o0o0aooo 34

gooooobobooobobobooboboboobobobooboboboon
gboboobooboooboobooooon

goboboooobboooobbooobbbooobboooobbooooobon
OO000000DO0O0O0D0O0O00DO Al0DCudFeOODOOO 0.12 mmOd0.14 mmO0.16
mmO00000000000000000000000x000x0O0000000000
O AlOCuOFeOODODOO 010 mmOJ0.12 mmOJ0.13mmO00000000000000
ugoo

ggbobooboooobobooooobuooobooboboooboboooooboobooooon
ugbobooboooboobboobuoobobooobooobbooboobbooboo
gbooogubooboboboobobobuobobobuoobobobooan
gbooboobooboboobooooboobooboobobooboboooDbo
gbooboobobooboobobooobooboboo ot mmboobgooogn
gobooboobbooobooboo



35

30 tUbutbbotdbotdbbottubtudn
HREEN

3.1 OO

gobodgboooboobooobuoobooboboobooob 20b0o0oboabon
gbobogboboobuoobboobuobboobuoobbooboobooooooboo
gbooooooooooooooooooobogooobooooboooooboooooboooboonDo
gbooooooooooooooooooobooobooooboooboobooooobooobonDo
gbogoobooboobboobdoobooboboobooboboobooboboon

gobooboobobooboobboobooboboobooboobobooboobon
gboboobooboobooboboboboboboboboboboboboboboboono
gbooboboobooobbooboobobooboonboo

gobooboogbood

o (1[I

gbobodgbooboobgad

gbobooobooooo

e JIDDOOODOOODDOODLOOODO

goboobogboo

o 1[I



030 0000booboooboboooboooooon 36

3.2 U0O00OOOODOOOOOO

goboobooobboooboooboboooboobboobooboobboobooboon
gboobobooboobboobuoobboobuoobboobooboboooboooboo
gboboagboboobuoobboobuobboobuoobboobooboooobooobobo
gbooooooooooooooooooobooobooooobooooboooooboooboonDo
gobogobooboobbooboobbooboobbooboobbooobooboboo
gboogoobooboobbooboobbooboobobooboobooooboooboo
gboobobooobooboboobooboboboboooboboobooobooobob

goboobooobboooboooboboooboobboobooboobboobooboon
gbooobobooboobboobuoobbooboobbooboobobooooboooboo
gbgbodgboobobobobobobobobobobobobobobOobOobOoboOobo
goooooooooooooooboobooboobooboobobono

3.21 0O0O0OO0OOO

0000000000000 00000nD 3.2100000000000000000 Com-
pound DOODOODOODOODOOOODODOODOOOOOODOOOOODOODOOOOODO
0000000000000 00000000000000Compound COOOOOOODOO
000000000000 0DODO0DO0O0bOO00O0O0bODO00bO0o0oDOOOnnCompound
BO Compound ADOODODOODOODOODOODOOOOOOOOODODOODOODODOO
00000000000 DObOoDbOOn Compound BOOODODODOODODOODOODOODOODO
Compound EODD0O0O0ODODOO0ODODOOODDOOOODOOOOOOODOOOOOOODOOOO
000000000 Compound GO Compound HOOOOOOODOOOODOOOOOODOO
0000000000000 0000Compound HOODOOOODOOOODOOODODOOODOO
00000000000 0oo000ooo0oooooo0oooooooooooooooog
O00ooooooooooooon

goo0ob0oobOobooO0oobooooboo 31boooo31oooboobooooDo
00000000000 00000000000000000000000000o0oDoon
O00000000000000000000000 Compound BOOOODOOODODOOOOO
O000000000000000000D0D00000D00000 Compound EODOOCOOODO
ooooogd



0 30 0J00OOoO0oOOo0o0ooOooooOobobooooDo 37
Table 3.1: Resin material characteristic list0
Evaluation criteria Compound
A B C D E F G H
Cost(Yen/!) 1280 1370 1200 1070 900 2700 1000 1000
Glass transition temperature(0 ) 138 134 137 140 142 136 130 131
Expansion coefficient(ppm/0 O at< T,0 | 22 23 21 22 29 18 24 23
Fracture toughness Kic(MPa-/m) 3.1 3.6 2.2 1.9 19 25 3.6 2.9
Stress factor of safety(at 25 0 ) 7 7 7 7 4 10 6 8
Strain factor of safety(at 25 0) 7 7 7 7 4 10 6 8
Allowable defect size(at 25 O) 0.2 0.2 0.1 0.1 0.1 01 0.1 0.1
Heat conductivity (W/m-K) 0.6 0.6 0.6 06 06 06 149 0.6

1/Cost

Allowable
defect size

Strain factor
of safety

Glass transition
temperature

Stress factor
of safety

REREEE

Compound B
Compound C
Compound D
Compound E
Compound F
Compound G
CompoundH

—#— CompoundA

Fig. 3.1: Comparison of resin material characteristic using Radar chartO
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Fig. 3.2: Physical-properties measurement examination of epoxy resin[J
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Fig. 3.3: Relation between tensile stress and strain :Static tension test(0.001 m/sec)d
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Fig. 3.4: Relation between tensile stress and strain :Static tension test(0.01 m/sec)0
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Fig. 3.5: Relation between tensile stress and strain :Impact-test(1.0 m/sec)d
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Fig. 3.9: Test piecel]
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In FEM, element division is performed so that contact
. interfaces have two nodes pair at equal intervals.

7z

The two nodes are connected with a non-linear spring.

7

f - . . . . . )
The shear spring is used for expressing deformation in
the tangential direction, and the normal spring is used

L for that in the normal direction. )

A

( )
Spring constants are set so that the relation
between total shear force and the elastic
deformation follows eq.,

fSI’TBX
—Sm_ x X < X
(= - (X< %)

o o 2mRH = (x= X)) (x> x,)

A4

Normal spring uses the penalty rigidity which can be |

\_

found from the Young's modulus of resin.

Fig. 4.4: Flowchart of contact analysis[]
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Table 4.1: Coefficients of friction and adhesion

Coefficients Cu(C1011) Fe(SS400) Al(1050)
Friction coefficient 0 0.17 0.16 0.13
Adhesion coefficient 0 B 0.38 0.28 0.05

Table 4.2: Physical properties[]

Properties Unit Resin Al(A1050) Cu(C1011) Fe(SS400)
Young’s modulus £ GPa 11/15% 70 117 206
Poisson’s ratio 0 v - 0.29/0.34* 0.35 0.34 0.3
Thermal expansion coefficien 0 « | ppm/K 29/52* 23 17 14

“at 250 /1300
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Fig. 4.5: Axially symmetrical cross section FEM-model[]
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Fig. 4.7: Process of contact analysis (Case of C1011)0
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Fig. 4.10: Comparison between measured and numerical-analysis results (Case of SS400)0
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Fig. 4.11: Comparison between measured and numerical-analysis results (Case of C1011)0



040 ODOOO0OO0OO0OO0ODOOOOOOOO0O0 62

4.5 OO0O0O0OO0OOOOOOOOOO

goboobooobboooboooboboooboobboobooboobboobooboon
gbobobuoooobobobobooboboboboboooooobooobbobobobo
gboboagboboobuoobboobuobboobuoobboobooboooobooobobo
goooobooboboobobobobob 200000000000 b0ODbODObODO
googoobooboooboobbooboobobon

4.5.1 0OO00O0OO0O0OO

0412000000 00booboboooooboobobbooooonoboooDooDobobo
gbobooboobooobobboboooboboobooboboooooboboobooooob
0410000SS4000000000270 0000001600000

04300000000000D00O000O000O0DODODOOOOOODODODOODn
OooopooOoooob420000S8s4o00000000DOO00ODODODODOOOOD
ooooooo

Displacement

—
T
1

Fe

1 Resin R
1

Fi !
1
Axis of symmetry

Fig. 4.12: Axial symmetry model of air-insulated Rod.



040 ODOOO0OO0OO0OO0ODOOOOOOOO0O0 63

4.5.2 O0O0O0O0OOOOOO

gobobobobobobobobobooboboobobobooboboobobbobobboooo
gbooooooooooooooooooobooobooooboooboobooooobooobonDo
gbobooooboobobobobdooboboboboooobobobobobobooo
gboogoobooboobbooboobbooboobobooboobooooboooboo
gbooobobooboobbooboobbooboobboobooboboooobooooboo
gbooobobooboobboobuoobbooboobboobooboooooooobooo
gbboooboobboobooobuoobbooooboobbooboobbooboo
gbboogobuodobboobbooobuoobboobuoooobboobuoobbooboo
goooboboboooo413b0bobooooboobobobooboooboooobono
gobogobooboobbooboobbooboobbooboobbooobooboboo
gobooboboobooboobooboobobboobooboooobobo43sMPaOODODOQd
gooooboobooooe3kNOODODODOODODODODUODUODODODODODO
gboooobooboobboobuoobboobbooboooboboooboooy

gboobobooboobdooboooboobobbobooboobooboong 1s
kKNOOOOOoOooooooooooo

‘—0— Present Method—4— Conventional Methonﬁ

50 - - ; -

— 45 - Tensile Strength of Resin(43MPaj— o

o 40 i

= .

1

et

o /YJ./( '

2 Il

O i 1
[

—1

2 63N

30 40 50 60 70
Tensile forces (kN)

Fig. 4.13: Relationship between shear strain and displacement[



040 ODOOO0OO0OO0OO0ODOOOOOOOO0O0 64

oooobooboooboolekNOODODboooboooobooooobooobooooo
gboboboboboobooooobooooboooooobobobobobobobonbo
gbooobobooboobboobuoobbooboobboobooboobooooboooboo
g3000booboboboooboobbooboboooooobooboboboooboooooobobooon

4.5.3 OUOOO0OOOOOO

gbobobobobobobobe20000000OD0DOOODODODO

00000000000 3000000000000 0.0l mm/sec00000O0OOOOO
O0odouob0obOo30bubuobobe4 kNO68kKNO70OKNODOD OO OO 4130000
goboobobooboobooboooboobooboobooboooobbo4sMPaooog
gboooboboobooobboobuoobbooboobbooboooboooooboooobooo
OO00DO0O0O0O0DO64kNOGSKNOTOKNODOOODOOOODOO

Fig. 4.14: Breaking force 68kN[

4.6 OO

gooobooogobobooooboooobobobooboboooboobooobobboooDboon
goooooooooooooooooooooooooooobooooboooooooonDo
gbooooooooooooooooooobogooobooooboooooboooooboooboonDo
gobobooobobooobobooboboobobooobooboooobooooboon



040 ODOOO0OO0OO0OO0ODOOOOOOOO0O0 65

gbobooobbooobboooboboobobooobbooobbooobbooooDoon

gbooopobooboobbooboooo

(1)

googoboooobooboobooboboooobobon gobo"ooboboboo
gooo* booo’g ooboooorgbooobooboobooboooooooboooboo
gboboboboboboboboboboboboboboobooboobooboooon
goobobooboboobobobobobobobobobobuoboo

gbooboogobooboboobobooboobobooobooboobooooboo
goooooboboooobobooboboboobobobooboboobooon
gboboooobooboobobobobooobooooouobuoboboo43 MPaD DO
oboboooooooboobe3akNOODODODOODOOOODOODbOoDbUODOD 64
kNO6SkNO7okNOOOOOOODOOOOOOOoOOOoOODOOOoOoOoDoOOoOooDooo
gboobooboboboboboooboboobobuooboboboboboboon
gboobobobobodgbobooboboougbobooobobooaboboaon
gobooboogooooobooobooobooboooboooobooobooobooboo
goood



66

50 Ububdbotdbootdbbottubtdgdn
oot

5.1 OO

gobooobooooboooobooobobooobooboobobooboobboobooboOooo
gooooooooooboboboobooooooooooooboobobobobobooboo B
ooobobop DO0OOOODOOOpLO pOODOOOODOOODOOODOOODOOOD
gbooooooooooooooooooobooobooooboooboobooooobooobonDo
gobooboooobooooooooooboooboobobooobDobobooLDoboon
0000000000000 0000D0O0000000O0O0OoOOoOoooOOn (940

gooobooogoboobooooboooogoooboooobboooobooooobboooDoo
gobboooobooboooboobbooboobbooboooooooobooobobobDoDoo
gboooooooooooooooooooooooooooooooboooooonogonDo
gbooooooooobooooooooogonog

gboboboboboboboboboboboobobobooboobobbooboboooo
0000000000000 000D0000D00O0D0ODO Interfacial fracture energy0d0 0 O 0O
goooobobooobooboboogoobooboobobobooooboooobobooon
g3goboooboboooboobboobooobbooboobboobooobboobooo
goooooobooooboboobobobobobOobobobobDobDobobDobDOonDo
gboooooooooooooooooooooooooooooooboooooonogonDo
gbooooooooooooooooooooooooooooooooboooooooonDo
0 82890000000 O0O0ODO

oboobobobobood

o 10

e JOODODOODODOO



Os50 0000000b0ob000boo00booooooan 67

e JIODDOOO0ODOODOODDOODLOODDOO
e JIIODODOOODOODDOODO

o 10

5.2 UOOOOOOOO

gbobogboobboobooobboobuoobboobuooboobbooboobn
00000 959900 000000000000 0000UO00O0OU000UODOUOOd
goooboooobobobobobobobobo11010boboboboboobobOobo
googboobooobooboooo

gbooboboboboboboboboooooooboboooboboobobooooon
gbobobobobobobobobooobobobobobobobooobobooboobo
Ubdxbobooobobooobooboobooboooboboob1o0obooobooboooboono
gbooboboboooboooooooooobobobobooob2000b00b0ODbO0b0On
gboooooooooooooooooooogoooooobooooboooooboooboonDog
gbooooooooooooooooooobooobooooboooboobooobobonDo
gobogobooboobbooboobbooboobbooboobboooboobobo
gboboooboobobobooboooboboobooboboobooboboobooobon
goocoooooooooogobobobobobobobooboooobooboooDooo v
UrxiDoo0booooooboboooooon

—h% %W L 0w

ooodmbOO0OO-r-000b000¢t0000OUO0DLO0OO0bOO0O0O00O0bO:0000000
O0D000AOD0DODODOODOOODODOD AO 1.05457x 10734) s000000 mOO0O0000O
gbobogboboobuoobboobuobboobuoobbooboobooooooboo
gbooooooooooooooooooobogooobooooboooooboooooboooboonDo
gbooooooooooooooooooobooobooooboooboobooooobooobonDo
gobogobooboobbooboobbooboobbooboobbooobooboboo
gboobobooboobbooboobbooboobobooboobooooboooobooo
gbooobobooboobboobuoobbooboobbooboooboooooboooobooo
ogbooooog



Os50 0000000b0ob000boo00booooooan 68

5.2.1 000000000OO0ODOOOOOOOOO0 [76]

gbobobobobobobobobobooboboooooboboooooooooon
(00000)Oo0o0oO00OU0oO0OO0OO0OO0OO0O0000D0DO0DO0DO0DO0DO0DO0ODODDODOOOUODUUOOOOd
0 [o0000000000000000000000DO00O0O00ULOO0DOOOLOUOOOO
gboogoobooboobbooboobbooboobobooboobooooboooboo
gbogooboobboobooooboobobooobooboobooboobobooobooo
gboooboobooobboobuoobobooboobooooobooobooo

goboobbooobuoobbooobboobbooboobbooboboooboobo
gboboagboboobuoobboobuobboobuoobboobooboooobooobobo
gbooooooooooooooooooobooobooooobooooboooooboooboonDo
googobooboobobodxbooboobbooboobbooobooboonobo

Y | peat 5.2
o (5.2

ooodyooooooooooddm; 0000000000 j000000¢t0000
UDDDDDDDDDDDDDF;HDDDjDDDDDDDDDD (5.2)0000000OODO
gbooooobooobooaoo

0 (.2)00000-0U/or; 0000000000000O0O0O00O0O0O0O0O00O0OOO0O0
goboobbooboobobobobobooboobooboobob0oobooboOns.2d
goboboooooboooooooboobooboooooooooboobobooboboboOono
gbooooooooooooooooooobooobooooboooboobooooobooobonDo
googoobogooboog

gobooboboooboooboobbooboobb osonmmbOOononDoonobooonoo
gboooobooboboooobooboboobooooboobobooobooboobooobooo
gboooboooboobbobboobooboobooobooboobbobbsl1oonn
gboobgboooboobobbobobboboobuooboboooboobobooonb
gbooooooooooooooooooobogooobooooboooooboooooboooboonDo
goooooooooooooooooooooooong



Us0 0bbooboobbooboobboobooo 69

Metal

Fig. 5.1: Prediction of the adhesive strength of resin [76]0
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(a) Morse term (b) Angle term

Fig. 5.6: Potential intermolecular interaction]
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Fig. 5.7: Resin/copper interface structure obtained from molecular dynamics0

Fig. 5.8: Resin/iron interface structure obtained from molecular dynamics 0
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Fig. 5.9: Resin/aluminum interface structure obtained from molecular dynamicsO
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(b) The metal ground seen from the side]
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Fig. 5.10: The concept of a lattice mismatch[
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Fig. 5.13: Variation in energy at interface model due to applied displacement[]
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Table 5.1: Maximum shear force and interfacial pressurel]

ForcesO Index | Cu  Fe Al
fomax (kN) | 33 33 7
opmAg(kN) 59 0] 44

fsmax/0opmAo | 0.56 0.44 0.18
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Table 5.2: Adhesive strength index and interfacial fracture energy]

Mat. | Adhesive strength index Interfacial fracture energy Interfacial fracture energy
Op+ B0 for mode-I00 J/m?0] for mode-I10 J/m20]
Cu 0.56 0.57 0.65
Fe 0.44 0.46 0.53
Al 0.18 0.08 0.09
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(a) Optically observed resin/aluminum (b) Axially symmetrical FEM model

interface O O

(c) Stress distribution of radial direction (d) Stress distribution of axial direction

Fig. 5.15: Resin/aluminum interface profile and its FEM analysis resultsO
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Fig. 5.16: Comparison of adhesive strength of experiment and simulation[]
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Fig. 5.17: Surface roughness power spectra of aluminum cylinderd
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