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11 V7b 7 27Fazx—2%

—fRI LT 7 F 2T —RXIFE— XD XD MBI T 52, Y7 T/ Faz -
IEEN 2 b DRGSO E S TR Z HwCh 0, R, B, 414+ vEcEs o
ECYMERZT B L THREIT 2. 72, AEH L DT AN F —ICFIHITHIG T E % 52
BEUER-WDOT7 7F22—2X0EBRTEY, ATHR~DICHBBFEI TS, V7
N Faz—20%, @A FIAT 7 Faxz—% (Figll), BEWES T/ F 2 —%
(Fig.1.2), FE XTI A =T 27 Fax—% (Figll) E¥dH 5. @3 FIrAr7 s Fax—
2%, R, B, pH, B, Nk SOBRE O AIKE & OB B TREZALL,
fifi, JEEDSEE X 2 &y FAMBOWEZHAL CTH Y, FIRMED &, IOEEE,
A, RENCHERSS 2. BEWEDTT 7F 2 —2 138V ORKEBELETEHEL, &0
PR L INHEIG S, BN AN T 23 - T v 2 —05, IGEEE AL, =31 ¥—%
PhRERT S, FEL IR I~—T 7 F 22— 23, BEPHEMCIHAELREL, =7 %
P —BHRICEREZE TR V2O ICEESRETH 5. TEBOF ACIEN, %, ©
EME, EEM, MANSESER TS, L L, BREIETESE KV &y, MfErEEms R
bg, TOTAHAPLEZDRELKRINT V3 D, Tablel I LR TRR7=EKY 7+ T2
FaT— XD A RT.

Table 1 Features of each soft actuator.

Classification Advantages Disadvantages
Polymer gel actuator High flexibility Low response speed, durability, and
power generation
Conductive polymer Driven by low voltage, high Low response speed, durability and
actuator shrinkage stress, excellent energy conversion efficiency
formability
Dielectric elastomer Simple structure, high working Driven by high voltage, limited
actuator strain, responsiveness, efficiency, electrodes, requires pre-strain
stability, durability




Fig. 1.1 Autonomic perspiration in 3D printed hydrogel actuators®.

Fig. 1.2 Conductive polymer actuator?®.



Applied voltage

Measured capacitance

HASEL at low
capacitance

Time = 52.1s

LabVIEW Applied voltage
front panel

Measured capacitance

HASEL at high
capacitance

Time = 52.6s

Fig. 1.3 A self-sensing planar HASEL actuator powering a robotic arm®



12 FEEIAb~w—T7F2x—% (DEA)

FELIA v —T27F2x—% (DEA) (Fig.14) |%, DEA OEMHICENAEZ G2 5
ERAET B s Ay 2 AT (B8 E 7 ERSATELE L C U 2 2RI 351 2 TR A5 1)
PRALCERIT AN — A EHEEH T ALY — BT A N TCE LT 7/ F 2T —4&
TH Y, FHOTRLIE, B, REM, GEE BAESOR S BRI LTETS
na., T, s, XMTH 2720, T—X22HVT 7 F 22— X TIIHHTE
ROLRLOHBEOH I X SARETH S, 2D, DEA IIEATHAL LTI
AR ENTH Y, ThERRT 5720 OMERMES RS TRS CITbR T3 D,

== Maxwell stress
==) Extension direction

—

i

Dielectric Elastomer

o

() (b)

Fig. 1.4 Dielectric elastomer actuator. (a) Before applying voltage, (b) After applying voltage.

Z T, DEADIFEIOT AICFEHT 2L, ZNE~7 AV 2 VBN X 3BT HS, T
H27=0, Tido()ickvFERIh .,
&g V% &g,

R, e ZEZEOFEL[F/m], &3 T X b~—DFER, VIZHINMEL[V], Y IZHHER
[MPa], d ¥ 7 X} ~—DFEE um], E ZEL[V/im]TH 5.



1.3 AWFEDHIY

Ao LY, BEBOT A %255 7201CiF, =7 X F~=—DEFEERLL, BVWE
LOMMB3ENEFETH L LHnhr s, EEE BIFCBEL X, MUFEELRFOFE
Wik (Ffic, F2 VBNV Y L) A7 A b= ICEHALY T2 8L CGERINTW S,
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W, —7, DEA DSOS Clt, 7/ 7L A%23L®eT5F 7747 —DFRMICLY,
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5. 2T, KWFETIIET, 774 7— (RIFECIEF /7 2 v 4) BB F 2 VEANY
VLR FIELZFHFET 7 A P~ — OMERBIEEY;, 0Tl DEA EREIC S 2 2 B iE
T 5.

L2 AT, FioanEAEME oY, 74 7 —DRIMBELE T TR, 74 7 —DHEK
REEICORESFEEEZ T2, FRC, 777/ 74 7D/, ZORBMTANLF—
DEIWZICEELLT VY, INEFHELEVRYEAIRE o ICHECE RV, £
D7®, %L DEERFFMEEAZRNT2 9 ckickoT, 7/ 74 7—DRE T AL
F—%ET &, 2o0EExREIETHE. 22T, RfETIIRIC, F2VBENY Y
LEFELF ) 7V A ZHMLZFEL I A b~—CB T, REHEERORMEF £ v
BN v Led 7 7 LA 00l o CiIEAROFERCHGIIEEY, DEA TEREIC
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FoE EER
2.1 K
211 #FEXZIAL~— (FVvLxv)

RKYvLxy (PU) RIS THobIcy L2/ iEEE2 b D@D TORIRT, WHA4 V>
T A= MR EKBEEE T LAY OEMMCX VEKENS, £/, PUIRERECEN
THh, #MK R T2 EZ RS, 2% 0, BEGIZEIEL CTHILOHRICE 2 &k - &
BrlrfELCTna,

— I, @A TMEHIEFE S X ORIE O BLSR A 5, BEE D L < IZEART Mo
RSB 28, PUICIEEFEE EES 5. HL, BB X BTN I L BB MK
W, 2D, REBRTIE, BEBICRATH Y, MMBGEREIE IC D XIS RTEE 2 B[ 2% PU
ke LT W2, Fig.2.1 IZ PU OEi&E %R L, Table2.1 ICARFEECTH:7z PU (Kuraray
&1 SEPTON2063) OPfi%x R~ 3. RickwC, HBEiIH L2 v 7fichy, EHETH
3. ¥, H£AOMEHEICOWTIIHOR T~ 3,

O O
Il Il

Jro—R—o—c—InI—R’—lﬁI—ch

n

H H

Fig. 2.1 Chemical structure of PU.

Table 2.1 Physical properties of PU (SEPTON2063)

Properties Polyurethane
Density p [g/cm’] 0.878!%
Young’s modulus Y [MPa] 2.72
Relative permittivity & 1.54




2.12 FEHM (Fx vEE~Y 7 20 (BaTiOs))

F 2 VB 7 L (Fig.2.2) 13 L% BaTios THE 3, Ru72h A4 MEEEZ b OA
THYITh Y, O CTRVHEFER L FFORKRMRMFERL L AL Tw 2, BITEDR
KRB TME, hCOFBRT A 2L 22 TERMEICH 2. Ba FHAFEHD 8
I, O 1% 6 DDOMDOHLIT, Ti IFAEFHOFLICHIET 2 fEMmEEE R0, S KR
2B EIRICIA D o CEERS-RG -T2 e BT 2. Lo L, BRCKERIEN
Bh & 120°C LA ECRIERT VP ER FEETH 3.

AEEBRCILERZES (Y~ FR2EEL : Drying Oven DX300) PYIC 120°C T 24h & L i
KR Z T o FeF 2 VN ) v o (B4F &% v L3R HPBT) 272, Fig.23 IcF 4 v
BN Y LR %R L, Table2.2 1% OYTEME CCHkiE) %R,

Fig. 2.3 Crystal structure of BaTiOs!V.



Table 2.2 Physical properties of barium titanate (BaTiO3).

Properties Barium titanate
Density p [g/cm’] 5.92%
Young’s modulus Y [MPa] 110000'?
Relative permittivity & 727*

“Density and relative permittivity of BaTiO3; was provided by Fuji Titanium Industry.

11



2.1.3 @SNl
213.1%+ /2714 (NC)

F /7 7L A4 (Fig.2.4) 3L F /KO TH Y, THERICIE, TicrzLARF/
Boamklo 7 4 7 —Hike LTHwbN S,

> EEMEIONETIX, 7/ A— M VENOE IO 4D 27 L A ERFTEEICHEEL T,
T AR FBEOHRDO F KT EREKT . FRICREWUE L 725 7 7 L A 38R
Bz ) 7 LA DFHEESIE wi% TH o THEAMEIEEICE W TH Y v — oK
DBV ARBAHEL T2 [RER) ~—] & LTHL 720, EEME R M7
RY~— IR L CHINICED ZRTEEMED B 5. FEBICHMERIE, TEE, 7728 ) 71,
BREEOR ESHRE TN TS, £/, 7/ 74 7 —DFNMIC X v fegtaerm b4 3
EDHOLNTEY, KFEASEL L CwimL 9Tk, PEDOF /7L 4 DEEICKD,
AEHCEE ML ZBcRET2ER MY —DilEEEZ F 7 A7 — AV THBEL 728k Y
F—MMeavnic X oL, MR S 2m LI w3,

AREBRTHWZF ) 714 (V=233 TEWMARA I P Y =SAN: VP AFAIZRTTIALT
VEZUL~NZFTAL) (ABER A2 24 ) BEVKILEIC X > TATHICAHMY D 7
WEMEOK L E AR L2 DTH B, 7271, RAZ XA FRAREEYCH Y, AEY
EOMEIR X W EIFE AR\, LA LHENJER & JERG A 4 v D& 135 w79, B5IC
o A 4 v LMD vRECTH 2. COMWHEZNMMAL, 4T vE=V LIFE A+ VT 2
Ik THMBLA A2 24 P %155, 72008 I ZABE O MRIE ISR L, AEBCTHW
TeRA 7 b ¥ —SAN 3 F EIERALKFESE DR IEAB I/ E L 2 3 WEHED 5 5 . Table 2.3
CF 7 7V A DFEB XY v 7 CUikE) 2R3, &b, ERANZGT 7 EE&METIR7
47 —EGRIFIFLEAE SwRLLT B9CH 5720, KREEBRTH Z OFEIFHICRE L 7.

0%
Quaternary ammonium salt E ‘v

Smectite

Organized smectite

Fig. 2.4 Schematic diagram of the structure of organic sumectite!5.
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Table 2.3 Physical properties of Nanoclay.
Properties Sumecton-san
Density p [g/cm’] 1.70 *
Young’s modulus Y [MPa] 2700'9
*Density of nanoclay was provided by Kunimine Industries.
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2.1.3.2 ST

SRS ERNT o FINICEAKIE (BighdL) L BlUkEE GRIBIL) 2RioPEoRIETch b, &
WO - REICHAEL, 2ok (RABHTZALVF =) 2 N, RAOWHEZZ(LE ¢ 5.
—fgic, e, ek #Ab, WAk, =, ik licEn, B BickoT, Aw
HEICGHI N TWS 1D,

FUEREERNC I, KICET 72RICEREL CTA A v & B 4 A v ERmENA (7 =4 v R/
FEPEA, 1 7 A4 v FUaE A, mEEAD & A4 A4 ik b IEA & v RS ER 23
»H5. KREBECTHWWZFEEMER (Nacalai Tesque # TritonX-100 : KV = FL v 7 ) a—u
) —p—AVFIFNALT 2= VT —F ) CyHnO(CoHO)) 1F, FEA A v s H#H <
HY, KhOEMREDOHEZZ T I WHEE ZR O 720, ftho FmiEEA & o ff 25w hE
72> T\ %, Fig. 2.5 IC TritonX-100 OHiEi Z 7~ L, Table 2.4 ICARFEER TH V> 72 TritonX-100

(LA Triton & %52) oWVIMEE% /R,

@) H
O
HsC n
HsC
HsC Hs;C CHs

Fig. 2.5 Chemical structure of Triton X-100.

Table 2.4 Physical properties of Triton X-100.

Properties Triton
Density p [g/cm?] 1.07 *
Melting point [°C] 6*
Boiling point [°C] 270%*

*Density, melting point and boiling point of Triton was provided by Nacalai Tesque.
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22 WXy A MERICXZ T T A -
221 FRVEEANY T LEEAEFRY v L&Y (BaTiOs/Triton/PU)

FBEBLT A~ —EEREBF ¥ 2 MEICX YEIE L /2. Fig. 2.6 CEETREZRT. £,
RY T LRV % 2Tvol% T 27 | 1 )b LI X £ 7RIS Triton Z 701 (7 v @R Lic
XL 2wt%) § 5. RIC, ZOEWICT 2 VBN v LA E[EFREE (2 2T, PU+BaTIO;
D) 1T LEE QMBS FE TN X 2 IRAER Z Bin 85 I 9 — (THINKY #: Hb L b
FRAER © ARE-310) i€ X D 2000rpm T 30min ###¢ - iIRA L7z, 2Dk, ZORGERE T 7
28GR (ME : 100mm, £ : 100mm, & :40mm) LICHR LAY, KEAFICE T 24h,
BZehz kR (ZpE 0 B E RS 1 SVD30P) THEZEH (47— 1 -0.1MPa) 50°CIC ¥
WTC2hFlE S O, [l %2572, b, BERERICNT 2 F X2 VN Y 7 L OMRET % 15vol%,
20vol%, 30vol%, 40vol% & L 7z. Fig. 2.7 1T, &HEF ¥ X P X Y /R L 72 BaTiOs/Triton/PU
7 AN LD EIRT.

(1)Dissolution (2)Casting process (3)Drying process
| 1
: In vacuum :
] 1
] 1
]
- Glass petri dish 1 :
- : Sample |
< BaTiOs/Triton/ | :
m PU . |
1 1
- ! 1
L S M g 1
Stirring for 30 min Drying (24h in Air) Drying for 72h

Fig. 2.6 BaTiOs/Triton/ PU film fabrication procedure.
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Fig. 2.7 BaTiOs/Triton/ PU film fabricated by solvent casting.
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222 FERYBEANY YL F I 7 VLAEAKRY 7L XY (BaTiOs/NC/Triton/PU)

BELIA M —EERREF Y A MEICKVEIELZ, £9, KV YL XU% 27vol% T
7\ kv LIRS & 7 RIS Triton 28800 (7 v mk v LR L 2wt%) 375, R,
Z DEHICF 7 7 v 4 RERERE (2 2T, BaTiOs+NC+PU D) IR LR O R
T A 72 IR EER % HER A 1 ¥ 9 — (THINKY # : Hb & ) HUKEL : ARE-310) I XD
2000rpm T 30min ##HE - IBRA L 2. 2 0%, Z OREERE 77 ABESR (it 0 100mm, 1# :
100mm, =& :40mm) FICHE LA, KRRHICHE T 24h, EZe e (Zpghl @ B2eg
HEZIESE 1 SVD30P) THEZEH (77— Y JF 1 -0.1MPa) 50°CIC B\ C 72h 20 & &, A 577,
Tk, FRVEBAN) Y LOWREESFIE 2.1.1 TR L 72 BICn USSR %2 1T o 7245315 O IRE
L 7z (BaTiO;3:15vol%). ¥ 7z, EAERICNT 2 F /7 7 L 4 DIREDE % 0.5v01%, 2.5v01%,
4vol% & L 7=.
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2.3 DEA OfF#l)iE

Fig. 2.8 IAREER T 2 5Bh OEFIEEZ R L ZKITH 5. KFoFHFS MG L -
FlEZ AT ICEE T

22 CEBIL 22 7 A b~—%2 K & 50mm, 1§ 20mm 1272 % X 5 HJ]CUIW L 7=.
I L 2230l 2 S8 2 mm O E T 7 e v T — T TEY, v ZAF VLI
RAFVITENTORWEICEMRE LTH—FR 7Y X (F2a8l) 284 LT,
FIRYTF—TRENLI.

V—F#e LT 287 — 72 EBME 7 IcH3 2 X5 b {415 7.
HEZERL, RAEICLCTF 70y F—F TR RAF VY 7 %2{TW, v XAF v Z7I3NTnik
WERMICERE LCA—RY 7Y R (F £ a8l) 2% il 2 LT 7Ry T —7%
EAL, V—F#e LT 287 — 72 EmEA 0 cET 3 X 5T — 7 TR0
7.

FIEQORE O E T 70 vy F— 7 CHEVAF VY 7T 3EEIR, BEMEERL 1R 77
0y 7T —7%HBLEBICHREICRAZEL 00 ETCH S, ZORER DB L TE
W& A DR FEDE @ F [T 5.

©@0® 0006

@

Fig. 2.8 DEA fabrication procedue.
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2.4 FABR R o R
241  FURl o BHMERAE
FIERERCIIIE T L OF R OBREE 2 2 & X ikl omtR, 5ERME, X7 v I,
ok Lxkdbnsd, XoC, ABOWMRLTARS 20, 7o v TReRbak (=
— TV TABRTG-1310) I X 0 5REERZ TV, T—XWUE R T L (Z— - T v
F 748 TACT) ZHW TR L MBI OEMEZ TN, OTFAERHBL .
KERTIE, BAMESNOT—FeL (— - 7¥ F 548 : UR-50N-D) ¥ L U1
HE (= TV TAEJJFM-50N) W72, flA R, BB oRkERE b #]

D7=BHOITLEIY 72 (Fig. 2.9).
m
Chuck Side Yiew of Rubber
\ test piece
U

(a) (b)
Fig. 2.9 Universal testing machine (RTG-1310). (a)Overall view. (b) Schematic diagram of a way
of gripping the elastomer.

FlaREEMEE, Fx v 7 RIS 30mm, 515REE 200mm/min TH Y, SIRFEBER X 0
B AN OERGREFIRT2HREL Lz, &k, HHERIIIGH-UF 4 (Stress-Strain:SS) iz
DYPHAEE (e=0~0.02 OHiPH) %icic, RAZHTHEMBL %.

E=g 2.1)
22T, E AR ol o 3R O51RIG, ¢ RBR OV TATH L. kb,
AWFFEICH W 72 5 R R (R & 80mm, I8 5 mm OMEHHREERF TH v, 2.2 ficfFiL
oAb —ErSHTITYI ) I T LIk VB 7, AR TIE, FIERBOES
HAE % BAMEIC T 2 72912, Fig2.10 ISR 3HRIC, sBEH oH.0p 6 KFH 1A 15mm OL7E
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v —Hh—THI%Z DI} 7.

Fig. 2.10 Front view of test piece for tensile test.
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242 FEFRIHMOZDDA v —& v ZHE

AR OFEBER LML T 2 7-201C, 4 v =X v RMEERITo 72, KEICTIEA vEe—X Vv R
DMEFiEZRHHAL, FEEOREHFEIC OV IR TER 2.

AB DA v e — XV 2%EPFRDE7201C LCR A — &% (X 7[nK#E 7oy 28l
ZM2371) ZMER L7z, sk 22 SicfFflL 222 2 b~ —Z B ICUIKT L 72 b D % fHH
T5., PEFEFE2Smm TH5, 72, FEMICIITIRAb~v—LFRKOMETH 2 ER
13mm, EX 1.5mm DEHR, H— FEMICIZY) v Z78CH2ZHNEE 19mm, HME25mm, E
X 1.5 mm DEH, MNEMICIET I A b= FAEOMETH 2 ERE 25 mm, EX 1.5 mm
DERE 7. 3k & #ZR o[ % Fig. 2.11 7R 4. Fig. 2.11 IC/RTHRIC LCR X — & &
kT 4 3515 (He, Hp, Le, Lp) THEEfE L7z, AHIETHE, =7 R F~—xf L Tk AC
EEZFIC 1V CHML, JEMEEIZ 10 Hz~100 kHz CTHIE L 2. 73, DEA OFEERITFE
% (0% Y, 0Hz) TiTbid72%, TESMRY OHz ICEWEEMTO4 ve—X v X fi%
HoclhtiFBEREL2BH T2 LB ch 2. LaL, 4 v =XV RUEICEWTIE 100
Hz Kjii CIIELREISE L 72720, SIS0 Mg 2 EH L 2 wRY, 4 vy
—ZVABMLLELDWTLE S, 2Dk, KifgEics »TiE, 1000Hz DIRFD A v ¢
— X2 WCHFEER2EH T 32 & L. 7Zak, ¥ He 3EBEFRAAEN T, Hp
i3 HI B E R G 1, Le 3B 7, Lp 12 LO MIE LR T%2 % 7.

LRC meter

Main electrode

Hec Hp

B | B BB Guard electrode

[ | ™~ Dielectric Elastomer
Le Lp |

Counter electrode

Fig. 2.11 Schematic diagram of impedance measurement.
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2.43 DEA OEFJiH O U3 HHIE

DEA DMHEZ ¢ 2 1cH 7= 0, itz M2 -0 L —¥EAE (F—x v 28 LK-
HO085) %fff LT, DEA DRTHIADEN % HIE L 7-.

RFFTMOOT A %G5 7200 OREE%ZRT. Fig 2.12 1% 2.3 i o)k z R
L7z DEA AKX TH 5. v27 A7 2 VIEJIIC X - T DEA ZEMiE W <RF M (KH
DHERHA) ~AR T 5. Z OWFDRF ST M DL % HIE L O3 & %1572, Z0815E 13 Fig. 2.13
WS X9 1fTo72. £9, DEA Ofil7 — 720 072l % Lim, #ffl% Fime LT,
L%z 27 7 v AR, TImICIZEY ZHY 1072, B ici3FICZo0%kEIrH 5.
HiZv—FoU722H%2KELT25720TH5. DEA DIKH L Y bIAVHIICT ST L TL
—HFELUTPTL LTS, —OHIZDEA ZHAICREICEN X 57-0TH5. HY P
L, BEEE v X Hﬁzﬂaﬂﬂr@’i RIS X 0 RBR R 23R D IR Y Hbif i mEIC AN T,
L—HFDAFy ME (70 yumx2500um) %41, HERTE 2w, AL, HOPETE2
CEBRICGEE R 525720, HY OHBEITHABOHAIRICH X0 /NS5 X5 Icqikk
L7z, WHIRIE I 53 ) 0E &, %@Hﬂuzb%r“jj AR cib x5, WY fHJ7z8E Y i
—FRY7 5 XKL —FENEERE L, BEEANML KD DEA OB 2~ 7. 7«
¥, DEA IZ 1@@(%%16&%*%3‘5&1 BIEZ NS 5 728, HIEDEICERZHT L v
b D~FZT-.

Cupper tape for lead /

d N
J =)> Maxwell stress
?20

==) Extension direction
Fig. 2.12 Schematic diagram of DEA.

Fig.2.13 KO T ABED -0 0B ORAK 2 /"4, KboFEEER IMETLyYa v
H1 : HAR-300W) (X DEA iICETEZHMT 2 =20 icHEInTsY, 77 vovavdzr
L—x (X 70 Er7 ey 278 WF1973) CHIMEEOKIH AT o7/, 77 v o>
avyaaL—XEffHT 5 LT, EEAMEEZ —EICTE 5. REFETIZ02kV/s D
BIEHEE CEEE2{To 72, 7/, BESLER, O FAZERTIAOECT—2uh—
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(HIOKI %! : LR8400) # SEEEB L N L —F—BMFIcERE LA, =& —D3 v
7V v REEIE0.1s TH .

Clamp

.l

Sample

* Weight

High voltage _I__
power supply T

Laser displacement meter

Fig. 2.13 Schematic diagram of experimental set-up for strain measurement of DEA.
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2.5 DEA ORF/MDOF HTHl
PEREREA 24T 5 1ICH 72V, DEA DO T AT TR ARETH 5. AEEOEKIX % Fig2.14
IC/R3. DEA [FEEHIRFIC< 27 2 = VMIGTTIC X o TRRIETT NS G 2 52\ 5 729,
EFhHE (Mhy ) cmET 3. CoBoRETFHAIELZVTFAEZ S, T3,
I, 7RV VENIC X ZREFHOVT A S, 2 EZ2 5. BEDFERY ¢ [F/m],
ITRA~—DWFEELRE & HMELZ V[V], T7Xb~—0DFE% d[um], EH%
E[Vium]& 32 &3 (2.2) DfkicKE 3.

goe V2 £o&r
- _ — E2 2.2
z YdZ Y (2.2)

RFAODOOTRIIEOTATH 5720, RFEHMDOVT A% S, 13KT7 Y viby ZHwT
X (23) THE 3.

vee V2 vee
= = 2.3
y Yd? Y (23)

ZOAPLVOTAETFHLZ, KAEBCTIIEEDOFER ¢ % 8.85x10"2 [F/m], =TI R+~
—DRT Y vy & 0.5 GREMMEZRE) & LTl To 7.

Maxwell stress
mm) [Extension direction

HV ON
Electrode
N sy

Elastomer

r z

x v_
Yy
Y L
DEA DEA(Side view)

Fig. 2.14 Schematic diagram of stretching DEA.
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2.6 EEMEI O T (Eshelby D Zli N TEYIE: « Mori-Tanaka i)

Eshelby O SAMi/MNEYE L, BRI OREHAENEY ICN 3 2 2 5t L L, HREF
AEE 7RI B D 2 M % IR O BEE 03 A% A LT 2 503 5 i % v C
fled LS J7ETH 5. Fig.2.15 O X 5 ICHPERED, D IR IA%ZE 2, Z oo FREM
REEI Q B 2 L3 5. ZORHAKERIC K EROT 2e k527258, HEOTH
R o e NMEVIONT E 72132 DA D ICETEHE U 5. Eshelby OElNTEYE L, MR
HFiC 1 O NEY) Q BFEET 256 (Fig. 2.15) IR$ 23D TH 525, Fig. 2.16()D £ 5
CHRZTHISICS < DNEY) Q, 3 b b HREEBEBEONTEVDFET 2561, NMEY
MOMATHPEHTE R s, ZoTWHEEEL-5H (Mori-Tanaka O 3358 5),
HAMELO 03 A — GBI & W EAEMEI O #HER D 1350 24) TRkobn b,

D= Do{(l - f)(Dr - DO)S + Do}_l[(l - f){(Dr - DO)S + Do} + fDr] (2.4)

ZTT, fIInBEOEEERR, D EEORIt~ MY v 7 X, DAIHEE ORIt~ +
Y v 27 A, SitEshelby D7 v Vv (FEFRENEYOTZIR & IRAD KT v v OB L L
TRIND 4ABEDOT v N) THDH W, Tz, Triton BRI, Triton ZHRA4 F &AL,
ZNENEME Loz, ARKUL, BM L BER 2 W Z O E O RIHEIG T &
3. LaL, KEBRTRINEYDSEIEED 27-0, UToHECLY, HAMEOMIERT
M 21T 5 7.

* Triton IR
(DBaTiOs+/PU : PU % R}bf, BaTiOs% 4rH0E & L CEH,
(2)BaTiOs/NC/PU : 32 % HEiC BaTiOs/PU % FEfE, NC Z 488 & L CEH,

- Triton ¥sI1%

(3 Triton/PU : PU % FEHF, Triton % 73H0E & L CTEH.

@BaTiOs/Triton/PU : EZE@ % HEIT Triton/PU % BEFF, BaTiOs% /0EXE & L -CiEH,
(®BaTiOs/NC/Triton/PU : | it@% 12 BaTiOs/Triton/PU % R4, NC % 0BUE & L CEH.
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Dy /
i 8* ‘l:
D, \
D-Q ™
(a) (b)

Fig. 2.15 (a) Ellipsoidal inclusions in an infinite body. (b) Ellipsoidal shape'®.

NS

b, e @ b, (a0)
HGRC (9

D, @ @ D,
\ D-Q / \ D-Q /

Volume fraction of inclusion : f
(a) (b)

Fig. 2.16 The average field in Mori-Tanaka theory. (a)Many inclusions in an infinite body.
(b)Inclusions in average field stress<g®>1%),
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2.7 HEMEDFEEERTH
THRE R DFELXR I Lorentz-Lorenz 3. (Tido X (2.5)) ZHEIHICKEL S FET
L0, TNENICRENRD Y, HEEE LT AT,

& — €& & & — &

0 Em —
=(1- + 2.5
&+ 2¢& ( (pf) Em + 28 s &+ 2¢ (2:5)

Z TC, AifFFe ClI ELERIEFAEE O @S LT @ 2 9 o (Maxwell-Garnett 3, Bottcher )
ZHWT, SEERE & PRIED el - FE-li % 1T - 72,

Maxwell-Garnett =X

Maxwell-Garnett 2. (Tt ®3X(2.6)) 1% Lorentz-Lorenz ST B W T, EZEDFER 2 IH
DFBERICEZIMZ 2DOTHY, 2000 HKENHERE L ZdbDoThb. T/, C
DRFFHREE R (BOD R WITOMHPMEBEETE) TH L2 L xHifel LTwd0, —
O IZEERDHEFERD LR TR LTINS, 20, 7BHHOEED R 20
~80 % TIE FHIMELSERIEL S4 T 5. 7, Rayleigh X, Kerner I, Mosotti I,
Odelevskii 2X, Clausius X, Eshelby/Mori-Tanaka C X % fi# (©EWIZERIR E L 72358 DfR),
Hashin-Shtrikman b Z OX & [F UfigxEH L 19,

3£m(sf — Sm)(pf
2em + & — (& — em) @y

(2.6)

Ec=&pt

Bottcher
FaloiE, “Ho—MASBERELZbDTHS. —7, Bottcher 3 2 (Fito=R
Q.7) FIRTFDIRITHKIE L 72 0% ZEE L CROEMFELR A RO b5 720, FHEAK
THRICE oG 72720, R ERIKROE AL, Bruggeman & —EH3 3. C
T C, Bruggeman R & 1%, Lorentz-Lorenz ICE W TEZEDFER L RGHROFERICE X
faz7-b0Thh, “HORESEXRRRE TS 258 ICHbNS,

€~ Em _ o & — &
3&. ! & + 2¢;

HLRATDORT 1}, e BEDHER en 0 B D BB o0 BUH O HEEER pr 0 iR

DIFFER el BORDOHFELRTH 5.

* Eshelby/Mori-Tanaka I & 2/ (MEVIZERIRE L725E) 12, UYRGRORTEKEH
JELTWwa2s, HAFHIZZEL Tz, HAFEHZFREL T\ % Boticher Tid 7%
{ Maxwell-Garnett 2. & —3(3 2. #4153 % &, Maxewll-Garnett =,, Bruggeman =X 137 7]
AR ZEAL CTH Y, Bottcher K FHMAMEMZEZEL T3 V. Zxdk, Lo
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ftlic Bruggemann-Hanai 7z &35 0, ZoORAMFEDLITHWE 2 EdL v, winice X,
CORIIERHERNICE LT o T2 LT VEEW,
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2.8 EEL O PRI 0EH

FEARAEBFEM AR, BHZAML CnL &, FEEITCTRMARBIES 2. 2 OB
Wi, EROGEICEMRERTH Y, BEAHINT 2RRIC X > TR 5. Mg =
&Eliﬁﬂﬂ@ %(*%W@)iti%ﬁ/(xb) ~ M) 1T X 2 NEERIIIE, ¥
2 —VEMC X ZEMBIE, <7 2T 2 VIS OMBIZETRIC X 2 EAEMIIED 3 o035 5
2 X b ,%%m%%ﬁ%kh)~4/&ki0b7v#/& X 2l D s %
5z 3. K238 g6, BB IcwEr 52 2 013, B OBSEEBNIEDO A Th
25, KR 2 b, BV, EXLFNER, PV —A v 707y ¥ v X pE
bREE T L, KEOFE L &b ICHIEREIMET 3%, DEA O¥if, LitoERET
DSIEERIE B % 5.2 2 A[RetE0 S ), BAXUISMIBIEU A o PR cH 2 2, B
SHEHIIE T~ 7 2T 2 VIR ORXp OIHEERS O FHI T & % 720, Kfficlx, LTI
THX s L EHERZ RS

HEEEHE e, YV 7R Y DFFEEREL DEA ICL 72 %%xélmA CESZHIMT % L
EIREICERN Q BT 5. ZOROHIMESL % E T LB HICK > TRET 2HE
FizxX (28) T&¥ 3.

1
F=EQE (2.8)
HEDFHFERY ¢, BMOEXRBEL A & THIE, EfQldxX (29) THE 3.
Q = gy AE (2.9)

PEX VBB 25 ~27 27 20 ol (2.10) THE D,
1
o= EEOSFEZ (2.10)

/2, 7 A7 NG HIC X o T, MEBER L -0 EBMEEEHEE d, ZaT0 BRI E
Hir dy, 3N, 7y 2o kb2 b hiER 211) XS ichbbE B,

doy
G=Y- m(d) (2.11)

R (2.10), X @11 kv, K 212) XS5 icEE 3.

1 d,

EEOSFEZ Y- ln<d) (2.12)
X (212) ZEHEICO T LA (2.13) vk Hricke 3.

1
[ 2Y \2 do
E=(r) m(Z) (2.13)

22T, R (213) ZdICOTHITT 5L V (=Ed) 1Z dldy=exp(-1/2)=0.6 DIFITHAIC 7%
5. Xo T, HMMESH Z o Loé, SRHEALEICh v #ENS., ZoRoES 2K
%%%Ebk?ék,&iuT@iouﬁﬁé.

1
2

f- (2L [nfon(-2))os() 219

2 (2.14) X 0 EERRATEIEIC X AIEES 2 THlTX 5,
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29 tHE

t UE & R ERWERETH Y, 2 HHOT — X2 ICHEEL D % 208 0 OWBIE % 1T
2bDTHD. AfETIE, VA FOBELXH . b, t0HmiEd - &b Mk
DA TH B ERMAORERICEAL T, T—2 DS IEY  (BEED 23530 6 e wWiGE
YV TNBBY R CGEICE W TRPFDEEZHEE T 2RICH O N2 ERSHTH Y,
VAT OREIR 2 THEEO T — X2 OB FEL L RGBT, #HT 5 2 L3
RETH 5.

aBf, b D 2 FHHOEART —XICOWTEZ B, t ETIHE T, WENRT, 2K
QRISHEVIIET 5.

_ Aa_Ab

T, (2.15)

2
53, S
Ny Ny

22T, R0 n 3ERT — 2O NEE, A IERT — 20V Efiz, SIIERT — X OfF
HFZEZRL TS, oK, WEKEL LT, Tafifl b BHEOFEOMEIZFSE] &35

&, Ts It miciéyy, Fig2l7 DX Rt D77 7ICB 0T, MEMEL I KE W
iz & 286 (R omEz pfie LCEHT 5 a3k 5.

t distribution

/

Ts

Fig. 2.17 Relation between test statistic 7s and t distribution.

AW TlEZ D p EOMME] (EME ) CHREZTo72. Ok, MlofERL pr 32
Ep=2p b, ZDpItonT, HEKEE =005 & LTHREZT>72. T4&bb, p<0.05
DI, HEAND S, p=0.05 OFF, HEEPDH L LIZS ARV EHNL .
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o R OHER

3.1 FAEGEMER (Triton) RN 52

311 FRVEEANY Y LADEAIC X 2R A~DFE (BaTiOy/PU)

Fig. 3.1 IC BaTiOy/PU O F X V[NV v L O KA 3K L IEROBRZ R T

35
Exp. (without Triton)
30 7 Exp. (with Triton)
E 25 Pred. (without Triton)
s” . et ot e
z20 |
9
: .
w15 5
o0
=
5
10 | ]
5 S T
............... i
............................ A
D S— s
0 10 20 30 40

Volume fraction of BaTiOs [vol%]
Fig. 3.1 Relation between volume fraction of BaTiO3 and Young’s modulus for BaTiO3/PU.

¥, BARERY) VLA VvOMEREF X VBN T LEARY) VL X v ORI
B2 XY, MHERET X VB Y 7 AOEAI K> TEABHEY VLA v OL ALY
bE LY, FREDPEDO EFRICHE > T EA L7, KIC Triton #EANFR O3 & Triton NI
ZOMMERZ T 5, KXY, #HEZRIT Triton DEINIC X o> TEEN RO F 1 X DR {E
EFRFC LBHPD. Shb b, Triton 2HNT 3 & CREEEAOREIC L) =7
Fe— DKL L7 T & TR R B, % LC, BHMEERO T I & M % H L 7= 5
Triton SN O HPEZ OB I FZRIE 2T HIME X Y & <, Triton FNA1% OFHPEZR OfE 13 2 H]
EAFRE L D B 2o T D, AL, B L AEY L O B R Y REE % 5 % 7+
&E 2 b Db, Mori-Tanaka B Cl, FM & NTEV O HIERE G RILICEWT, AR
TR PR 2 ANE OB/ N F 72 120B K SIS 2 (@A 29 235 b, Christensen D¥RE 29 i
X & % ORI (A 45100 A FOBAIRES h s, £, <
OBEFEE DM NG, WA O+ 7 v v Hat 05 GEERID o556 ic i 1B
N3, hicH L, REBRCHGEMEOBPERL (BaTiovPU) 1#) 37,000 T - 72 72
DI, FHMEE FHEOENE L 72D T3 \vh & 2 5. £7-, Eshelby/Mori-Tanaka PR

31



TlE, A4 FOERESEXIE RO AR EAFHE S 15 2. REBRO THNICH W
T, REEWANZFR A F GRIRANEY) LIGEL, SHREZITo 7. KA FOBRESERE W
MENC BT ~4 70 27— TOEFIE, R4 Vo2 2 ERIR-BIR).
DX 5 7%%4, Mori-Tanaka €7 L TlE, R4 FORRELERZ 2 2 enTET, K4
F ORI R E WA OHER FHNLEIC T E v, £ D72 ®, Triton F15% T3 S HIHE
ETHEDZEBEL 72D TRV eEZ LML, BRTIRIERIZAL 21k > Tk
Uy,
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312 FEAVEEANY Y LAOEAIC X ZFER~DHE (BaTiOs/PU)
Fig. 3.2 IC BaTiOs/PU O F X VAN Y 7 L ORISR L ILFEEROBRE R T

35
®  Exp. (without Triton) , /
30 | A Exp. (with Triton) y /
/
--------- Maxwell-Garnett(without Triton) / /
%25 ¢ Vs /
= = = = Bottcher(without Triton) , / , 4
é 20 Feeeeeees Maxwell-Garnett(with Triton) p; 7 P 7
5, 7 /
. = = = Bottcher(with Triton) P 7 4
5} /s
> 15 ¢ s ’
k= -7 -
(0] Pd Pd
~10 t -~ Phd
P - -
-~ - -~ -
5 L - - _ - - i .....
.——.ﬂ..".’...—...—..-:-'_'--.w"'"‘-"i .......................................................
‘..—-.n..‘.’..‘.‘.’.._. ................... .. ...........
() L L L L L L L
0 5 10 15 20 25 30 35 40

Volume fraction of BaTiOs [vol%]
Fig. 3.2 Relation between volume fraction of BaTiO3 and relative permittivity for BaTiO3/PU.

¥, BRERYV VL X VOUFERLF X VBEN) vV LEAR) VL2 v OLFEER
T 2. KEY, HEFEREBF 2 VBEANY YV LOEARICK > THEEHF) VL2 v D2
NEVDELS Y, FEDIEDO LFIE > TER L, CNICK Y FRVEANY v LE2EE
T2ILTITIA L~ —DEABEML 72 LDMERTE 2. KIT Triton FEAINF O L
AL Triton IR O HFERZ KT 5. KXY, HFHFEZIT Triton DFRMIC X - TR
MPEOZNEY FEE»ZNU LOHEERT L3005, Z LT, HiFEEO PHlfE L %
G % LB U 7245 5, 2 ofEmE i n—% L <s Y, EHEZ PR (Maxwell-Garnett =X,
Bottcher ) X Y EH L 72 FHIEOFFHMNICHETE L T 5. DFRIZ& THIE & SZRIfEIC B>
THE, ZFH%2175.

Maxwell-Garnet ZLIC B W TIE, F X VEANY 7 LA OKRES RO, FHIELE 0%
BREL o TR eHnh s, ZoRXF, Hificdbx7z@y, KFoHAEIEH%ZEE
LTELT, REARTHL I LEHIRE LTS, REFOHFEXD LR - TR
LLCfifEND. XoT, DEMHOEEDELK 0~20% KL DI ILIEFM OFED /N
W) CTHMESEREIEE —3T 5. oF Y, REROERIEIZ T 2 VEENY v L DR
B PME NG E D AT, Maxwell-Garnett & 772 L, F X VBN 7 L DEIESKDEEN
i, R OMHAFEHOERL TR wigBn K& {72, Maxwell-Gamett 2> b4k
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lEZHLNS, 2T, Maxwell-Garnett 2 (K 7O AIEH % & E) & Bottcher =X (K
TOWHEEHZER) 2T 2L, NTOMHEEMZERT 5L T WFERNET S
B nd, 72, EHHEICE T S Triton D HEECHEEEXR 2 KT % &, Triton HIN%
DHEFEEFRIT Triton ERMABADZ N EHRTEL, FRUVEEAY Y L OEKESROBINNIC
v, ZRRELC Ao TWB I A5, 5 3L, Triton DGR T D38, O
WTIIEEMBI O EFEERICHEL 5 X ey d 5.

¥ 72, HAOMEOFERZIEMIC T 2 -9 1C13, IRCEE, B & 0l 0FEXR
DAEHEDORERIERDOEADR M2 127255, AXTREINOLEZEL T ARWEZDICT
HIfE e FRME L DS E 2 5. Ao, FBRRIIMEARCEL, ERBTKI RS
ERHONTEY, 0Hz IOEWEFMTOL ve— X v 2z HBEERLEH T 2
CEepEETHL. LrLl, 4 vEe—X v RUEICIHTIE 100 Hz A C 13 E SRS
{72570, BRSO S AR 2 EHLRWERD, £ ve—X v 2285 LiIEs20n
TLEI. 2D, KAERTH SEIITICOMBEFEHAL, FELROMEZEEKTH 2
OHz fHiED A4 v & =XV RUEDOMHEEZ M CCTHEET 2 2 Lic X v, iFEERI &< 7= 2 AR
Db 5.
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3.1.3 DEA OEFHHED VT H (BaTiOs/PU)
ARIET, WA 10 MOMRIIEES L O FADIKEZT 5. Fig3.3 X U Fig.3.4 I,

HEFIEAR Y 7 L & v (Triton FFHIN B X ORI OO TADOEGIRGFHICOWTORERE %
NZIRT. TFENAMEL SR, FHELBERR TR L, X5 DD Triton IR, HROD

ﬁﬁﬂmmhmﬁ%iT Fig.3.5 ¥ X U8 Fig.3.6 IZ, BaTiOs/PU (15vol%) (Triton EZ5INE
O O O3 B OESHKAFIEIC O W TORERE Z N2 IR T (HIECAS DR R D
%iﬁﬁ:ﬁﬁﬁél

2.0 -
Specimen#1/6
1.8 Specimen#2/6
1.6 Specimen#3/6
1.4 Specimen#4/6
—12 | Specimen#5/6
S Specimen#6/6
£ 1.0 .
s Predicted
%08
0.6
04 -
02 r
0 == a I I
0 20 40 60 80 100 120 140

Electric field [V/um]
Fig. 3.3 Relation between electric field and strain of PU (Without Triton).
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_ = = = N
(SR N N =
T

Specimen#1/6

Strain [%]
=

Specimen#2/6
08 Specimen#3/6
0.6 Specimen#4/6
04 Specimen#5/6
0.2 Specimen#6/6
Predicted
O 1 1 1 1
0 20 40 60 80 100 120 140

Electric field [V/pum]
Fig. 3.4 Relation between electric field and strain of PU (With Triton).

—_ = —_ = N
N R~ O 0 O
T

§ Specimen#1/5
£ 10 r
g Specimen#2/5
v 0.8
Specimen#3/5
0.6 r .
Specimen#4/5
04 -
/ Specimen#5/5
02 - .
y ;4::/_/ Predicted
0 e I I I I I
0 20 40 60 80 100 120 140

Electric field [V/pum]
Fig. 3.5 Relation between electric field and strain of BaTiO3/PU (15vol %) (Without Triton).
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Specimen#1/6

Specimen#2/6

Specimen#3/6

Specimen#4/6
Specimen#5/6
Specimen#6/6

Prgdictcd

40 60 80 100 120 140
Electric field [V/um]
Fig. 3.6 Relation between electric field and strain of BaTiO3/PU (15vol %) (With Triton).

T3, OFAEL T, Yo D EEANMICHE S TOTHABEIML TW» 5 Z &35
5. % LT, Flfe TR oIS L T\ 323, Triton FMHRMELEAR Y 7L
ZNTEAEE FPHEOELSRKELL o7z, ZOMAICEAL TIE, =7 X b~— DR
LUNCHHEEROEENE 2 5N 5. DEA DESHNERICH T 2 RME %5, FHRIMH
ICRAT 2R, LFERS WL 2 ThhiE, Ellfie FEEA T 200252 5.
BRI B LT, FREREAS 2.08 TH 1L DEA OELHIINSERIC 1) 2 FHIER & FHlER2S
—d 5 (HEROEHEEIZ 1.08 THB). Lo L, ZOHEHEIZ Triton FERNR IR
VoL &y iR E ) b E <, Triton DFINC L Y T R b~ —DiEEIE T3 2 FR
EXET S0, WYy, £, HEEERICEL Td, BEmiE2° 0.72 TH L DEA
DOELGHMERRIC 1) 2 FHIFR L TR 5T 2 (WFEEFROFHIEIZ 154 TH2). L
2L, ZOMGEIX PU DHFEEROCHE (3.2~42) 7 2 KRETHZ20, 2HH
Y TiE R, Lo Z e h 5, Triton BVIREERRIER Y v L 2 v 0 EHIiE & FHlfED %5
REL o RSB L T, BERHTH S, L L, BEAMICHE > TOFHRAHMNL
TW372%, 7 A7 2 VOHIFIEFIEHLTWwWS EEZ b5,

RIC, MBS O OF AL TR, F2VENN) 7 LADOEHAIC K > TERHERY
TLAVDZNL Y DEL Ro T2, Ml TReCiiR %,

Fig.3.7 1 BaTiOs/PU D F & VN U v L DIFFE R & Mk iiEE S o Btk % R ¥,
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120
Exp. (without Triton)

100
A Exp. (with Triton)

o0
)
T

Pred. (without Triton)

APred. (with Triton)

H

Breakdown field [V/pm]
oy
S

40 & > @ T
: A A . A
i
20 t A A
A
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Volume fraction of BaTiOs [vol%]
Fig. 3.7 Relation between volume fraction of BaTiO3z and breakdown field for BaTiOs/PU.

MuigEE S O THlE (X 2.14 2 58H) L EHELZ KL 256, BRER) L X
v (Triton #EZAMN) %R, EEIMEIE FRIMEICHS, BudoThorz, I THIK2
7 AT = NVIGTIC X 2 BAMIBED A 2 ZB L 72 b D TH L LAFRTH L. oF
D, RFEKXTHEICA o TO7a W NTERIIIECEAIE, Z oo EIc X b, T‘{E'Jﬂﬁf‘:éé
HEDAENKE S ol FEx b b, HlziX, ¥k ’é'%)—%:lfﬂﬂ[l?‘é &, Mk o®E
MR ACHEHL, BEH L ZEFAMEIOIE 00 1% L TEFIELN 2 f’F%ﬂ
32 B ZoBEFIEILNBAMERICEBIES NS }_’Hﬂqﬂ ICEIRB TN T 720, HEsK
HERRE LT b0, R OMBRIEIE X KA CHRRBIESE X 5. REBICE W
Th, ZORBHRMPEZ o T AlREMES S 5. F 7z, Triton BFMRIC B 1J 5 BaTiOs/PU
DRI IEE Y O FHIEIX Triton HINZO FHMEL DV b K&K ko7, K (2.14) E, =

0.6 (8;)5; D, HKBUEESE, XHIER ¥ © 0.5 FICHAIL, ikte ® 0.5 Fi RIS
%5 T L A5y 5. Triton FERNRIC W CTHPERITF X VIEANY 7 ZOEEIC XD 9 51T
L, WEEERIITF X VEBAY Y LOEAICE Y 55U 7. xF LT, Triton #I1%IC
BOTHBERITF 2 VEANY) v LOEAICKD 3 FICHmL, WEEERIEF L2 VBEANY v
LOBEITEY 6 fFICHMLZ. 2% Y, Triton MR ICEH T 5; (=g> DfEA3 Triton
;‘fsbu%a:mml (:3) DIEL Y REWZ RN %,. 2D, Triton EHRRICE W
T@%@%ﬁﬂiﬁﬁ%%@%@ﬂ{ 2 Triton IR D TFHIEX W E o7z FE 2 b D,

¥ 7, MuRBEEES L, Figld 7 WWRTHRIC, FEXVEEND) v AOEAICK o THEREEFRY
TLEVDOZENID BESARY, %ﬁAf®tﬁ e > TIE T L7z, %7z, Triton DERMNIC
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X o THRM D BaTiOs/PU DZ L L D DKL 7o 7z,

T, F X VBN T LOEAEIC X DHEBIEEY DK T OJRK %k~ 3. Sikulskyi & 22
ke, KiTaT 72 b~—ICEAE L MHFEREEME 0S4, HEEES I
K ORERLEREX, 74 7 BMOEENRDEDHELZXIT L. 2F 0, EHEMED
K OBICIE U T, BEEERIKIIANT 2 (Fig3.8). K 725FM X 0 b Mk E S 2K
Bitr. BOEREE IR T ORMEZRD 2 &2, FTzliEd 5. 2T, BaTiOs Difaigkii#
BT 2~24V/um®, PU DifuigkiEEEY 1 Fig3.7 25 90V/um TH 5. #ERIERY v L &
v OGS, BIBEOKT T ICHBEAEEZNLCER MY —2838ET 2. J L CHFERES
ME O G, K3R48 (HEREOE) 729, EXA Y —0ERIEES L
5. fERINCK TEAMEIClIX, RTFONTEIC X o THEIEES MET 3 5.

FFF ¥+ FF+FFFFFFFTF FTFF FFFFFFFFFFTFTF
@ o

o ® :
BaTiO:‘ . .'

PU Breakdown ‘ ‘ ® ()

Fig. 3.8 Potential breakdown paths in dielectric composites illustrated based on the amount of
filler particles?® .

T, KHDL OCk 2 l, MBREIEESIIT I X b~ —HNORMYE ICHELZ TS L
WELTWS, AEBRICBEVWTHIT IR Fv—HND BaTiO: I Pl & 2752 L B TE,
Z OMWHE L RAIREHEIIEEL IC K& BB L 5 2 - vREERH 5.

KT, FHETEHA OB X 3 MEWIEEL O K TORR %R~ 2. 52 v~ ) v LL
FfRIC, =7 A P2 —NOREEEANI MY L Rx3 2 B3 TE, ZOWHE LIRARED
MBS I E 2 5 2 RS ® 2. 72, GH S 30, Mg E S 3 S s A
D% TIIMBAMEEZ R L, 2L, FINESS < 25 L, FHEHERZ D b O DK i
RER COFECHR TS E2ME L TWE, AEBRTIZ, =7 X b~—ICHL 7258
TEPER T 20vol% & HLERII % < TRIN L 72 72 D IS IR IEE L AME T L 20 Tl v & # 2
bihd.

é%m,%@ﬁ%ﬁ%@%wﬁ(ﬁzm)&=05&3fib,%ﬁﬁ%@%@ﬁﬁﬁ%
YD 05 FICHHIL, HiFEe D 05 FICKHIT 2. XoT, REEEROFMIC XY 5
PRAMET L, HEEERAML 722 &Ik 0 EIEEEAET L s ZEabns.

7, MBEBIEEL N0 DV RN I OBELET B E 2 o0 s, EHED L IM
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Fig. 3.9 Relation between volume fraction of BaTiO3 and strain at breakdown for BaTiOs/PU.
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Fig. 3.10 Relation between volume fraction of BaTiOs; and strain at 8V/pm for BaTiOs/PU.
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Fig. 3.11 Relation between volume fraction of NC and breakdown field for NC/PU.

Moigk a1, Fig.3.11 ISR d8RIC, Triton BERINAZATIE, 7/ 7L 4 DFMMICk T
EAMEFY oL Z2rvyoZzn X ) KLY, KESED EFRICHE > TIET L 7. %7z, Triton
BMFETEF 7 7V A 2BMLCHERME) VL2 vz FAEDHETH-72. T
T, ¥ Triton #ERIRITHEH T 2. MRBIEEGMET LAZERE LTE, F/7 27104 %
BH—tnfcECsod, 77 74 ORERPZEL JIT L 72 ietEnd 5. —ikic)
BB L CREBEHTALF —ARE NI REELRRRC LT, Zhilk, BERIE
DEVEHCTEY v — LR L T2 EHER S HEMEL O B A R EE & DRE 1319
BH5. FIATHRREY, HEHIEES I 7 2 b~ —NORMYE ICHELZ T 5.
KEBICHENTHIT T AP —HNDONC OEERIIPHMY L AT LR TE, ZOMWEL
RAERESHGIIERL ICKE B 52 2R H 5.

AT Triton IR ICEH T 5. Triton SR T, /7 7 LA OGN X Y #uigikiEES
PETF LTy, Sk, REVEEHRIOBRMREF 7 7 L4 ORI AL F— %K X272
72DICF ) 7V ADERERBB-o T2 b BEZLNSE, ZRICLY, F /7L A4BE ALY
—DEREEZIH L, MEIEFESMET LAar ozt E2bN05. WFhice Xk, ALY

42



—HEROWH % T2 72013, TR ) HEMBOERAEETH ), T iR
T 272D I REBIE RS CICWHBIE 2T, 77 714 08— oERNGHiZ 3 2
DERD DD, RIFFETIEZ ZEFTRATHARY, Tk, MBBEEELI Triton DRI X
> THRMD NC/PU D2 XD KL o7z, TOJRKICEIL Tl, BaTiOs/PU DHE L
[FRRIC, FEEER OBMICE T 2 HEIEES 0K T28B o h 3.

Fig.3.12 (X NC/PU D F / 7 L 4 DR & Mg iER o 052 0RZ R L,
Fig.3.13 13 NC/PU O F/ 7 L A DEMERR L FEL O OT ADRER T, Higm#EE
Bco A, Fig3.12 IR THRIC, Triton ERMARTIE, 7/ 7L 4 0EEIC K > THE
BMEY 7L 2yDEend ) &L 2D, FKESEO EAICH > KT L7, 2oBliE kL
GLOEY, MBS S ) L ADEEGC Lo TEMIFKI YL X2y oz L ) HK
{Ixolzlz0TH 5. T, MEHEHEHEL O OMT AL, Triton HmIETIE, F /714 %
WML CTOEEBFMARY) VL 2ozt RAEOEER L. ZOJRKICE L T, Triton %
A TR, MBWEESIEL L CvwhnwknreEzon%. $7-, HGHESRLco0
T HIE Triton DFINIC X > THRMD NC/PU O ZN XY KL o7z, ZoHHIZER
THIRATd@ Y, HEARIIETE S 23 Triton DFRANC X > TR NC/PU D Z 1L X Y DKL 7x
S22 TH B,

o0

Without Triton

—
(o)}
T

,_.
~
T

A With Triton

() p— p—
oo ) \S]
T T T

=]
(@)}
-+

Strain at breakdown [%]
'_

o o
NSRRI N
T T >I
—p—
" ,_.,FJ

0 1 2 3 4
Volume fraction of NC [vol%]

Fig. 3.12 Relation between volume fraction of NC and strain at breakdown for NC/PU.
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Fig. 3.13 Relation between volume fraction of NC and strain at 8V/pm for NC/PU.
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Fig. 3.14 Relation between volume fraction of NC and Young’s modulus for BaTiO3/NC/PU.
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Fig. 3.15 Relation between volume fraction of NC and breakdown field for BaTiO3s/NC/PU.
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Fig. 3.16 Estimate of branches formed by the dispersed silicates in the nanocomposite®.
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Fig. 3.17 Relation between volume fraction of NC and strain at breakdown for BaTiO3/NC/PU.
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Fig. 3.18 Relation between volume fraction of NC and strain at 8V/pm for BaTiOs/NC/PU.
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DEA il

Fig. 5.1 Replaced DEA model with RC parallel circuit.
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Volume fraction of reinforcement : f Average stress and average strain in Mori-Tanaka : @, &
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Fig. 5.2 Eshelby’s equivalent inclusion method using Mori-Tanaka’s theory. (a)Composite
material. (b)Heterogeneous in the average stress field. (c)Inclusions in the average stress field'®.
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Fig. 5.3 Schematic diagram of reference position for strain measurement by laser displacement
sensor. Measurement range is £Smm from reference point.

62



5.5 DEA OEFHHED O HHIE D5
LA T BaTiOs/PU D O3 A D BIGIRIFIE DGR 2R3,

20
18 r
16 r
14 | Specimen#1/7
o 45 7
<12 | Specimen#2/7
o~ . 11 -
=10 | Specimen#3/7
= Specimen#4/7
r‘,—‘) 0-8 i . 17 .
Specimen#5/7
06 N
Specimen#6/7
04 1 Specimen#7/7
" -~ .
02 / Predicted
O s 1 L L Il Il

0 20 40 60 80 100 120 140
Electric field [V/pm]

Fig. 5.4 Relation between electric field and strain of BaTiO3/PU (20vol%) (Without Triton).
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Fig. 5.5 Relation between electric field and strain of BaTiO3/PU (20vol%) (With Triton).
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Fig. 5.6 Relation between electric field and strain of BaTiO3/PU (30vol%) (Without Triton).

2.0
1.8
1.6
L4 Specimen#1/6
? 12 Specimen#2/6
% 1.0 Specimen#3/6
5 0.8 Specimen#4/6
0.6 Specimen#5/6
04 Specimen#6/6
02 / Predicted
o
0

0 20 40 60 80 100 120 140
Electric field [V/pum]

Fig. 5.7 Relation between electric field and strain of BaTiO3/PU (30vol%) (With Triton).
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Fig. 5.8 Relation between electric field and strain of BaTiO3/PU (40vol%) (Without Triton).
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Fig. 5.9 Relation between electric field and strain of BaTiO3/PU (40vol%) (With Triton).
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Fig. 5.10 Relation between electric field and strain of NC/PU (0.5vol %) (Without Triton).
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Fig. 5.11 Relation between electric field and strain of NC/PU (0.5vol %) (With Triton).
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Fig. 5.12 Relation between electric field and strain of NC/PU (2.5vol %) (Without Triton).
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Fig. 5.13 Relation between electric field and strain of NC/PU (2.5vol %) (With Triton).
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Fig. 5.14 Relation between electric field and strain of NC/PU (4.0vol %) (Without Triton).
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Fig. 5.15 Relation between electric field and strain of NC/PU (4.0vol %) (With Triton).
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Fig. 5.16 Relation between electric field and strain of BaTiO3;/NC/PU (0.5vol%) (Without
Triton).
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Fig. 5.17 Relation between electric field and strain of BaTiO3/NC/PU (0.5vol%) (With Triton).
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Fig. 5.18 Relation between electric field and strain of BaTiO3/NC/PU (2.5vol%) (Without
Triton).
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Fig. 5.19 Relation between electric field and strain of BaTiO3/NC/PU (2.5vol%) (With Triton).
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Fig. 5.20 Relation between electric field and strain of BaTiO3/NC/PU (4.0vol%) (Without
Triton).
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Fig. 5.21 Relation between electric field and strain of BaTiO3/NC/PU (4.0vol%) (With Triton).
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Fig. 5.22 Stress-strain curve for PU (Without Triton).
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Fig. 5.23 Stress-strain curve for PU (With Triton).
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Fig. 5.24 Stress-strain curve for BaTiO3/PU (15vol%) (Without Triton).
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Fig. 5.25 Stress-strain curve for BaTiO3/PU (15vol%) (With Triton).
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Fig. 5.26 Stress-strain curve for BaTiO3/PU (20vol%) (Without Triton).
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Fig. 5.27 Stress-strain curve for BaTiO3/PU (20vol%) (With Triton).
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Fig. 5.29 Stress-strain curve for BaTiO3/PU (30vol%) (With Triton).
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Fig. 5.30 Stress-strain curve for BaTiO3/PU (40vol%) (Without Triton).
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Fig. 5.31 Stress-strain curve for BaTiO3/PU (40vol%) (With Triton).
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Fig. 5.32 Stress-strain curve for BaTiO3/NC/PU (0.5vol%) (Without Triton).
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Fig. 5.33 Stress-strain curve for BaTiO3;/NC/PU (0.5vol%) (With Triton).
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Fig. 5.34 Stress-strain curve for BaTiO3/NC/PU (2.5vol%) (Without Triton).
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Fig. 5.35 Stress-strain curve for BaTiO3;/NC/PU (2.5vol%) (With Triton).
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Fig. 5.36 Stress-strain curve for BaTiO3/NC/PU (4.0vol%) (Without Triton).
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Fig. 5.37 Stress-strain curve for BaTiO3;/NC/PU (4.0vol%) (With Triton).
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