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Due to development of nanotechnology, lots of applications including nanoparticles have been developed such as nanoceramics and

nanocomposites. These materials have excellent functions if nanoparticles disperse well in matrix. Nanoparticles can aggregate easily

with decreasing particle size because the number of active sites on particle surface increase. Interaction energy working among particles

is greatly influenced by physicochemical properties of medium and dispersing components. In order to show these functions sufficiently,

nanoparticle dispersion behavior in slurry should be clarified. In this study, we have proposed a new technique to characterize particle

dispersability in slurry which can be applied to any kinds of dispersing systems. This technique provided new information on particle

dispersion which has been never obtained using conventional methods such as rheological and electrokinetic analysis. Additionally, surface

treatment technique on molecular level has been developed. We have improved nanoparticle dispersability in matrix and characterized

modified surfaces.
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a 2)

IERL RIS K D 7GR % (a) 7/ (< 100 nm), (b)
71 (100 nm ~ 1 um), (c) ¥7 1 (1 ~ 10 um) 77 HR
B UKL R &R FRIBEEEIC DWTHE 2 %. Table 1
IR 3% 0.1, K 728324 (a) 100 nm, (b) 1 um, (c)
0um TH 2 & ZTDETERDOVHET IVKZRT.
F /5 ECR TIRAKE RS TE R 7 DWRFRICEE LT
FAELTWB T ERbhb.

SR T )y & ZFICHFAET B F /R PO 5 Bk
EXRFNIEN LD B RMONEINEEICHNS. V)
HD XKD KA LYK IR 7RI 2 SAFAET Bk
MR Z LB T 5. MORRL T D 75 Bl SR B 1
DLVO ¥ Ic X v N [2,3], KRICEBF BHi1
RIFHEAER Vi 1& Eq. (4) ISR T & 5125141 vy EFE
11 Ve DfiIE LTET.

Vioar =Va + Vi )
5171, KFEINEE LR TREEEEORE L LT Eq. (5), (6)
E£T.
Aa

VA(d)=-I§E- )

Vi (d) = 2mae £,)C* In[(1+exp(-xd)]  (6)
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BHECB. V>0 ThHdEERIDENCTEE h,
Vo <0 TH B L ZEENTTIREND. V0 DRIT
DBGEE) T 3 )VF—ITHTBEDO L E (V0 / kT > 15) Fi
T ELE LT %, K780 100 nm LR DT/ K1
TRIKPTHEZEILT % 121 100 mV DL EDO X

Table 1 Illustrations of (a) nano, (b) micro, and (c) macroparticle

dispersion system.

Volume — f . | |

fraction:
f=0.1

.......... O

(a) Nano (b) Micro (c) Macro
Particle size: a 100 nm 1 um 10 um
Distance

between 94.9 nm 949.1 nm 9.49 um

particles: d

BRI E 0D [3]. WE T DK D RmEmWRIH SR 2
195 C Li37x BB DR TT /KT Oz
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FHLLZT S [4].
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Fig. 1. Interaction energy (V,,,,;) between two spherical particles

as a function of surface distance (d).
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aqueous and in aqueous medium.
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WM EIE, AERESZ%. REEMD 0 mV Ik
% pH %255 54 (IEP: Isoelectric point) & WIWNEE{LYIC
EHDMETHS.

2 ) —Hhi 3Kk HY, OH A 4 2 hvfA 4 >
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)< & XA A U L ARHCE) < Tz R ENZ
EEHET S L TERV. FREBEOENEITND
i & PHEN DS A AV EOSMIITIEC b, B—&ENT
WFIROEOBMNENET ST LIcks. E—2ENE
R BN IR B ELNICFE LN EREL,
ATV —HRFoEREZ R I 5 —DDFE L LTH
Woha, B—2EMER, FRERNCESVKENE (5],
HEEARENEATIE [6], B EEE (7] 75 SRk A IRE
MERENTEBD, KREATY—HRFOER & ZDK
XXREL—ZEMWEICIOMB LN TES.

R FORE SRR T SRR TIESHT
DY —ZEMPIRA R ESHORFOEEM R 1IC
WG A 5. REKTORERAT ) —D¥— X &N
MHZ OB ZHEN L 720D 5 [8]. LA LE
B IIV I ADFERTHZEGAT VY —Id @O E AR
G LT DAL L, B—RENDOHDSHRT
DX RS 5 T L IO TINEETH S.

2.2.2 JEDLVO FHAEH

2L DT I v I ARBIETIEEVCERRE RS ) —
DMK ETH . TDXIREERAT Y —TI,
Ri T EEREEA G £ D i FEAaf D A TR 157 BCIRRE 7z il
TRHCELRNHETHS. ZDD, A& MRmEmENA

10T B O BRRE R RS0 KRR 7R £ JE DLVO #H
HERZFIAT %, COREE—2 BN OMMEIZ
T AHMEANCH BD, EERBIERHIC R E R X T ) —D
FHEMEDRT L E LRV, R\ O -
R EER 2R 208N H 5. R FREANDE
NTWERLE N T 10— 75072 W T2 #O%5ES ESR ¥
RENH S [9,10]. Fiz, RFRIFHE/ERIEE T 15E
WEEOBEEH Ik 7 A L THIET 2 a0 4 Ry a—
THENRNTH S [11].
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A5 V) —HIR 1D R AR IRRE O FEME I, OhE
JERIELE OIS HIC K 2 BAIRE DR [12], @URERS
EOEEBESRA LD ENETENS.

R AHIE 1Z A 5 ) —H Ok 1 ORHERR 2 JE S
LHETHD. KR FOR TR AE D KREMNE
N5, ERMHE, F72EWMBIBISIC X R Te—hi
TREREDAREIRC K O RDIZAT ) —hEHERD
ez & UCRHMEA A RETH 5. JEFEEIC X Ol
TERTREZ R PR DFFAMN IR 2 T &0, WEBIC 2 LA
7 S O EER A E T B BEFEROBRER KL D EKEL
mHENsehds.

WS EETE (131 W AT V) —Z Wik i X 0 [EE
U Nz AR 72 AR E & R 76 T WA BT (Cryo-SEM ¥ 7213
LTSEM) # VTR T 2 1515 TH 5. BT IRIET
E ATV =D EUEDBREN NI & 732 % Tz ORI 1 D
WiEEWET 2 BZNH D 5.
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RO Z DI AT ) — T OREEIRES K U
RAROFRIE & FHRERRHE QR A IR R T2 LT T
HNTE[14]. KT O BUER - HIAH E/E IS 58
SHRAFLU A S U — DKL S 72 75 971 ER AR A/
NFNEWVWZ S, FFY FaE—EPRRAZRT AT
V) —TCRFE I RE S BERADIE K2R U [15], ¥ x
7Y TR O REA DA E 2R [16] 75 E %
ME AT —aHiliik& LTHOWSNTE .

23 HFDEHIEEDTIR
IKRAZV—=TIE AT —D pHIC & D ki FKH D
WENZIT S, TNEFM U TRy ZFHRES
BT OIRLEICZKS. F /BTNty %
TeDITIERMERD 100 mV DL ERAETH D, @k C
DX BGREGEEMZSGD T LENETHS. Flchult
MMEWIEKRH Tl Fig. 2 1SR9 K S ICHREMRFES]
KX BHFGMWNEL, GINNERLE LD EERG [ ZEC
ER

2.3.1 FEmdEEL

R SCENE S YR S AL A SIS K O K2
ICEBE R I 3IE 2P 2 A1k THsb. 2T TR
(LA IEIC DWW TR S,

BRI FE I DEF G-V IR M AR < h U
7 AR EAEIC K B I HENER WS, B8
FEEI ORI E OB ZH WS C &I X Dk
MWIKFEN 2155, BREEOHEENEWVIZ ER 1M DEE
J1EMABT ENNETHS.
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Fig. 3. Reaction mechanism of silane coupling reagent with

OH groups on inorganic substance.
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D, HEMEL, AR E S L EENIGT 2855 =D
DEDOEREREZ > TS, ZOROARNE TIHIEED
B9 T L DIOMEIAE L O ORE RIS T &N T
&%. Fig. 31c¥ o0 hy T Y FHIO KGN R~
[17]. ¥Thw 7)) v T RIREEE LR & (L2285 E
T30 FRIMVKRRISIC X O 5 7 —)VRk & 75 b ek
BRMICKERE AN, F208IC X 0 Bk RS L
L AEBZIEKT .

KAAEDIT1EE UTKUHHIE (18], WiAHE [19], A —
s L—T%[20] BB ENS. SHEIESER DK
[P ZEMI RIS 5. W RER %A
BRI LTS OB HE TR K D G E &
%. F— b7 L—71EI3E A OB RIS BV T
RIRER 2G5 TH 2. BERFIAED TIERAOMmMEN
T OREEDMEL 7% T & h 5 WEFIARL TR F5E
LRGN K HETT B EZBNS.

232 RYN—d—T 4 VT

RV —a—7 1 7k &E7 Heaz v TR 1
RHZWET ST LI K DVRNK RN ZRESE S
BECHhs. FVMVERZRFHLIERYY—a—T 1~
TERREEZLHOLENTNS., —EREEHICERmAEIC
KO EDVEZRFRmMIEAL, “BEHE L THEA
Hl, i EE AT /v — KIS EE 5. EAARE
AT/ <—I3AF VLUK (211, 77 VUIEER [22]
TENDHB. FRRNODE /I —RICEK D ESEHH
AT RE/ R TR E = & J1)VE & (Atom Transfer Radical
Polymerization: ATRP) ZF|f] U7z 751k 23] TN
TW5.

2.3.3  SEE ML OBLK

(LA ER R v — O —F ¢ V7B & B R
RZTAND 7L LT, SRR 172 i & BTk
LSOV 5 & BIAIC R  2 o0EiE 2 M9 % 706X
MBI SETHE T L HNENS [24].
F TR SR T O 7 BB R S5 E) 2 1 B Fr ik & L Ok
JEARIIE 2 IS U TR RIE,  IE MBS E D
2iFons.

SO R TR T O = 2 B MRS RIS % ik & LT
7 =) ZEWRIN IO ERE (Fourier transfer infrared:
FT-IR) M F 5N % [25]. W AT bLh 5511
DL HEMGEARLHRAOHEE ZRIAT 2 LN TE, K
TRIAFET 2 WEHOEOHENRETH S, £
B [26], HLEUS [27], hnEGEET! FT-IR [28]
WIE & ARIVERIIY, K72 W T B3 753l 515 T H
%. ERMNICFHIT 51k & UTEERRABDHT [26],
TCEMHNT [29] BT 5N S, EED) S NEROI
BENARETH B, Tz SiH T OO & DERBEIC
& 0 PSi [E AL KIS HIE (*Si Solid state nuclear
magnetic resonance: 2°Si-NMR) /5 75 % ¥ — 7 HhE
REINZTEeEAMLT, YIS0y TV TENICES
SEERMOE =FHMEA ATEETH % [29].

3. AT —FHlE L KF O BEIEEDIRE

7/ K72 O TP RHE BRI PR E D 1) LS #r vt
DNGEEMR ENS. RO T /Licfiokir#&
TR LT/ B FA I REE Lo <755, F/h
F DEERIEDIFEIIM RO TEREX TP E S T3
12, FERTH B AT —HF /RO RS
R LS 2 C EDRETH 5. ek —2ENlE
RREERIE, LAY —ELR EX T —DORFZNET
EMTHOIN T E T DEBEOR+ D28 & ORI E
PRHMIEAEE L. HNE T 2R-BIISCATY —
DITHIACR R TEIKR, R IR R &
ITBHEERTFRE ERRIZDBGRPHVONS. &I
RICBW TR T IHEEH DL U7 B R 5 7
B1c8, WU AT ) —aHlik- PR B EliE A e 2
TH%. KX TIEAZTY —DEHZNHEE LTZD
IR B2 R LS ITHCRIC DWW T AT Y — 3
DN 7Zik I e, Z DYEILBIEIEIR A Z ) — IR E
BIABYIE /X —OEGKRIGIC X O RO HUKEZ
] (e LIS 0 BCIRE 2 B2 8IS 9 2 1A TH 5.
KT FKHZ 71 LNV TRaE U Te R UL 2 %
UM/ Rir D HerE 2 HiliH S % 2 Lzl A e
ARFFECKORFRIES MY v 7 ABOHFE N2
EURDT BT Ry OREZ IS 2 C MR TE
%.
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Fig. 4.  In situ solidification technique. Particle dispersion
can be fixed by polymerization of organic monomers

dissolved in slurry.

=
l‘
Cle

|

CJ e

D..:.c

Initiator Catalyst Monomer  Cross-linker

Fig. 5. Mechanism of polymerization. Activated initiators
attack both monomers and cross-linkers to form three-

dimensional polymer network dissolved in slurry.
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Fig. 6. Experimental procedure
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Fig. 7. Change in surface charge of nanoparticles with
different pH.
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Fig. 8. Effect of pH on viscosity of nanoparticle slurries.
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3.1.1 F/KFATY—
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A V) —iABl 7% Fig. 6 1S9, ZRUKICHEEKY €
JR—=7ZiR L, ¥ AT R (PRI 12 nm)
RIRIE 2.5 mass% D ATV —Zf# LTz, X5V —0D
pH (& HNO;, NaOH %Z IV TE#E& Lz, 251U —Ic
maAl, iz LEA RG2S Yz, Bk, i
TRz X BRI R 2 15 7.

TEM BI5ARHI R B AR 2 ZLEE TP L, 0B
)y RAw Y 2 ICHBFR Uz, EEIEiE R
RIS TFUAER 2 7z,

Fig. 71cL—9— Kvw 75 —#c X 0l L= X5
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Fig. 9. TEM images of solidified slurries using in situ
solidification technique with (a) pH 1.92, (b) pH 7.02, and (c)
10.43.
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/ In Hexane
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DDE \ ho Q
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In NMP / Q
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(b) Preparation of surface designed particle.

Fig. 10. Chemical reaction of surface treatment technique
consisting two steps (a) surface modification and (b) polymer

coating on modified particle surface.
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Fig. 11. Thickness of PI coating as a function of the number

of reaction times.

Fig. 12. TEM observations of nanocomposite which

consists of polyimide and surface designed silica particle.
Solid loading was | vol%. This sample was thinned by
ultramicrotome with 300 nm thickness. Insert figure is a

magnified image.

Attractive interaction: ¥, [10-17 J]
S &
w o

0 1 2 3 4 5
Surface distance: d [nm]

Fig. 13. Attractive interaction (V) between silica particles in

polyimide matrix as a function of surface distance (d).
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LI BB SRS NS, —BRFEEH & LU TREIC
NH, &2 HT 22527y 7V 2 7H] APTS Z VT
hirERmzRE Lz, REERA— N L—T1% [
W, ZEFEH & LB R FREICRY A 2 ROE S/
X—THsET A v M _HIKY) (PMDA), V7 3
/Y7 2 =)VT—7)V (DDE) ZHWTAHIC KL E B
F LR 77215 72

TR 71X R Y 7 2 R NMP 7ATRIC FTE D R
LB X5 EEE, 100~300 CTA 2 {95
CICEKODRVAI R/ UNF/aVRYy b zlRz.
ERL T, ALK DR 4 FT-IR, TG/DTA
ENDEN, EEIMEZTTY, k20K G
KK OWBE LT & 2R Uiz, ik 0 a—
T« V7% Ad % Eq. (9) h 53k, PMDA,DDE O i
ISR S a—F ¢ VT EZ bz Fig. 11 1IR7. K
JSEEDBEINE L i a—T ¢ VT EOEIMMA RSN
SEMEHD O—TF ¢ R TRET 1.27 nm & 755 Tz

Ad = (1+w)"* x20-20 )

BEARE L vol% DU A1/ R A I RF/aVRYy
FEERILIZ, Vo278 b—LAIZED 300 nm D
AR ZFRI L, TEM B U745 7% Fig. 12 1TR9 .
BEAERN D, a2V RYy ki R 12 nm
HY, IREENSRFREICKH 2 nm ORY v —I—
T4 VT DR LT,

Fig. 131 RU A I R MY w7 A BT BR11%
40 nm D>V ARF ORI 1) 72 kTR FREEC R LT
T b Uiz, KU A 2 R B R dh 7R
BN 1 nm 72 a2 &5 2ICENT %, 1.27 nm
DEXDOI—F 1 73T /WAL OHEEZ 1R
ZDICHEMTHZ VA D, £/ —Z2 RIS
T eic X vk FRm IS E 2R D, RV
=< MU I REDFNEDNM ELIZEEZBNS.

4. TL&

ARaEF T A IR 72 O TR ER 2175 &
TREZ AT — i & K57 BRI 72 #ET UM
FUERIAND T ¢ — RNy ZIZOW Tk Uiz, kA S
U — DML Th N T E ToMEREEDOR T & DR
PRI ERNREENE E L. 2B O ED )
BRI DIENIT K D KT D57 BURHER BN Y275 5 T O
L7e ATV —iHMlEHIEEN R E L 5 5. AT
ATV —HiF KT O BFEEIOERNFHILEE LTE
DOHEELBIEREZIRE L, ki Fre LTy 7371y,
F /R, BERT, B E UTOKRK IR
WA HRICDOWT AT —iH iz T 7z, £720TF
LAV CEMZRRGNS 5 RmLEEZHEZ L, MR
B 2T Kit OB ZGIEd 2 k2 Lz, T

NS OFZ O THRERZ TV, G375 TH 5
C LR L.
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