- X

HEAKRFEIEE AT U —IZBTF D WKL D 5 A 4k 18 i 4 &
tI7Iv s 7ty ~DH

Control of particle assembled structure in nonaqueous concentrated slurries and

application to ceramic processing
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Fig. 1-1 Typical microstructure of ceramics.
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KRG AT ) —% v — M T5ZL T, SilNg BT 2 v 7 A0y — Mk 7
M OBRERZE L0 L TE D5 Z & 2WE L2[25-27], ¥ — MEERRICIX
AT Y=\ T L —RET AN LOMIZEINTEAMZZIT 5720, HIR B-
SisNg K- c il (Rifih) 25> — MERIBEHICELM L, BEREFFIZIE a-SisNg bz 723
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Gas phase process

Organometallic » MOCVD
compounds Q: > Sputtering etc.

Liquid phase process + Firing

> MOD etc. ; .
Inorganic polymer - Film, Coatlng/

Powder process

» Mixing + Shaping + Sintering o
Powder > Aerosol deposition w

» Selective Laser Sintering etc. Complex shaped part

Film, Coating /

Fig. 1-2 Typical ceramic manufacturing processes.
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507 EDAT Y —EIEHAT 2B HEFICB O TRIRNRE W, filxiX, Fr¥
¥ A MEIBIEA T U —H O & BRI S B 7B T b O/ SRR
ERLETE 5720, KRGS =7T Xy hyr=—E U 7\ LB FETH
%, M.A.Janney H[4111%, A7 U —flpZa L7z ECEAEK 18 cm @ SisNs &
TIvrE—bvrn—2—%E L, BHIEENLOEEIRTEE 53.77%%F L
THRKREZEZ 02%ICBD D Z LIZBI LD, LA L, L.G. Ma 5[42,43]1%,
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Fig. 1-3 Typical powder processing for ceramic manufacturing.
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Table 1-1 Application of non-aqueous solvent to slurry properties and forming.

Property Application

Wide variety of Improvement of dispersion stability

polarity/solubility parameters and slurry rheology [53,54]

Wide variety of viscosity Control of slurry rheology [46,55,56]

High freezing point Freezing solvent for freeze casting [6,57]

) . ) Bubble free deposition
High durability of electrolysis ) o
for electrophoresis deposition (EPD) [58]

) Suppression of crack formation
Low surface tension ) ]
during solvent drying [59]

Wide variety of volatility Drying rate control for tape casting [48,60]

) ) o High-resolution microstereolithography
Wide variety of refractive index ) o
using refractive index- matched transparent slurry [45]

m6%%$t?iy&xwﬁﬁkﬁﬁt#m%xﬁv—mwiﬁ
WiE7T vty ZICBWTIE, ZRETRAT Y —IZ8T DEHEARK - kLI
iém%xa\m%m:‘wéxwgm%ﬁﬁgmqw%m@ﬂﬁxa:ié%
PR T 72 EOREABER SN TV D, RIS O E TR DA T Y
BT AR TFHEANHEEZ XM LIZbDOTHY ., ZNHDORERESTZHIC
FHAKBAT V=T OO BEMHZWT-THE NS D (Fig.1-4), 3. SR
KB 1T D~ HERE R X?U~ULL&1@Fﬁ@%@ﬁﬁJﬁﬁmm
MG O¥EIZIE, ATV =BT AR FaBib & ZHUTHED AT U — D
%mﬂ%*éﬂéoit\LME%KEH5%$M%%25LT@\x?UHm
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EETDHAT Y —OMERANERIIND[34,65], SHIT, BT I v 7 AFEREO

R SO(E HEME I XBERS IR A A R 3 2 M BRSO IE IS k3 2 7280, Retkm | -
EHEMEN BICi3® 7 < v 7 A OREENAY 72 (LA HIE & sl A LB Th 5,

L7zm»o>T, ET7I v 7 ADHIH THDH AT U —DEBEIIBWTEROmIKE
FIH L. *ﬁ%@%’a\%iﬁ%%mﬂﬁ% ZEBNFHTHD, LED XS, BT Iy
7 BB ORI ERERME BT, 2RO IR Z I L2 IR KRREIRE A T

U —IZB W R4 %ﬁftc‘i*i%%/\*%L%UﬁD%ﬁiﬁ—é LMD THEHETH
Do

Wet forming Drying Sintering
— —- —-
5 i — E
\ \ e
Slurry Green body Sintered body
0% o C€ Oy © Qo9 Q7 g oO
80@ ! o J O%Ooq% o <9' 8
%6800 o = Ofmaq%% 5.0, m=p-
> 87% SOOC oo byo é 089
Issues

» Slurry: Aggregation / Thickening
» Green body: Heterogeneous / Low density
» Sintered body: Heterogeneous / Defect

Q
o 0 Q
O 1%
% wl ToF L |
O
1o}

Requirements for slurry

» Stabilizing dispersion

» High solid loading

» Control particle arrangement

Fig. 1-4 Requirements of non-aqueous slurry toward high performance ceramics.

10



&
il

1.1.7 AR A T U —IZ BT BRIF 5B

A2V —OREMEL, —MKIC AT Y —H O - BEEREEZ KB L2 b D Th
DR OSEHAGIZ Lo THENRIAEN D, —F, AT U —HTORL{- D§EE
XRENE 2K T S8, R EOMBEEICREMESCKEH L, BlxiE, R
Furushima 5[66]i%. FEKBRA T U —no&EBLH T VT (ALOs) BT I v 7 R
AR 5 BT, BEESBIE S AL D KM TIERIB R OB mME & R B AMEK T
THZEEREL WD, F Bt 7 I vy arrroiiEicmiiicy—
MRTEIZEBNT, AT U —HTORLFOoEALB AT 0056, AT U —D0FL
SHERET 2720 T = MRIBIRICEE L7 ZEL D, 2D X 5 ek
DRMEIE, BERRFFCENSCE R 2 A S, ETRIE AR - ORBEAEL, &
HED DR FRBEEOET X2 2, LEN-T, 7 v 7k
DEEE FOAEEEM LTI, KR AT U —ICB T DR T EBUL A NAE L 7
5o X T, ZZTIHIFKRAT Y —I2B) DR AT I B4 2 BF g
rELEDD,

2 Z U= CoRFD5EdbiEx, () v, G) e, Gi) ZELoEiE T
RENDEEBEZDLILTND[67], RLFBo BT DBRICIZ, 3 1 IOk 7 DREER
ISVHE SR, R FRIOMENDMER T 2, 22T, EABCEEZR & D/ il
BN SND Z & TRERDOMENEZ 5, 20L& kifRM oz EMEICL
Fiohi RO R B2 BELSED Z & Th R EZELL SN D,

HEARCREB L TR 2R 1,/ A O FUH & 22 E AL S 2121, SrimTEHE41[68,69].
NENGEE[70], ~ T v 1> 7 U T RIT]. @17 & OFEIE 2R &K mic W
XE D HEN RN TH D, FdE o EiRiCB O QIR EEEAL, fBR, v 7 v
Ty TV THRINERENDD, Blz2iE4 VA Ui (0A) 12 &5 R38R REE
132 nm BE[T0|ICE E > TWD, —F, EREAT U —TIImERMFIZ T
BN E LS /INEL, 77 v F AU — L 2B s fEHAT 5 E ©
K89 UL T 5, KRBT Tl — ISk I+ 72 BB 11
RIADT BRICL DA TV —OALZENZSI SR LT WHAICH 5, £ 2
T, EREA TV — Tl R AR & &y o o 2 R E S8, kit 9k
KEEEER OB | &R M OSAREE RS ORBUZ LV | RF DL E
e 27U —OiEWER RIS CTE, Kt EH LRBEET 20 &y
T AN L 2 SEARBEE R OBREI 1%, WAEBOEMIC L b= b v —§
VMl L&D LT ORA, FRIFNGEEOEZR Y TE Z 5 &a FEHO R AT
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BEIRERZ U —IZBWTED T BEIN+ 07 h R a2 T 5 7290 DM,
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FHERBTHZ L Thd, bt/ mmFooiBHE ToORAE 28 S WA, &7
T HA B T ORI 2 4 D ISR AR, S0 o BRI OSLAK IR E R )
A0 D P TR R A DWW AE B H BT AN D D, PRI A TR R B EA L
WD DOEN A0 EHEE & LTI, Fig. 1-5 (&R 3k @y 5
AN OWAEVERIAE, 5553153 8O, TR O IR AVIETRIGE /& 53 40 WA TR OO STAR R
FERDEMEHOBEEMENZBIM SN TN D, @5 T 0 BENRL T ~ DO A& M 2 5.4k,
T 5 L EIEA~OBFEDRMEL 72 0 | WHEA~OBRMEZ 0T 5 & &5 3
HCRE L TR ~DOWENAE S NS, £io, REEFR I EEILT 570
(CBFNCRAEEZIELS 75 & BEEELSISEZTZLmbnTnD, 0
7o Rt/ oy T DOWAEME & oo B Ve i O BN % [R]IRF L B LT 5%
ALz BT, P ESCRAEMEZEYNCERE T OMERH D, £ 2T, Fig. 1-6
R LD IT, R ~DOWAET & TRIBE~ OB % A9 5 i 5150 Al 03 Fil
S, E T AT 2 ERREAOHK., (L&, 5 FELRBEICHIE Ly D7
vy 7 EEER, 7o A EEAER, < LEKEEARSCEN D OWAETEIEN KL 1
DL EVEIC I T B ERRGET ST & 72(72,73].
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Particle ﬁ Polymeric dispersant

_ Steric repulsion
Adsorption \ > Adsorption conformation

Solvent

Solvation
» Functional group / Segment
» Solubility parameter

> FunCtl_olnal group » Molecular weight
» Solubility parameter > Segment arrangement

Polymeric dispersant

Fig. 1-5 Structural design factors for polymeric dispersants.
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Adsorption between particle/dispersant interface

; : Solvation between dispersant/solvent interface
“? Steric repulsion between dispersants interface

Loop

B , Tail Tail
Train *'JL\»J Tail W
H Train Train

Fig. 1-6 (A) Typical interaction in concentrated suspensions and (B) typical conformation

of polymeric dispersants
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Fig. 1-7 Schematic illustration of aggregation through small particle bridges between

large particles.
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Fig. 1-8 Forming of PEI-OA complex and PEI-OA-stabilized particles in toluene.
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P FO7E =KUY /H 80°C TiRA L, hirREMOT I /L oR¥ K
DIEFERIT L - THEBRL O EFBL L7, £7-, B.Liu b21)IX, 7Y K
BT HRRAETNF=NVEEGT LH/F % 60°C O L7z NN-2 A
FNHRNVLT I K (DMF) FCRA Q4 FfFEE) $562 6T, 7UVREET
N = VEOIEFRESIC L W ERBRFOEKEEIL TW5D, 7Y REEMK
i, e FaexI 28T 5K ~—h 7k L TRIED U =F L7
¥/ MVEHRT 22T BE2-AF T r A= LT a I ROBL (48 R
#£) . DMF H1T NaNs; OEff (48 FFEiE#E) 2R TR TR, T F =1
SSERVIRLFIX, IVRFUNVEERET LR v —h 2 LTNN-Pv 7 1
NI HIVERIA I R 4-DCAFAT I ) Py (KA 174E T D DMF
HCTTa v LT 2 ol (18 Bl 2R CAkEhTnd, Mo
BEicix, BRI 2R FHMENRE SIS Z & BESCTEHER & HET 505
MWD&, JEMENOREREOREUIELZET L5 Z ERBETHL, —FH. M.
lijima 5%, PEI & 7 =4 UMEFURTEER 2 28 BN AE S B 7o/ & R DK
bif 2R TO M B TRAET 52 & T, /MR ED PEL & KRR D

34



&
il

KREREE ZIT U CHEMRL 2 B S & 5 TIEZ S U72[22], 15 075 P & i
HBARETHYD . WS ODDORATOEHAMEN RSN b DD, F KAk L
T PEI °7 =4 SR ETEMER DO 2 OB ERINEZRE Lz BT, EHENC
V5008, Ve, B MEOEMRBFERONEN D H, UL ED X 51T, BEfE
DFET, ZEECHEMEARREUIEEINZ T2 2 ENREE 2> TW0D, Mz
T, ERESRM (520 vol%) (28T 215 DAV LT D43 BEIZ 6 20T 72
S TRV,

UbO#EZZ T T, RETEEERES FERE LDV E S0 BH %
L. FERESEE R O+ & REHEM T/ R+ 2B S D HEIRAHBEET 5
ZEEREMET D, o, BN TFOIKREEER T U — D05 BEENME DR
HIZ OV T HIRFTT 5,

BB T AR E LB Z b7 @y foiEl L LT, B F A UHE
71 To 5 PELICHENIEE (OA 72 L) 00 = UM mmiG A 2350 4y i IS BLAL X
BB WG F o iAl[28-3011C & H Uiz, AR & 701 0 Bl ALOs,
Y203, SisNg ki 25D FE 2 ORI AN I T — B R AL T B E AL &
NTZAT V=GN EPREINTER, FEORBICHIZY, T VAL
F & LT, /RIS — IR R B R T 5 Si0, T/ ki, IR FITHEARUZ &
> THHERTREZR Ni ok 2 8 8 U, B I IS FEAOBEIR A ] S 2 R
IRIACRIERED 1 > TH D ML a-T NV EXRA— V&M AT 5, PEI-OA &
fifi Si02 7~/ Ki+ & Ni ok + % KB TIRA 5 2 & T, PEI &4 L TKRHL
FRENIKFRE AT L > THEWAE LERR ORI NG Z L2 HfF LT,
F7-. PEI-OA &£ SiOy 7~/ Ki+7% Ni b F-I2WeE+ 5 2 & T, Si0y 7/ kit
WAl & L THBE L. NI/SIO ERERI 1- & L TR ElLSnND Z &2 HF L
776

2.2 EEREAME

2.2.1 REB L OB T
AFE T, #MIEL LT PEI CEH4 78 1800, L7 /L ARDGEHIZE) . OA
(—#k, BT AV LFEHIR) . FT Y (99.5%, BT A L AFIEHER) |
-7V E R A —L Rk, & L7 AV AFOERER), 2-7 X — v (99%., & &
T ANV DLFOEHE) A HWZ, EoL BRI & LTKR Siox ki (H AL
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2 T2 Snow-tex N-40, 22vol% (40 wt%) . Z SF-¥ki £ 25nm (DLS (2L 0 4y
M) . FeFRmfE 109 m¥g CEHERIFEE L 0 FH)) . Ni ikl + ((EASEHL1L, YH-
643, R 12400 nm (SEM (Z LV #1%3), BET lhFmfd 2.2 mYg) & M=,

2.2.2 PEI-OA R DFRHL
50 mL %> 7 UHIC PEI 0.5 g & OA098 g & b= 852 ¢g LIRA LT, =
NaBER/SA (ASONE, US-4) CHEBF A Zji L, IR E (Fine, F-626N)
T224hIEHT 22 &1LV PEI-OA PR Sz, 22T, OAIXPEI DT I/
FEENZX L T30mol% & 72D KXo izilisinL7=,

2.2.3 PEI-OA f&£fi Si0; 7/ R 7 DO FFRLES L UFHM

KF SiO2 47K 2.0 mL (Zxf L CEEEM L LT 2-7 m/x/ —/L 1.3 mL 20
L /005 BiERS (10,000 rpm., 5 min) 2 H VT Si0, 7/ it~ 0.10 g ([a]I =R 99.7%)
Ze[ElR U7z, B L7z Si02 7/ Kif1xf L T, IR EEFRTE L 72 PEI-OA kb
VAW 1.5 g Iz BBE W AT F A % — (Sonics & Materials., Vibra Cell VCX-750.
77225 W) Z FWC 2 min @ E IR 2 69 2 & T Si0,/ v kiR (2.8
vol%., 6.3 wt%)Z il L7z, Z Z T PEI-OA ¥RINEDVR K mfEIC 5 LT 0-3.0
mg/m? L7325 X OB L=, SiO, iRz I T ARl DEHERZ NI 5 7=
B, SiO i A NV T 0.44 vol% (1.0 Wt AR L, 30 s EHEAREY
FA Y — T L 7=, BIROLEELTE (DLS, Malvern, HPP5001) (2 &V 434 %
1T o7z, SiO2 F / Ki¥- 0 PEI-OA DWW g & LML FEE IOV T, 05y
Bt L7z SiO2 7/ kif% 80°C TEZERME L 721212 TG-DTA (RIGAKU, Thermo
Plus EVO) B X O FT-IR (JASCO, FT/IR-6000) Z XV 43#r L7,

2.2.4 Ni/SiO, ERRL T DO FRBLE L OFHAf

PEI-OA f&£fi SiO, 7~/ ki ¥ Dizky (WA & 0.90 mg/m?) 0-0.464 g IZxf L TH
FH20g LD X M= UARINL, BERAE 2min) i L THIBS
oo, TIANIRRLF2.0g 23N L, BHEELEE 30min) 752 & T, SiO2
F R % Ni BRI 12Wezs S¥ 72, Z 2 C. Ni-SiOy/ ML= 2 23 Bk I Ni fiokz
T2 LT SiO2 F K FA 0-20 wt% & 725 K O ICHBL L7z, Z D, Ni/SiO»
FERERL T 2 UL L, 80°C CTEZERME L=, Ni ki1~ SiO, F / hi 1D
W75 B % Ni/SiO, S8R 1~ & EIBAF O Si0, /7 ki O EENSHRH Lz, F
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7= Ni/SiO, £Ef ki - D EFfRERE S %2 FE-SEM (JEOL. 6335FS) 12X W #ig2 L7,

2.2.5 Ni/SiO, F R SHIBRB L OEERER T U —OHEL - 74

Ni/SiOx 43 HUHR D 43 822 M % BN 9 2 72 912, Ni/SiOr Z£F5k 1~ 20 mg & kb
T 10 mL (2B S, BERASAT 5 min BEERAE A L7z, L7z
Ni/SiO2 77 #%i% (0.23-0.26 vol%, 2.3 wt%)% 10mL A AT U U X —|ZiEX | TR
ZFEAEBILE LT, WIZ, BIRERT Y —On#EEZ A5 729012, Ni/SiO, %
FERI T (2.00-2.36 g Ni (2.0 @) & flix OEHEES Si02 & (0-0.36 g) & & i) %
Mz Fmid a-Z —ExA4—1 (0.90 mL)IIZEHMN L ClEEREAH (THINKY,
ARE-250, ZA#% 2000 rpm, H#x 800 rpm, 1min) THE< LB L, ®IEE R 7
U— (1.12-130 mL)Z R L7z, 7ok, ®IEERAT U —IZBW\WT Si0 T/ K+
ZBR <RI HEEE (NI (Ni+ R LT )23 20 vol% & 72 % Xk 9 ICFHBL L 7=, 25°C 12
BFLEAT Y —ORiELY a— 27— MEERE (TOKIMEC, TV-20L) (2X Y
FEAM L7z, F 7o, XPRRSERR & LT, REEMF 2 HWTICILERIE A Lo THR
L7z Ni/SiOy FFERL I OW T HRIERICA Z U —ZFHf L, RERIEZ1T > 72,

23MERBINELE

2.3.1 PEI-OA f&£fi SiO, 7/ R+

Si0, F / ki f EOFREEAH O FE R L UL FAEEMAT T 2 7= 012, Rk
fifi SiO2 F~/ Kif-® FT-IR PIEZ 1T > 7=, T~ O PEI-OA ¥SHNE CTi#E L 7= Si0,
F ki (§Fy) O FT-IR A7 kL% Fig. 2-1 \Z/~53, RAHEO Si0, T/ ki
F T AE KD O-H ZAIREN(1630 e )[31]23BUH S iz, — 7 R EER SiO,
F /K1 ClX, PEI[32] & OA[33-35I281F 5 CH D2 #RE) (1462 cm™) ., PEI-
OA[22,36]IZ851F £-COO[34,37] DX FHMAMEIRE) (1404 cm™) 36 K ORI FR A
IRE) (1554em™) IIRBEND 3 DO — 7 NWBlE Sz, £7-. PEI~&4 L
72NT7 U —@ OA IZHKT 5 &ML L7= C=0 (1710, 1418 cm™) DIEXIFrfif
MEIRENIERO B 725 7=, Si0, L PEI-OA 1% PEI OB F A AL LT 2 /%
&£ OA DT =4 AL LI VER X U VEOFHEN SR EZER L TWD EE X
bivd,
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CH;,
-COO- {-COO-

Additive content of O‘Hf
PEI-OA [mg/mZ] '
3.0

Absorbance (a.u.)

2200 2000 1800 1600 1400
Wavenumber [cm~]

Fig. 2-1 FT-IR spectra of SiO; nanoparticles modified with various PEI-OA contents.

SiO; F~/ Kif-~0 PEI-OA OIRNNE & WEEOBRZ EEINTH LT 5
7=, REMEMiRTE D SiOy F /i 7-D TG M OFsEHR % Fig. 2-2 \T-"d, &
TV TR S T2 IR ~250°C TOE &R T BRI E L 7o K5y 1 D7
B8lIC kD bDEEZXBND, Fo, KEMEMATD Si0, T/ K THIAI S iz
250-900°C TOEERBDIZTEICT T ) — LV EOBAMEAPBRINIC LY b L EX
5%, —J7. PEI-OA f&fifi SiO, F / ki - Tl 150°C~600°C T L\ VE &b
DB STz, Z OB EBAIL PEI-OA I XD H D &5 X v, PEI-OA HRT
1% 800°C THEARICWALDIREST D Z LN miroTe, THHLOEENG, Si0, T/
i 7 E~® PEI-OA OW 355 x [mg/m?| 2RI L > THREDL - 7=,

PEIOA%

= 1000 ——— 21
X 5.,510,% 2-1)

1
PEIOA% = m (Sioz%(O)AW150~800(O) - SiOZ%AW:lSO—SOO) (2'2)

Si0,% = 100 + AW,0-000 2-3)
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Z Z T.Si02% [wt%]. PEIOAY% [wt%] % & AL Z R EHEST Si0, T/ i 1-H @ SiOs,
PEI-OA DB &35, Awisosoon Awaoo00 | EZALL 4L 150-800°C, 40-900°C TD

BHEEER, Sw[m¥/gliL SiO, 7/ ki D EHFE(109 mY/g) TH D, FAF& 0T

(ONERLHD Si0y T/ K28 T HREMZ~T, SiOy T/ Kif E~D PEI-

OA DWAERFMEZ I BN T D72 DI IRINE & WA BO BRI B 15 B Lo g

R 2 Fig, 2-3 12T, Z OWAEFIRMRE) 55517 Langmuir 7' 2 > R T

FEFAZERMENE < REFRE R 2 0.981 & mWABRBEARD bz, L

2o T, ML HIZEWT PEI-OA 1T Langmuir B OWEET /WVIZHEKSNT

SiOy F /R FIZRE LT & EZBND,

 JE— 0
L 2+ oa— N _
°‘§ \ {20 X
= A - Z
O N -.(
o - L Addit tent
2 8 I P||E||1fg,ﬁc~o[rr1nz?m2] 40 O
'U —

. —0 L

;E -8 —0230 o
O —050 -
o 10 - 0.80 -60 o
e 1.0 E
T~ i 13
o -12 Y 80 <
E 14 18

- - —20
< —30 .-

-'18 1 | 1 | 1 [ T | | _.100

0 100 200 300 400 500 800 700 800 900

Temperature [°C]

Fig. 2-2 TGA curves of SiO; nanoparticles with and without surface modification using

a PEI-OA complex (heating rate = 10°C/min)
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Fig. 2-3 Isotherm of PEI-OA adsorption on SiO> NPs in toluene.

AT, Ni/SiO, AR 1~ DO FHBRLUZ M1 T PEI-OA {&fifi SiO, 7/ hi 10 S it i
Z w3 % 72912, PEI-OA WRINEDN Si0, F / ki 1Dk 2 ENEIC RIT T8
A ST U 72, Fl & @ PEI-OA WSINEIZ K - T L 7= Si0, 45 #kilk D448l % Fig.
2-4 (a)l2/~k 3, PEI-OA ¥RINED 0.3 mg/m? LLF Tl Si0r 7/ ki 123 i (2 e tE
L. 1.0mg/m? LB CEAHCHE L TEWEAM 2579 2 L2345 > 7, DLS IC
L BEERS AR (Fig. 2-4 (b)) % DLS (2 & » CHEHERSZME L= & Z A, PEL-
OA &Y 0.3 mg/m? LA F CITHKRELIC LY DLS HlEZFEmTE T, 1.0
mg/m? LA CITEEERE Y 30-200 nm (2984 L7- (Fig. 2-4 (b)), SEIZ/R L7Z SiOs
B DBZEIAMEILZ NS OFEREKM LI D EEZ BILD,

Fig. 2-2 3 X O Fig. 2-4 OfEFIZHN T, PEI-OA HiMMENZOWAEREL LD
My BT 5 Si0 T/ Kt 0 Z SRR I KT T2 % Fig, 2-5 1%
LT, IIMEN DV E X PEIOA 1XITZEAETRTHRWAEL, 1.3 mg/m? i
MU7z & xicfafil g R (0.9 mgm?) IZETHZERghote, £, Z T
B 7-£81% PEI-OA 73 0.5 mg/m? 2> 5 0.80 mg/m? |29 25 Z & T >1pm 7> 5 150
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nm (22PN L. PEI-OA USINEDS 1.0 mg/m? LA EIZ72 % L i/ MR- TH D
100 nm Z7~ L7z, F£70, H/bRi 85 LOVE VW IEMEICE Lo an&E&lT, fafn
FRICELEPIIRICBEZ -T2 EDBHLNICR ST,

PLEDOFER DB Ni/SIO £ ERL T OF R IE, 1.3 mg/m? BN (FaFnW & 5:44)
T X415 PEI-OA &£ SiO, 7 ki AT 5 Z & & Lz,

' ' Additive content of PEI-OA[mg/m?] .

100 Not measurable y
= at 0 and 0.30 mg/m?
S,
o 80 "
N Additive content of
n f PEI-OA [mg/m?]
© 60 —0—0.50
] :
% - 0.80
o 40 1.0
> 1.3
© —0—1.5
=] 20 —0—1.8
= —0—2.0
-]
o O —o—3.0
| L1 1111l | L1 11111l | L1 11111l | L1 1 1111
1 10 102 103 104

Aggregated particle size [nm]

Fig. 2-4 (a) Photograph of PEI-OA-modified SiO»/toluene suspensions (2.8 vol%); (b)
effect of the additive content of PEI-OA on the cumulative particle size distribution of

Si0,/toluene suspensions (0.44 vol%).
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Fig. 2-5 Relation between the additive content of PEI-OA, its adsorbed content on SiO»
NPs, and Z-average particle size of SiO> NPs in toluene. Dashed line is the 100%

adsorption line.

2.3.2 Ni/SiO, BT F DHEE

Ni fhi1- & PEI-OA {&fifi SiO, 7/ Ri T DEMBEENCET 2MAE2EL720
12, kv iz BT D PEI-OA &4 Si02 7/ ki F 0> Ni flki+ D5 K 2 51
fili L7z Fig. 2-6 (Zhk % 2SNt TR EERR Si0, 7/ ki1 L IR E S 72 Ni f8ohz
@ FE-SEM Wi % <3, ERELHE AN L 7=V > 7 /L Tik Ni ok - m ki
SiO, F /KL T MBIEE S HL. SiOr T/ B - D IRINE DO KRITEE - TE DWW &N
HRT MmN BLE SN, 208 bE EENIZEHET 572, Fig. 2-7 [ZHEF
K- DRI E &) D RFE S o 72 Si0, DR EREEZ R~ T, 4 BIOFERELFH Tl
IMUZIEIETNTO Si0r T/ K28 Ni b+ BICEE (b Sz 2 & 2358 5
Erpote, KRBT & LT SiO; R 7-°0 1 — AR Uk 1 & T W 72 BEHR [22] & [RIER
(2. SiOx T/ Ki¥-F £ PEI-OA FORMIGT 2 > & Nifhi RO e Ko
FUVEE L ORICKFER-EEZIEA L., Si02 T/ Ri+725 Ni ki~ B gh Ak
ELbO LRSS,
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Fig. 2-6 FE-SEM images of (a) raw Ni and (b—f) modified Ni/SiO> composite particles
with SiO2 NP additive amount of: (b) 0.50 wt%:; (c) 1.5 wt%; (d) 5.0 wt%; (e) 10 wt%;

and (f) 20 wt%.
25
S
= 20 |
) )
n
© 15 -
c
3
& 10 - ®
(&)
©
(]
2 5 - ®
o
g
< 0 ,!‘ ! ! ! !
0 5 10 15 20 25

Additive content of SiO, [wt%]

Fig. 2-7 Adsorption property of PEI-OA-modified SiO2 NPs adsorbed on Ni fine particles
estimated from the weight balance of the collected Ni/SiO> composite particles and the

residual SiO2 nanoparticles in supernatant solution.
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233 Ni/SIO: HER T BIRB L RERA T U —

RIFEHT /B OB ML RIS 5 0w T wEs
Pl D72, AR BUR ORI L ORER A T U — ORI E 21T
27z, Fig.2-8 [ZFEi~4 D Si0, T/ KL & CTHIL L 7= Ni/SiO, FERL 1 D A 7
F bV IR (2.3 wi%) DOILFEZEEZ R, B Ni fohL -1 3 E 1% BN
IR L TR 0 L EMEDME W5 T, Ni/SiO: 25K 1-1% Si0, T/ Ki D
MEOWRIZE 72> TIRBEEEDN /NS D Z ERnbholz, B E OB
PEDSE T RT3 Ni b FICEE SN Z &2k Bk 1 & LT L
O HBIFPEN U E U, BEEROERPMHE SN2t LB LD,

WICERE SRR T 2 0L EMEZFMT 5720, Ni 08172 5 NS
Ni/SiOs FEFEMRL - DIRSER MV AT U — (22T, K8 AW E CHlE S
T BT REEE & Fig. 2-9 (a)lZR"d, X TR Lz o 7oyl - Bk L=b o
REHEDT-DITHE TE 72 o722 & & d, £7-. Fig. 2-9 (b)IT¥ AW E
20 sTICBIT D AT Y —¥5EE SiO, F /KL OUSHiE = &I L=/ R 2R
I, A7 U —E Ni/(Ni+ F L 2)=20vol% & 725 L H ICHREL SN TR Y | Si0, )
R OFIMEDERIZE b 722> TRELFRENBEMNT 2720, A7 U —[EF
SOOI B RIFNZHE TR LTZ, MLz CIERAE D Ni ki (Fig. 2-9
(c)) °EMERZ N L T2\ SiOy 7/ Ki+ A HEMRAIZ AN L 72 Ni/SiO, S %
kit~ (Fig.2-9 (d)) (%, BEEARICE- T B L CRERE 2475 Z &N T
XD o T, KRG ZE L 7= SiO, )/ ki &L L7 Ni ki1 CTld, Si0, 7+
J R HRINED 0.5 wi% L N OBEITIEE L L72—75 T, Si02 7 / ki & DR
ERHEKRT DI EICE AT U —KENHREANAT LB T 5 2 & 038 5
&7 o7z (Fig. 2-9 (e)),

BFEER T 0 A TEHEND o-T IV ERFT =L ZEEE L L THWERICH
DT h A AW EE CHRIE S A7z 0T AR & Fig. 2-10 ()13, 2 OFERD
5. EREE L7 SIOINEDONR LA T D720, HAWNEE 25 IZB1T 5
A2 Z ) —kEE & SiOy T/ K OEINE Z & IR L7-K R % Fig. 2-10 (b)I2oR
T PEI-OA 1T a- 7 WV ER A — LV HFIZB W T A ENICE THL L& T
DGR L TV 5, Ni SR F-RIEICXTT 57 /L ERA— /L OB h bz iz
EE_RTEWZD, RAAEO Ni ki1 (Fig. 2-10 () 72 6 NIKRESFD Si0, T
JRLF e T2 NUYSIO SRR F DIRIER A T U — 3@k L7223, £ O
DRI ENB DT REE DN EH-F AN EIZ Sz (Fig. 2-10(d)), SiOx T/
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R DI ES TREFRENEM L2 Z ETRE R LZEE 2D, —
J7. PEI-OA Z[EE L7z SiOr F R+ L EFEL T 5 Z L I2 kD REZRAT Y
—DOFREE DN ZNE L, HEE AR - 7 £ £ 2o bickzh Lz (Fig. 2-10
(€))o Ni bt DORE NI & OBIFEN LV @/ K CREI N2 &
IZ RS> TR ML ELTIZEBZBND,

—~~

a) (b)

— —
i) g ¥
J-.
s i

(d)

I —— - —
i

i

l
i

90 sec

=
I

Fig. 2-8 Effect of the additive content of PEI-OA-modified SiO> NPs on the

45 sec

_I | ————

. =

sedimentation behavior of Ni/toluene suspensions. The additive content of the SiO> NPs

were (a) 0 wt% (raw); (b) 5.0 wt%; (¢) 10 wt%, and (d) 20 wt%.
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Fig. 2-9 (a) Apparent viscosities of toluene dense suspensions of Ni/SiO, composite
particles prepared using PEI-OA-modified SiO2> NPs and unmodified SiO2 NPs; (b) the
effect of the additive content of the SiO2 NPs on the toluene dense suspensions at 20 s~
and changes in the particle fraction of the suspensions on increasing the SiO> NP additive
amount; and photographs of the toluene suspensions of: (c¢) Ni FPs; (d) Ni/unmodified-
Si02 composite particles; and (e) Ni/modified-SiO2 composite particles with 20 wt% of

additive SiO> NPs. Symbols (X)) in (a) and (b) denote unmeasureable conditions because
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Fig. 2-10 (a) Apparent viscosities of a-terpineol dense suspensions of Ni/SiO, composite
particles prepared using PEI-OA-modified SiO, NPs and unmodified SiO2 NPs; (b) effect
of the additive content of SiO, NPs on a-terpineol dense suspensions at 2 s~' and changes
in the particle fraction of the suspensions on increasing the SiO2 NP additive amount; and
photographs of a-terpineol suspension of: (c) Ni FPs; (d) Ni/unmodified SiO2 composite
particles, and (e) Ni/modified SiO, composite particles with 20 wt% of additive SiO>
NPs. Symbols (X) in (a) and (b) denote unmeasureable conditions because the torque of

the viscometer was over the limit.
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2.4 #ERE

ARETIL, PEI-OA ZAIH L COHEAREBEBE P —I1208ib3 % Si0y 7/ ki1
ZIRELL ., B L 72 B ARALBED Ni ok 1 & IEAREEEF (2 vol%) TIRAT S
L TCHEBRNAFZIER ST D FELRSE - FEIELT, #1OIT, Si0 T/ RiFIZ
%f LT PEI-OA #fafisE S5 2 & C, Si0, F / ki 1% hvx iz sradl
TELHZLEZHOLMNIT LT, WIT, RIEEA SiO2 7/ i+ Dy B ~FR I AAE
fifio> Ni b 2 N3 2% Z & T, Ni ki B Si0x 7/ K2 EEfb &b
Z L EMER LT, REEM Si02 /KD Ni KL 123t 2 WEMZ RS
o7& TA, BB LT SiO iINE O (Ni f8ohz 125 LT 0~20wt%) Tl
WIEFE SR T SiO T R+ REESND Z EEHLMNI L, ZOXIIZED
ATz Ni/SiOr AR F 1T R EN A . REBERIZRIFRKRBTETH D Lo 0T L
B A — L ~E R EE Y (K9 20~31 vol%) RATRETdH - 7=, ERhF DR
|2 PEI-OA T&Afi &7z SiOr T/ BiF-MDFE L TW D728, ERk1- & L TR
B & DRI E SN U S, HREREO AR IR SN b D LE BN
Do

SCHR
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3.1 &8
I Iy AFHEHBE, HE - FH, EFER ER - BEREOEL
DHEXRLBE L X2 BERMETHY, 5%OI LR DHEEREICIE
I v AORMERE R EOGFEEMEN ERA KRV, BT 3
v 7 ADOREVERIENCIZBERE AN Z X 0O & 2 K FB KO RMNE %)
ThrN, ZEOBEILREIND BT I v 7 AORKEECEEME T
I I v ZADOWBEICRELAKGFET D([1,2], BT I v 7 ZADOKHER
EHEEEZM ESE2ICE, B9 I v 7 ADOFAIHTHLIHRIBESL ATV
—ICBWTHRFOESMELHIE T 28N #TH L, FFIZ, ¥ — Mk
.7 Iy 7 iER, EXIKBHEBEREORT Y —2IEHT 5K
MiE7Te 20 TIiE, FEKFATZY —OFHITET ETIERIC R
STEY, HFAKREHEERT Y =28 20+ 0% S E I » F 5
Thd, 2T, FH2ETITET 2 vol%Lh F O 72 JE KA Ti%
ki 72 EBELE, —FH, BRAMK T e v 2 Tix, ik
BEOEER ERLAT Y —EOhFE{be b2 EMNE L THRER S
U— (30 vol%lh LF2E) OoFANEEND, Lo T, ik
2t R EME R T D LTI, RBRERXT Y — 2T 5 LR
TR TR EBETE 5 e ARnEELYL, UL, § 2 ETH
KLt 2AZ2RMA L TElkESRMA L CEBOEZ FEi L 72 BRI
ATV —NHFIZE - BT 220800 T0n5, -, #kDE
BERICBNTH, MIREXT U —HF TI/NRL 7% Lo KA1 Okt
ERAERL, ATV —NFELIEEIEZSSEZTZEPHRESN
TW5H[3-6], £D®, MEERT Y —F Th £k %2 £ L7
5. B oM Z @MW ENME 2R T 2HEMITRE STV,
ZITCARETIEH,. AREAT Y —HIZBW TR O£ L pHE
EALEZ WS T A RERe FlEE T e A2 MET LI LEE2HW
LT 5,
COHBWEERT DO, AR TRET 2 AmEEE TSI
LMAEAEM % Fig. 3-1 125”37, £, INETHEMALTE I F A %
A E S F 4 H O PEI-OA[7T-9\ Mz T, 7 =4 v MEasF DR
77 VU (PAA) #4F L ALT v (OAm) CTEMSE T =4 %
DA E 1A O PAA-OAm Z %Gt - AR T 2, bz nTh
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Si02 /KL - (220 nm) 3B & OV Si0x KA+ (2.2 um) (IZfafifk % S €T
BMEEATZY 2T L, 2SO EANIL PEI ©T 2 J S PAA
DIV F VPR A DRRMETRICHAE L, OA X OAm D fi5 i #5723 4
M~ FMER LE2H S 2, SO ERATDZE T, MR EK
ki BICHEE LT ESFoBRAMOMAEERICE V-2 E/-LTE
HEEBIT, OA R OAm OEMEEIZE SV TV KEEFR N EZMHEST L
TR EN LR FOBREZINH TED BT, RETIX

UbEoffifEzrmt 22X 55100 KITOHEIC X > TIHAKREIRE

ATV =BT LEBRTFOKEREIMEORFELZEIH XL 7t
A WET D,
PEI Small SiO, particles
M/' PEI-OA stabilized f)y PEI-OA
Hetero-assembly
on - IRk B
e O 0 }
Large SiO, particles
PAA PAA-OAm  |stabilized by PAA-OAM
A e
g %
OAm N
o0 o wﬁf

High OA content
Attractive mteractlon between PAA/PEI

gl T2 - 5‘

Repulsive mteractlon between aliphatic chains

Fig. 3-1 Schematic illustration of the hetero-assembly of binary particles
using PAA-OAm and PEI-OA dispersants to improve the dispersion state in

concentrated suspensions.



3.2 ZBR A

3.2.1 REB L OFER B &

I L LT PAA (CEH & 5000, & L7 AV AFEMIE) . OAm
(BELT7 AV LFEHIE), PEI (CE¥5 F& 1800, B L7 A1 /L AF0K
A OA (B 7 A Vi, —#), hror (EL7 AL A4
FOCHEE 99.5%), =% /7 — (BEL7 A LM MEE) ., EAKFEL L
x o (0.03vol% TMS & A . BRky) ., EHAKF/= % / — )L (Sigma-
Aldrich) ., E/A#FEI 27 m okl (0.03vol% TMS. Sigma-Aldrich) ., &
JzFLr7Ya—nyry 7Y L— M (PEGDA, EHE G E 250,
Sigma-Aldrich), 2, 2-V A F XL 2-T ==L T k& 7=/ (DPA,
FALRK T2) 24 H L 7=, JFOBH (K12 1 Si0, Kk 7 (BET &R mifE:1.22
m?/g. BET £%:2.24 um, KE-S250, H Aff#i) | SiO, /MR F (BET k& i
f%:12.6 m?/g. BET £%:217 nm, KE-S30, HAfME) ZHH L 7=,

322 W F A UHBHFOBERBLOT =4 B S F o 8H o R

B F A MEE S Al E LT PEI-OA ) bV UIRTRIZETE (2.2.2)
WZHESWTHEI L=, ZZ T, PEl ®7 2 /7 FE&EI1Zx LT 15-50 mol%
ERDEIVDICOAEEZRB LI, . 7=F v MEEmo oKl E LT
PAA-OAm O BLIZIE PAA /=% / — LIRIK & OAm b L= 2 EIR %
AL, £9°. PAA0.500g &= % /J — /L 2.500 g ICIAEME S H. 16.7 wt%
PAA/ =% ) —VIEREZHB L7, OAm 0.650 g & h/L— > 7.850 g ~
WL, 7.64wt% OAm,/ M= UK ZfB L7z, B o7z PAA/ =
% ) — VW 1.500 ¢ &2 OAm,/ h L= Vs (8.5 g) WML TEE
WALEE % i3 Z & T.PAA-OAm,/ b=t X /) — LIRR (hLx
T X ) —)b=6.28:1.00 (E&E)) ML, ZZT. OAm WmIMEN
PAA O &I IVARF T IVIITH LT 70 mol%Z 4 9% PAA-OAm &K
L7,

3.2.3 '"H/"*C NMR J| &

PAA-OAm @ 'H/"C NMR I E % EfE T 27212, WIZEIEIZLY &
KFBALTRBE 2 L 72 PAA-OAm IR 2 FHHE L 7=, OAm 130 mg % & /K
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Fbrm2433g (0.03vol% TMS &4) ~ML., BRAELE, K
IZ. PAAT75.0 mg # HAKFIIL= ¥/ —)L 58l mg CEMESET-, BHoh
72 PAA/HEHAKF( =¥ ) — VIRIK 438 mg 2 OAm,/  EAKFEIL L=
WML, 4.3 wt% OAm-1.7 wt% PAA/ EHAKFL b= -= X )
— VIR (b= =& ) —)1=628:1 (E&EL)) 2 LE, 55
NTIRAW % Smin 8 H KA % i L., PAA-OAm K & L7z, *FHHESE
Rl L TREAGD OAm &+ 5728, OAm 39mg, EAKF(L FLr =
> 740 mg., EAKFETH /) —/ 121 mg ZIRE L. 4.3 wt% OAm,/ E K
Flhh vz ¥ ) — VIER bR L =,

&IZ. PEI B X O PEI-OA @ '"H/'3C-NMR I € % £ 3+ 57212, &
ICEREIC K 0 EARFEE 26 H L7 PEI Kk L O PEI-OA AR %
FHBL L 7=, PEIA{RIL PEI 26 mg % CDCl; 574 mg ([ZIAfE S5 Z & T
JHHL L 7=, PEI-OA IA#%1X PEI26 mg & OA26~87mg (OA &2&FF 15~
50 mol%) % A RF 600 mg 725 X H51C CDCLIICIAMREIE 5 2 & T
L72, #AH L7 PAA-OAm A . OAm &% . PEI{&#. PEI-OA AR %
NMR F 2 —7IZ&3 4cem ZHEAL, BEHAEEEE (JEOL
RESONANCE, ECA500) % H T 'H/"*C-NMR Il 7& % F i L 7=,

3.2.4 PAA-OAm & ffi SiO, KBLF,/ PNV VR AT Y —DORE

PAA-OAm B & =% /) —)v, b ZiE4 L, PAA-OAm,/ kL=
V- X ) — VR 17.0g (1.5wt% =X J—)b) @@ L=, = 2T,
BIZWIMT 2K 712% LT PAA-OAm » 0-3.0 mg/m? & 72 % K 9H I
PAA-OAm I & % il # L 7=, SiO2 KK - 3.00g # Fif L 7= PAA-OAm ¥
WIZIINL ., £DO58K%Z 24 Wi L To, 2 O % 5 BUK 2 15 0 5y BERE
(Beckman Coulter, Allegra X-30) % fifi i L TiZ 047 B (2000 g, 5 min)
L. B LZEmEEEY b= THFHZICEZET 60°C TR L, 15
57 PAA-OAm fEffi Kki v & hrx= v & 2IRAGH (ARE-250,
THINKY) Ti#E®& (2000 rpm, 3 min) 52 & THOEH EIE, 50 vol%
PAA-OAm & ffi SiO, KK ¥,/ "R AT —Z2# LI, — 5. 5
bl EEAEPICEHEENDLREE D PAA-OAm ZEET H Z & T,
Si0; KA. F~D PAA-OAm OWH &% RiES oo, LREAHHK 15.0 ¢ &
frxzrbtxzZ ) —=IZXoTHRL, 30g DK (hr=r =& )
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—=3:1) Z#HWL 7=, EXEEEEF (Horiba, LAQUA F-74) % H
WTHRIKOBXRAEEEEZWE L, REFE L7 PAA-OAm,/ FL =
V- ) = VRBEOEBEBRBCEERORERIZESV T, HFREOEX I
RS EEREFRICE TN D RKEIE D PAA-OAm & E & L 7=,

3.2.5Si0,/NRLF /PN UVRAT Y —DOFRHE

% OA =45 (15, 30, 50 mol%) @ PEI-OAHWK & b= v & iRA
L. SiOy/hRi+ 10.0g Z &M L7z, T Z T PEI-OA 23 /MR 12 %t L T £l
ARG ERD L 512, OAZAE 15, 30, 50 mol% D Z L Z i xf
LT1.3, 1.4, 1.6 mg/m* & 725 X 5 IZ PEI-OA IRE A L7, 2 2~
TNAIFAR—=L118g ZiRML, HEERAGH (ARE-250, THINKY) %
AL CiERRES (H#ES 800 rpm, A #K 2000 rpm, 30 sec 3 & OV H #5 400
rpm, %5 1000 rpm, 6 min) % %EJE L. 50 vol% PEI-OA & fifi Si0, /NHiL
/MR AT — LT,

3206 REABLIUHEHRGREXAI Y —ORHE

1.5 mg/m? PAA-OAm & fifi Si0, KK. - A 7 U — & PEI-OA & fifi SiO, /)
KA TV —%& /K DIRALEN 0~100% L 725 Lo IClEERE (H
#ix 800 rpm, A#x 2000 rpm, 3 min) % Efi L. 50 vol%ER A AT U —
B 72, SRR & L C. PEI-OA & fifi Si0» j:*ﬁ%x 7 U — & PEI-
OA {&ffi SiO, /Nhi A F U — (OA &6 15, 50 mol%® PEI-OA
THENDORIZH LT 2.1, 1.6, 1.8 mg/m? %’sbu) %/J W1 DR A
23 0~100% & 72 5 K 5 ICilFEEIRE (HiEs 800 rpm, A#s 2000 rpm, 3 min)
EML, REF &/ Z2MRKEERNICE > TRIEIED LD
L HEEEARAT Y — bR L=, 2 2T, &k IR I3 5/ kL
TOERBEZ /DR T ORABLERE s EEERT D,

3.2.7 KL F R EHEEDOFM
RELLCHAERTCIDONFERBELEZHBRABT DD, T HESM
TO MV P TORFEAMHEELZ L TOHFEICID ML 72, PAA-
OAm {Effi Si0> KKk A F U —_ PEI-OA {&fifi SiO, KK+ AT U —,
PEI-OA f&ffi SiOr/NRi T+ ATV —DFNEFhn%E hLT o ~iML., 0.5
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vol%IZ AR L 7=, 15 547z 0.5 vol% PAA-OAm & fifi Si0> KHKL 143 #LR
& 0.5 vol% PEI-OA & ffi Si02 /NRLF 70 B & x=23% & 72 5 K 9 IR &
T 52 & T, 0.5vol%BEEMAT MK A L7z, £72. 0.5vol% PEI-OA
& Si0, Kbi /0 Bl & 0.5 vol% PEI-OA & fifi Si0, /INRi 4y Bk &
x=23% LD X OIWCRET DI LT, 0.5vol%IEEMR K2 FHE L
2o TN T-4&FEA Ay EOK 10 uL % 40°C IZHNIE L 7= SEM &R EH I
WHELURIBICHBIE L, MERFO ML OB EGHIE %2 X
e U 7= ;4 1K 2 FE-SEM (Hitachi High-Technologies. SU8010) (2 X v #i
217,

T, BRESZFETO MU TORTEEGHEE L LT O FIEIZ
LV FEM L7, £9.PEGDA IZxf L CH 7 ¥ /NVEEBIHBAl O DPA (1
PRI LT 2 wt%) ZHMSE, B bPEfIEAZ TR L 72, 50 vol%®
BRATZ Y =B LD 50 vol%IEBAREREAT VU —DZF T~
AL PERIAE Z W0 L. 40 vol%eifbE X 7 U — 2 L7z, BH o
LA Z Y —1.0g &7 7 a EERIZH LA, 365 nm R4 % 1
min B T2 L TEEAT )V —0Z2 05K EE L. Fonl-ZzD
LEL IR % 60°C B2 FCHife L. 7 n A&7 v 3R U v % (JEOL,
SM-9010, 5kV., 6h) ZfEM L TWrmz{Epk L7z, £ o5 EAAEO W m
% FE-SEM (Hitachi High-Technologies, SU8010) (Z X W & L 7=, £ 7=,
FESEM [E{§ CTHIEZ S iz/MRi+ (250 fELL L) 122w T, T i 4 »
SRS DAL D R B KR & o F i R EE A AT L7

328 ta—F—vIalb—vaizk?
EER - FEERBRRATV BT FEAEENDHE
O 72 SEM BLERE R LKL T D FAE M &2 E /IR T 2 72012,
EHR - FEBARATY) BT R THEAGHEZHIT I EDICZ
VEa—F—vIalb—variEEL, RPIC, KATE (2.240
um) (2% L C Random Sequential Adsorption (RSA) £ 7 /L[10IZFE S W
THEEAMATE 2/MIFER (0217 um) O KEZ LS o 72, Kb 1Bk
Z1OBE L, REFOHFLNL T X AICERLEBAB IO
N OIS L CEIEE 1.2285 pm DALE Z /KL O b JEAE & L,
10EGHR L, Z20&&, T TICRELLZETO/NMRF LA LR
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(UNRL R EERE >0 pm) HAE OB/ A2 B E L, LSO RS
T ERE XA Uiz, RO R %Z 6 [ i L, KK ERICHEELT&
LN ER O R KEa RS » 7=,

WIZ, 3L 7 L —24 (X=21.31 um, Y=14.20 um, Z=9.47 pm) (2K
KBk 150 f#l & /NRi1-8k 47500 2 UL FIC R THIFEICLVEEL, %
FEREEZHETOIEBERATV LTV XA BREEZET HIHEERER
A7V —2HBE L, 22T, 3RT7L—LRNICBT IR FEIZTZED
BEALEA AT U — 1Y 35 40 vol%, x:=23.0%L 725 K HIT%E L
oo EFTLIS0DO KRBT Z2 3KRIT T L —LD T Z NITHERKRLTALE
~EREELE, Z0&E, T TICEEBELLEETO R & AL ZRW0n
(KB EEBE>0 um) A OA KK 2B E L, TN OFHEAES
T BRI R L 7o, 150l © RKL¥ % Bl & 7% . /KL 7Bk 47500 f# % LA
TICFRTHRFICLIVEE L, fFERAAT IV —D¥Ia2b—v 3T
T, EdoFEERRIC/HRFZ2ZEE TS OICKRALFRm Lo 7
B LA EZ 10°EFHE L, 20L&, T TICHEET L/ F 7213
KRB ML 72WIGEDO /N F2/E LT, £D%., KA1 L~ [EH
EAETERDPSTERFONR AT 3R TV —LHNDZERIZT VX L
CHRE L, —FH. FEFERATYV —DvIab—T a2 TiE, 3R
T U —LANIZ EBROFIETKRE TR ESR., ZRIC/NRL T2 T X A
ICEE L7, ol 3 WOLEEET — & 2> b/ & el # Kb+ D
FKEBEEO S H 2T Lz, £/, X-Y FHEHO 2 RouoHE B % ARk L
7o SEM T —# L #2175 7212, X filifE 12.68 pm. Y #ili i 8.82 um
ERDHEHDITFLLE NI I T EITY, MR ERIEBERE T O
ST O e 3w R A2 AT L, REMEREO S E 9 oW
(Z=2.6-6.8 um) 7 B fiEHT L 72,

329 MBERAT Y —DRERE
HfE 50vol% AT U — (RKFAT Y — IMRFAT U — EFHAEA
ZV— FEBRAT Y =) IOV THAWHEE 0~80s" (90sec) D
FRIERE L 80~0s" (90sec) O FRREREOMEMMBEZ L A — £ —
% (TA Instruments, AR-G2) (2 X D FEf L 7=,
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33ERBERBIVEE
3.3.1 PAA-OAm D & %

2 Ji Sy SR DR F ML (Fig.3-1) ZFEBLT 520, £ 7 =4
MEAETE S BAl L LT PAA-OAm % &3t L7-, PAA X OAm % &
FhWhrT /S 2s ) — VIREEE R TIERERE SIS T 55T
MBLEE ST PAA/= X ) — VIR E OAm/ MV = VIR A IREA L TZ
&2 A PAA BWIRMRT DT B ELE S LTz (Fig. 3-2) . PAA 2% L T OAm
DEAL L7 Z & T, OAm OBKEN Mo /=& ) — VIR A TR~
OFFfMEEZ M EESE, PAA-OAm & LTI Lz HERIND,

T DOEEEA~DEMBMEIL., @O FBIOBREOBMENT X —X

(SP ) MOHLEETHIENTEDH, TNETICSPHEAHEST 72

DDONL OO FIE[L12,13]B - E STV 5 A, Fedors[13[IFLE O

fE#EEND SP EZARBELLZOO FEEEREL WD, £ 2T,

Fedors @ F{EIZ DWW T PAA-OAm BIRICEH E 5 & FEM'E O SP E %

B L., Table 3-1 I F &7, M E L FHBAISLESELIZOW

T, 28%50MAEMFEREERL, TSR e AW TRANDS SPfE

EED T,

_ LojE;

Ya;V;
PAA @ SP fiI% 28.79 MPa & & W E % 7~ 3 2%, OAm |Z 17.24 MPa & Lt
BAERWEAZ RT Z DB nholc, £7-. PAA-OAm [ZIRG & D SP
BIZESNWEZ L TRIGREMREEZRLIZEEZOND,

KIZ PAA ~D OAm D=/ b 2R+ 572, PAA-OAm ik @ 'H-
NMR £ X O BC-NMR #| € # 1T > 7=, PAA OFHET?D OAm ® 'H-NMR
B LB C-NMR 27 V& Z{LZ N Fig. 3-3 8 L W Fig. 3-4 [ZR~ 7,
PAA fFIEFTIE, OAm 7 X JEFABO HFE X C FHricksnTry
— 7Oy 7 b7 a— NMEePRBEFICBZ I (Fig. 3-3 D E— 7 (b),
Fig. 3-4 ¥'— 7 (a-¢c)), —MRIZT I VR EINVEAF UV IVENRESE LT
WIZZDOELOREFICHKT D 7T vige—2r v 7 v 9562 & RA
b TWa[l4l. . 26t ma FECICEDEHENET T2 &,
TOREBEEZTH>EHCAUHEICB T LR TFOT 7 FriE7 e — MMed
50151, LN -> T, BHIEN7ZO0AmHAKRDOE -7 BTV 7 bR

SP (3-1)
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T — NEIZ.PAAD I AL ARF I AL OAmM DT I VKO A F oS
i LleaffbicksaboltEZrxons, LEOR RS, PAA/T X
J = VIR L OAm/ F V= VAR OIR A X > T PAA-OAm Z il © %
HZEEBHBNTLT,

Transparent Transparent Transparent Transparent

Without

Transparent

Transparent

- ; . Transparent

Transparen/ Wi @E===S) Transparent

Transparen t Transparent

Transparen < Transparent

> |
Transparen S f Transparent
Transparengi

N S paa €
‘_!-u 3
.._;"-‘!‘_"-_l 4

Transparent

Fig. 3-2 Samples of precipitated (left) PAA without OAm and (right)

dissolved PAA with OAm in the toluene/ethanol mixtures.

Table 3-1 Solubility parameter of compounds in PAA-OAm solutions.

Compounds SP [MPa'’?]

PAA 28.79
OAm 17.24
PAA-OAm 19.59
Toluene:Ethanol(=76:24) 19.63
Toluene 18.7

Ethanol 22.48
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ab C e C
W SR S
H,N d d
o PAA aC
= = Ethanol a
S | v Toluene e
e v
& Ll
> PAA-OAm a,c
c
(D)
c € bd
L TMS
v o
¥ u |
OAmM

8 7 6 5 4 3 2 1 0 -1
Chemical shift [ppm]

Fig. 3-3 'H-NMR spectra of the OAm with/without PAA dissolved in
deuterated toluene and deuterated ethanol. OAm with PAA (top line): 5.40—
5.55 (2H, e), 3.24-3.00 (2H, b), 2.21-2.01 (4H, d), 1.60-1.19 (24H, c, a),
0.99-0.87 (3H, f). OAm without PAA (bottom line): 5.47-5.38 (2H, e), 2.39—
2.33 (2H, b), 2.1-1.99 (4H, d), 1.41-1.18 (22H, ¢), 1.18-1.09 (2H, a) 0.94—
0.85 (3H, f).
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Fig. 3-4 ')C-NMR spectra of the OAm with/without PAA dissolved in
deuterated toluene and deuterated ethanol. OAm with PAA (top line): 129.95—
129.70 (f), 32.18-32.04 (g), 30.30-29.34(d), 27.46-27.38 (c). 22.92-22.77
(h), 14.09-13.94 (i). OAm without PAA (bottom line): 129.95-129.68 (f),
33.24-33.11 (b), 32.11-31.97 (g), 30.03-29.23 (d), 27.74-27.26 (e), 27.03—
26.90 (c), 22.87-22.73 (h), 14.02-13.87 (i).

64

10



&
il

3.3.2 PAA-OAm O 38 HFl & L TOHEE

PAA-OAm OB NFER S 7z7=® ., PAA-OAm D3 #LHl & L TR
RE Z M5t 9 2 72 . PAA-OAm 73 #U A O kL 3R Ifi ~ O W 35 Fr 1 & o Bk
ZEM L7, BA GO HMIEO LERROEEREICL T W
BN OWAERZREL Y IRINE L WEEOMIR% Fig.3-5 1% &
D 7c, PAA-OAm [FRABREH COWRME (0-3 mg/m?) miaéﬁ‘a“f\“fﬁi
KB REICHET HZENPLNITR -T2, SiOy R FITIXAKHF T
WTARIZHET D2 0D —KICHF A U MEy 23 ézhérb>
FL 1 TIE Si0, 1 D KR M & PAA-OAm D 71 V7R F 2V DBl
FIPERH S ICE <, KEMAICL o TENEZRESEEEZ R LIS
bbb, Fim, T FE TR L7 PEI-OA TiX 1.0~2.0 mg/m? £ &
THIFMWAEICET S Z &2 5, PAA-OAm TIE B LR % 2 L HEE oK 3
FEEFEILLSTEZEREL TWD EHEIND,

PAA-OAm DI EN SiOy KK+ AT U —OmEthic RIT T &%
BHOMNZT 572012, FBIRMEICE T D 50 vol% SiOs jtm%x 7

~o>m%bﬁian'~%9:ﬁ/um@f“ 10s~ M 2B 2 I E % Fig.3-512F &
7=, PAA-OAm WRINE N 0—-0.3 mg/m? O & PH Tix SiOx bi 3l & b b
:f:‘/@%ﬂ%l]ﬁbi‘{f&b\f: 2, A7 Y —iZEEIREEZ R L7, PAA-OAm
WMEN 0.7Tmg/m? IZETDHE, ATV —Fe ATV REEZRTHO
DODMEIMEEZ RT XD VA —A—X TOFMERAREE -T2, A
ZY—OREHRICEBTL e AT U R X, WEE TOREFITH T
NEWEEMEZ R L, SAMICHE Y BEMEOMEIC L - THE
KT8l ZT720EEZILNTVS, DED B AT U I RANHEIE
SNTZRTIHBEBEDOFENSHEE I, BN ARALZERSGME L VWX
%o —Ji. PAA-OAm WM EN 1.0 mg/m?IZFET DL, B 27U 2N
Pl S iz, AT R EIRRMED 1.5 mg/m? [T 2 £ THD %
. ZOBIFIEMITVER o2, 1.5 mg/m? T T Si0y ki +F % L
TEM%EL, b OB TER DIl EINTEEEZOND, £
T, LB OEMRITIE 1.5 mg/m? PAA-OAm & fifi SiO2 KK+ % H L
776
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A " 100 E o Dispersant content
& - x ® 0.70 mg/m?
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Fig. 3-5 Rheology of the large SiOj/toluene suspensions (50 vol%). (A)
Viscosity flow curves for various contents of PAA-OAm dispersant. Dark and
light symbols denote the apparent viscosity measured during the increase and
decrease in the shear rate, respectively. (B) Apparent viscosity at the shear

1

rate 10 s™' as a function of the additive content of the PAA-OAm dispersant.
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3.3.3 PEI-OA Db FHEE L B L Otk
ARIH T PEI-OA DL FHEE & Wi & oFntE %*ﬁ%ﬁbfco F TR
B PEI Oy, 7 I UG 27l 3272912, CDCL FiZB T 5
PEI ® C-NMR Il € % Efi L7=, *C-NMR %X~ k /L % Fig. 3-6 |2~
T, HFEE— 7 ZBEM[16-18JICKESWTCRIE L=, £/, Eq. BG-D)7 D
REDL 72 NEFOHE[16]% Table 3-2 10, BHOENLOHE LS C
JR 75 O L3 % Table 3-3 ICF & 7=,
Ac+Ag+A, Ar+Ag+ Ay
2 3
PEI FIZBIT D 1 #2877 2 DOEE1X 73.1 mol%ICH YT 5720
PEI-OA 1T % ® N 15~50 mol%IZ OA RN L CHEET D EEZ BN D,
L7282 T, PEI-OA TV T D5 (OA =6 15~50 mol%) (28
TOMEFTEEERBCFS T 7 IVERNEET DI HICERFFENT
W5, £7-. W. Choi H[19]i1%. PEI & = RF UKD F DO 1 #& T
I TCTHBMEBEICITDNDZ EEZWMELTNWDLZ b, OA L 1 #
TIUABEENICEM TS EEZDLN D,

1°N:2°N:3°N = A, + Ay (3-1)

NH,

ax h

H H
N 9 N 2 9 R NH
E ’ a k\ a J :
>
. HZN/\/N\/\NHZ L
g L
, NH, b
= a
2
I g d
T h
60 55 50 45 40 35

Chemical shift [ppm]

Fig. 3-6 *C-NMR spectra of the PEI dissolved in CDCls.
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Table 3-2 Amine structure of raw PEI estimated by '*C-NMR.

Classification of amines N ratio [mol%]
Primary (1°) 39.0
Secondary (2°) 34.1
Tertiary (3°) 26.9

Table 3-3 Carbon structure of raw PEI estimated by '*C-NMR.

Classification of C C ratio [mol%)]
a 9.6
b 11.1
c 14.9
d 12.7
e 8.7
f 20.3
g 13.8
h 8.8

WIZ.PEI ~®D OA D=/ L Z R T 5720, & F PEI-OA ik © 'H-
NMR £ X O BC-NMR #| i€ # 1T > 7=, PEI & D= 428 OA @ 1H-NMR ¥
LV BC-NMR A7 bV RIF T2 % Fig. 3-7 8 L U Fig. 3-8 [T
T, PEIGFETFTTIE.OADT X VEFALOHFE FEIXCIH N E—
77 MBI T r—RMET 52 ERHLNIR S, PEIOT I /K&
EOA DANAKXUNEDAFUFEGEN LA a &N
XHEFHEORTICEL2bDEEINND, £72, '"H-NMR TiX OA H
ko —27 1M, PEILIZIEBEINDOIE— 7 BBEINTEN, 28ED
WAMZE-> T PEL IkOE— 27 DBHFIC T v — NMeT 2803 8BlE S
Nz, EHHICHY T 5 PEI X OA OENLIC K - T ol#siE 845 o )y &
gl shicboeZxnind, UL EO X 5IT,PEI-OA 28T 5 OA
SEEOHIEICE > T, OAHICL DV KEEFRNOBRELHE T D
TR PELDOIEMNET I &0 1 O Kl L 2 E KO K
Jis MR AE 28 B AR T & D
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Fig. 3-7 '"H-NMR spectra of the OA with/without PEI dissolved in deuterated

toluene.
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Fig. 3-8 '3C-NMR spectra of the OA with/without PEI dissolved in deuterated

toluene.

WIZ, B ZENRICEDLL ETFHRINSRKE L LT, PEI-OA & L
T EDENEICHOWNWTELZET S, PEI-OARKICEEN DKW E I
DWW T, Fedors OH#ERH FIEIZE S W THH L7 SP A% Table 3-4 (2 %
DD, DAEKRBE S THBMBIC O TR & RBEICSAE0OMA
EFf 284 L CH M L7/, PEI ® SPfli% 22.30 MPa'’? & g i W E
TN, OA 1 18.80 MPa'? & kb > (18.70 MPa!'?) & R 0 K
WEZ R L7z, F72., PEI-OA @ SP fEiX OA G ENEL R 51T E b
N D SPEICESL ZENGn5b, Lo T, W~ B &
WOBHTIZIOALAENE W PEI-OA T E AR EEZ BN D,
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Table 3-4 Solubility parameter of various compounds in PEI-OA solutions.

Compounds SP [MPa!’?]

PEI 22.30
OA 18.80
PEI-OA (OA 15 mol%) 20.40
PEI-OA (OA 30 mol%) 19.82
PEI-OA (OA 50 mol%) 19.48
Toluene 18.70
3.3.4 Si02/Si0: R R TV — BT AR FEAHE

ARIHTIEL Fig. 3-1 SR L7ERABERFINCEDERERAT U —HTOHE
BlboRBREZBRF L, EF BB LERAERFICL2EREO M
ZHERT DO, HBFEAT Y —Z2Hm WL 20 iR (0.5v0l%) IZBIT D
14 A& & FEM L 7= (Fig. 3-9), PAA-OAm {&fifi KK 7-& PEI-OA
Effi/b 72 H L2 EERTIE, ABRLE OA A EOHM (15-50
mol%) TIHXEFFETIFFELETO/NMR P REBELZEKT S L2 <
Kb IcE ek, BT 2R FRBIE N (Fig. 3-9A-C) ., xs
MRKEL 2D L, ZTRICIE U TKREL T Eo/NKE T W ER D EIN 5 8%
TLEEINE, $2. 200N X 2 ERBEEOBEE 2 2R

DO oTl, —JF . PEI-OA Efi Kb 3 X OVNRL -2 L 72 IE4
%%f@ﬁA%AW%h*%bgﬁ EFT T ONRLFNEER SN

HZ &< SEMREA ETHE SN (Fig.3-9D-F), # o Kk 1
#%A%kbfffﬁéﬁﬁ%ﬁ 295 L. ERR CIXERMNE L R
FBLEEEMFET S (Fig. 3-10 A-C) . HFERBR TITGRICHEY BE

F15FNT K o T/NRL T 25 Kok ISR AT 3 2 Bk 7 23 8l %2 S v 7z (Fig. 3-10
D-F), %Em’i@ﬁ#f@%é%ﬁ%ﬁmf%ék&%m\ﬁ%ﬁ
PR RICBITOHBAHZICOMEEZRFTFL, WIT2MHl T2 2 &
DRI X 4Tz,
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Fig. 3-9 Scanning electron micrographs of the large and small SiO; particles

dried from 0.5 vol% binary SiO; suspensions. Hetero-assembled system using
PAA-OAm-modified large particles and small particles modified with PEI-
OA having (A) 15, (B) 30, and (C) 50 mol% OA contents. Non-assembled
system using large and small particles both modified with PEI-OA having (D)
15, (E) 30, and (F) 50 mol% OA contents. (I) xs=7.9% and (II) xs=23%; (scale
bar: 1 pm).
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Fig. 3-10 FE-SEM images of large and small SiO: particles dried from 0.5

vol% binary SiO2 suspensions. Hetero-assembled systems using PAA-OAm-
modified large particles and small particles modified with (A) 15, (B) 30, and
(C) 50 mol% OA contents in PEI-OA. Non-assembled systems using large and
small particles both modified with (D) 15, (E) 30, and (F) 50 mol% OA
contents of PEI-OA. (I) xs = 7.9% and (II) xs = 23%; (scale bar: 1 pm).
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RICEREZAT ) —IZB T H2EEMELZHM LT, SREXT U —
CBWTRHRERBEEELZG2 DT/ MR RREBEREZ S
L2 ERLSBIFICHBEENTHILERNHD, £ T, T /RN
PEI-OA IC L > CRIFICHWM T H I L 2R T D720, IEEBERRAT
U — DR &2 BlE Lz (Fig. 3-11), KRB /AR 1203 812 B 1H
L7 ENBIE SNz 2 &6, PEI-OA EAfi /MR 713 KEEE K 2 TF
TR BIHICOBLTWDZ ERHLMNER ST, HiW T,
BEERAZ ) — B 2EAMELZEENLL CTHET 220110, @
ATV —DZF O EACKREIR O W2 8% L7z (Fig. 3-12 A-F),
AL MR &2 6 L 72 = o 85 EAL s 1. @kﬁﬁ@f@ﬁ%?ﬁﬁ
TH72O, ATV —FIZBIT 2RO - EEREBOBRIZEDTH
5pmmk@%\Q%LKW%EX7)—it@kﬁ@%@ﬁmmﬁo
TA40vol% E THR SN, T OHE LR IXFZ BRI IZ X > THERERT
1% 49%. A TIE 3%DKFRERTHo7, £/, RS T
O Wi B2 BT, AR & B KRR o 7o B oo 5K i TR PR
BT 5 AN T2 %0 TRT (Fig. 3-12G), 2Dk R NT T A
TIXREMERES /NS WIEE/ DL RELFEFICEWND &2 BE%RT
%o FRICHR MM BEBE 100 nm LA FIZAEET D /0RLF O FEIG 1L, KA FIZ
EEL SN/ -oREG EMEARNS L L TREIND, £ER iLﬁ
HEAG DL < O/ BN KA FIZEERL SN TV DERF P B S
7= (Fig. 3-12 A-C), E A N7 T A L/KL7IZ OA A FwHM%
PEI-OA ZffE ] U 72 BRI I3 R M BEAEE 100 nm DLNIZBLEE S iz /Rl 1
N T% % EDDHZEDRHELNTR -T2, OAEEEZ 30, 50mol% &
maw2 &, R FEGEO/NLFOFEIZTDT NIV T L2000, &
M FE] B BfE 100 nm LLINIZIE 60%FEFE o /Nkr -3 Bl s, — ., EHE
AR TIE, WHBEGR»D R FHOMBRICHEET DR 082 < BLES
L. BEA N T A0DFEMEBEM 100 nm LNIZTFEET 5 /LT 1E 40%
IHEDENP L E 5= (Fig. 3-12 D-F),
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Fig. 3-11 FE-SEM images at the surface of dried bodies obtained from 50

vol% non-assembled slurry with 23% of x, stabilized by PEI-OA with (left)15
mol% and (right) 30mol% OA content. (scale bar: 1 pm)

e 3
| I
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=% W] ®) £ ©) £ D) E% E) £ G)

2 40 g g g g g

5] & 40 & 40 & 40 & 40 & 40
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Fig. 3-12 (A-F)Field emission scanning electron micrographs of the cross-sectional planes
of the in situ solidified concentrated suspensions. Hetero-assembled system using PAA-
OAm-stabilized large particles and small particles modified with PEI-OA having (A)15,
(B)30, and (C)50 mol% OA contents. Non-assembled system using large and small particles
both modified with PEI-OA having (D)15, (E)30, and (F)50 mol% OA contents. 23 % of xs
in all the samples; (scale bar: 1 pm). (G)Corresponding histograms for the distributions of

the surface distances between the small particles and the large particles closest to them.
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INDLOREEBNICMHMNT L7201, 20 Pa—F—vIal
— v aICK o TR UMK TFOREGHERICE T ST X 20800 E L
HLIERELY Fig. 3-13 IC " T FIACTHB L, Lz, £F3%kc7 L
—LICRKLFZ2T X LNICERE LT, EEFERICTONWTIE, /ML % 22
BRICT VA LICRET DA ETHBELELE, — ., £HA T, KL
FTEREEZ., M2 REFERELEOT X LARMNE~EREIE %
CVEBLEARVWRFIO/NRLF 2 ZERIZT VX LICEE L, FH6 1
THEBABIOHEEROMEE G LR FHEMEOE X277 2%
Fig. 3-14 12”7, FERBRICOVWTY I ab—T g VR & EBRER
CET D L, EBRAERICZBWTED L O/ANKLT N KBTI 5
MITHIENTNoTlo, EBRERERTIX, VI2b—va Uy TERELTW
RWKBLT s NRLFRETOT I ERE S LOKZEREZEDS J1BER
L. BECT VELREE TR EZLND, 2. EEBRT
TR & R B RN RO b ic oo, FEBRER T2 % Kk
LieboeBEBZ6ND, —H . EHMETIEE AN T LADRMF72—FHN
BOLNTZ, FEBRERICEWT 3 RLEMCTEBEEZAL T,
KINKEFI OB AN LB THDZ ENRBEND, 72, Z EED
B2 Ialb—valrfRE28E2 LA EFMETIEL
SONDONRLTHEEERNBEI NS (Fig. 3-15), IEER R TIXFEE
DEEFBEIN 0> 7= (Fig. 3-16), Z iz h 2 T B S H - HEHE
FOYIalb—va R (Fig.3-17) b, 20O X 95 R/hki+#£461K
XRBLFICEB LI DRFREOMECTHDIZ ERNDND, ZOXD 7k
INBL TR AR OFIED W m BB ICB T 2 A0 T EOoERBORE (Kb
TN OREBE RS 2D S TWHEB X LD, EBEID,
HERAEADO VI a2 —va UVERICEBIT S 2 KT T 59.4%7% 100nm LA
WIZHFET D LB I NTeA, 3 WouZE M TIX 76.5%2% 100 nm LN T
INBL A DIAFTE (76.3% 203 KBL+ & Hifih) LTwWbd Z & &R L7 (Fig.
3-18), ZORMNT LEOEBEGORD 2B ETIE, E£HER O RS
RiZBWTH 3 REZMETEHEIYV 2RETABLZER N T A
IV L REAREFBEEERNE LA TWEEEZOND, EDX YT, &
REZXZ U —IZ8T %5 PAA-OAm & i KK+ & PEI-OA & fifi/NKL F D %))
R £ EZH ST LT,
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(A) Hetero-assembled system

1) Randomly arrange large particles ==y  2) Randomly arrange small particles on large particles

) 3) Randol range small particles

(B) Non-assembled system
1) Randomly arrange large particles m—t-

Fig. 3-13 Simulation procedure for (A) hetero-assembled system and (B) non-

assembled systems. (scale bar: 1 pm)
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c = A) = (B)
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0 04 08 1.2 0 04 08 12
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Fig. 3-14 Typical cross-sectional planes of (A) hetero-assembled- and (B)
non-assembled suspensions reproduced by the computer simulation. (C)
Corresponding histograms for the distributions of the surface distances
between the small particles and the large particles closest to them. 23 % of

xs in both samples; (scale bar: 1 pum).

77



%3

Fig. 3-15 Cross-sectional planes of the hetero-assembled suspensions
reproduced by simulation. Z=(A) 2.8, (B) 3.6, (C) 4.8, (D) 6.0, and (E) 6.8

um; (scale bar: 1 um).

Fig. 3-16 Cross-sectional planes of the non-assembled systems reproduced
by simulation. Z=(A) 2.8, (B) 3.6, (C) 4.8, (D) 6.0, and (E) 6.8 um; (scale
bar: 1 um).
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Fig. 3-17 Cross-sectional planes of the reproduced hetero-assembled

suspensions at different coordinates with different heights from Z in the range

6.10—-6.50 um; (scale bar: 1 pum).
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Fig. 3-18 Histograms for the distributions of the surface distances between
the small particles and their nearest neighboring large particles in (A) hetero-
assembled and (B) non-assembled systems reproduced by simulation. xs =

23% in both simulations.
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3.3.5 SiOx/SiO: R RMIBE R T UV — DO MBI
MEIECTEBERATY) — BT 20RO REMHLEHR X
D, EER AT —OHBEICOVWTHRF L, &8 xs TR L%
2 A7 U —IX Fig. 3-19 IZ/R T X H 1Bt K& B (LB B,
ZTIT, EERABIOHEEREZD 50vol% AT U —IZOWVWT, xy BILW
PEI-OA ® OA 2/ E # Ak Sz L & O E th# % Fig. 3-20 (A,B)IC
TT, EE BLPOAERENZXT Y — D EIMEIC RIE T 8 % B
SEMIZT D0, % OAREEIZONWT xs DEALITHE D 10 s7HiTH
7% Rk E & Fig. 3-20 (CO)IZ % & ¥ 72,50 vol% PAA-OAm & fii Si0-
KK+ AT U — (HEHR) 1T, TAMEED EH - THRBR T 2T
U AMEDRWEH 2 BIRELZR LD, OA 245 15mol%d PEI-
OA Efifi SiOy /ML FZ DT ITHH L 7HEE R (x=4.1-7.9%) TiIm
WRTHESXOBEER e AT U > 2% S o 72 300K o kG B fh R A3
5517 (Fig. 3-20 A(I) and C(I)) . xs 2% 7.9-23.0%F T3 5 & /o
TR EEIX R B IS L, KR e 2T U ¥ 2 P& Y o 72 R ok B
HIBR 2 7R U oxs 28 30%LL BICHEIN 5 & 27 — 3L EREEL R LT,
—J. OAE4GE 15mol%® PEI-OA A L7 IEEMARITHE xs T A
TUV Y AEO R NEZERE AR L7 (Fig. 3-20 B(J) and C(1)), Z Z T
xs MR E W CHEE SN b oAk, k7 1B EE o B 12 pk
DB OB AR LD EEZLND, £72. xs>45.7%D H
WTIXEBEREHFEMAORNITHERNZIZT —HT 2L EZ R LT
(Fig. 3-20 C(1)), OA &= A 30 - 50 mol%® PEI-OA Zfli i L 72 B & #4
LU= 2R L72AY, 30mol% ClE L W /h&E W xg (~11.4%) TAZ Y
—NLZENATE DX H127 Y (Fig. 3-20 B(II), C(II)) . 50 mol% C X #H &
R IE L, 2K T R ERE L R L (Fig. 3-20 B(111), C(111)) ,
UEDXS5IZ, PEI-OA D OA R EEZEEEL LT, mRERT
U—lZB U 2EMBELHE-REL2ZLPL, MEaMELM ET 22212
L7,
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N

Stabilized with PAA-OAmM

Addition of small particles stabilized with PEI-OA

OA 30 mol%) OA 50 mol%

OA 15 mol%

Fig. 3-19 Photographs of the 50 vol% hetero-assembled SiO: suspensions
with various xs using PEI-OA with 15-50 mol% OA contents.
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Fig. 3-20 Viscosity curves of the 50 vol% binary SiO: suspensions of (A) hetero- and
(B) non-assembled systems using PEI-OA with (I) 15, (II) 30, and (III) 50 mol% OA
contents; xs were varied from 0 to 100% in all the samples. Data collected from the
upward and downward process were shown in darker and lighter color, respectively. (C)
Effect of xs on the apparent viscosity at the shear rate 10 s~' during upward process. The
dispersion states were classified into three states: ®, stable state without hysteresis in

the viscosity curve (0.08°4 Pa-s); A, moderate flowable state with hysteresis (8§ 10 Pa-s);
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/R ZFm B PEI-OA HIZE T 5 OA &, /MR DIRA s 0N ETE
HRAT Y —OMEMEICRIETRELZERZRT L0, ATV —DLE
Y% Fig.3-21 DX AT 7T hIZFE LD, £, 7o it
MEE L e AT UV AMOFEENSL ZDOXAT 7T AEREBERE R
EEBICOE L, ERE (<4 Pas (HAWEE 10s!)) BLP& ¢t
ATV VAERBEINEWVWAT Y — 2L EHAE (FEaoEk) &
%%Etﬂpm(ﬁhm@funw>%iUQEXT)/x@ﬂﬁW
SNDHAT Y — % REERER (JKAafEE) &Lk,

Flo, TOXAT T TLICBTHHBEBRO IR FH20 O/NRLF
BRI FICRREENMTED2RRPMLFEHOKLE NS ERIZEDSW
T, RRIWCEL-TRHEDL - 7=,

X D3

2T DsBIEDLEFENEFNPRFBIOKREFOEBER, N IZ KK

ICHEBECEDHRRNMRFHTH D, NIL RSA EF7 10T FES<
Y3ial—valritroTREbL -7 (Fig. 3-22), AKX Tl Kk E
(/R OFCE 2 100 B3T3 5 2 & TON=279+4 % BRIFICHB T& 5
e ML, T, REF E~O/RFOEMEEZ . KL+ O
miEZ AT D FmE~D/NR O RSA ETICESWTHET HHA.
NiFkRicL-oTERTZ kﬂf%ézﬂ

Jml (3-3)

1+ Ds/D,
ZZT, 4l X RSA ETNVIZBIT 2 ¥l Lo FOHRBEAERTHY
FEER[23]B LR 32— a3 V[24]O M5 T 055 LHEESNTWD
Eq. (3-3)I2 4,=0.55 B L O fRL &4 EHH L 725 \Kﬁn®+1m
N=281 tHH&END, ZOMEIFT I 2L — 3 (N=279) & BHIC
—H L., AEICEITHVIalb—va rORYER RLTWS,

EHWC ATV —HTORRBFORAEBEHEGS)ICOVWTHEEE L,
FBREATZ U —IZBWT/HRTORBEEZN LT KB+ OEELZE < T2
DT, KA FMIZ/IRLF DR BEFEETE DT O+ 57 22/ 83 %%
TIN5, £ Z T, Farris H[25]DIREICHK DWW T, KA FIZx L

THB/PNEWNREFITAT U —HNTHE (BB OLSICRA2EEH LK

N:2¢41—
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E LT, ZORMET T, 70 D250 8T 2 KK 0 3 i [A] BEE 3 7R

A THRI N D[26],
0.63\"° 0.63 1/
o= ( ¢L ) DL - DL = m] DL - DL (3'4)

IIZT . QEFENENAT Y —HFIZEBT DR FIRE, KK FRET
HD, EqQu B-DIZL VY RHEL -72 50vol% AT UV — T8I 25 KA MO
Bt % Fig. 3-23 IZ/”" T, T OB x=26% T KK 7 % il M 12 1%k 1
2 85y DL EERE (6=2Ds) AT H LRI, ZOEFETRAT Y —
DHRBEEENENT L2 ENTREND,

LLETCHlRT& 7 x;, PEI-OAIZKIT 5 OASHE., itREESE, K
P FIEEREE, A7V —OZEMOBLAENG Fig. 3-21 1CBITLHA T Y —
Dy ECRIEEZ 5 DOFBIC/HE L, HBOTELNTEAT U — 3L
ETHoTm, 0=100%% Bz, 6§>2Ds & 720 KK+ B /IVRL 1 5 &
LEOBEEEZBR LN L, R FIC L TH oIl /hRF 088 T 5
EL b ERM LK T ED PEI-OA A CONIKEE K HNA
BICHER Lz & HEZR S5 (Fig. 3-21 B(1)), SEHIR()2 5 xs WA T 5
E0=100%% X DHLDD 6<2Ds & 720, OA 2 HEICIH U TEEHEIK
(I1) & R % E IR D) S B2 S v dz, 2 o FE I C I KR 1 [ I B AS b i
/NS Wz, BN A IEFICE L LT v, SHE D) T,
OAEBBENELS 7V —07T 2 7 NP7 PEI-OA & PAA-OAm TO
FMAEER DO MIEREEFRNDNPEBM LD ATV —RNLEE/L
meHEEREIN D (Fig. 3-21 C(ID)), — 5. HEKAIN T, OA &4 E MK
X7V =07 7 N%Z\Vv PEI-OA & PAA-OAm TOMAERHNE Z
D OSMERBEERDEID QERBREREDEME 2V ATV =D RZENLL
mEHEERIND (Fig. 3-21 CAI)), EH I xe BT D E BN/ EL
ROIZT TR 0 <100%E 720 KV OA A EIZHB W TALE HEIK
(IVPBEI N, ZOFEKTIE xs PO T DHIEERAT IV =B REE
b+ 2R BRI NT-, £72. 50vol%Ef R ATV — Dk (Fig.
3-24 A, B) XX OB EACIAK I (Fig. 3-25 A,B) @ SEM #0065 /0
Wit A2 I LT REBEREZHBER L, xs DD THIEFE s BLO 0 R
INEL D VBB LT R LD KK OREMMERNE L 2D N
Wi DOREZ N LI REEEZ AR LT B 2 55 (Fig. 3-21 C(1V)),
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INHLDAT Y —THBEINTEE ZT U T 2ME S o - ko R
B (Fig. 3-20(D), (I1)) X, BAMIC X » TA UM REEERD AR L& A
OB RETICLI o THATES, —FH. BV OASAEIZEBNT
X LZEEBRVPBEINTZ, OA 2HEOBWMNIZE > ThT M EH
MO TR D DD (Fig.3-12C, G(C)). d B X0 X/hE W iT
LELLT AT Y —ORZEMRITHICLEFESN, HMREEDOARKDFH
b B 7o 7= (Fig. 3-24 C, Fig. 3-25C), OA &/ ENR™MM L= Z & T,
ERLIZ/NRF L EEO R+ TOMNKEERINEBMERD, AT
U—mzElb Lzt HEZR S D (Fig. 3-21C(V)), UL EoO#F X v | PEI-
OA f& fifi /NBL - & PAA-OAm Effi KWL 72 H L= Rmexitid, mEhtE
DEWERBRATY — 2 LT ETCHEFICHDIRBEHTCHDL L&
~ LT,
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Fig. 3-21 (A) Phase diagram of the dispersion states of the hetero-assembled binary SiO2 dense suspensions. The

dispersion states were classified into three states:

e  stable state without hysteresis in the viscosity curve; <,

flowable state with hysteresis; and ®, sandy pastes with significant hysteresis. (B) Schematic illustrations of the

expected state in the concentrated suspensions for the five regions in the diagram.
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Fig. 3-22 Convergence trend of the number of randomly arranged small
particles on a large particle via simulations considering statistical

distribution of particles.
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Fig. 3-23 Volume fractions of the large particles and estimated mean inter-
particle distances between them as a function of the xs in the 50 vol% binary

suspensions.
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Fig. 3-24 FE-SEM images of SiO; particles dried on an SEM sample holder
from 50 vol% hetero-assembled binary suspensions. The binary suspensions
comprise PAA-OAm-stabilized large SiO» particles and (A) 15, (B) 30, and
(C) 50 mol% OA contents of PEI-OA-stabilized small SiO» particles. x5 =
4.1%; (scale bar: 2 um).
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Fig. 3-25 Field emission scanning electron micrographs of the cross-sectional
planes of the in situ solidified concentrated suspensions. Hetero-assembled
system using PAA-OAm-stabilized large particles and small particles
modified with PEI-OA having (A)1S5, (B)30, and (C)50 mol% OA contents.

4.1 % of xs in all the samples; (scale bar: 1 pm).
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RETITRFRMMEZ S F L)L TR TX 5 7 fm ek it il &
EL.BREXT Y —IZBIT58E L oBLEN - R %2 FEB T
LI OOERERE L, TRONWHRELZRSG T 57210 TR AT g
A F A MR ARG S A (PEI-OA) &7 =4 U ESA KA
By 1w Al (PAA-OAm) % 1 ZAL/INVEL 1 & KR 12l & S H3EK
RRPER CIRAT D E R BRIEICLY 50 vol%ERA AT U — % i #l
L7ze EFBRRBIOV VI a2 —Y a3 ik TEHEEZAT Y —0WEB £
I, BIREAZ Y —IZBWTHRMWIZERELTE D Z 2R,
T, BHERAT Y —ICBIT 5 /RFiE LD PEI-OA ® OA A,
Kb ¥ Eo/ki TR, R FoREBBEHICI > T, EBAEREE
2TV =D EME BB LT, M LT B - o BB 13 i i oo
HKORABUREZFEOL T/ SMEEERIDOHBEBAIETSH D
EHERAATZ ) —omEtEbHlEcEs, AEiFEEI7Iv s ety
VU EREKET LA O IKR T v AT A RTRE A2 LA &
EEEZHZ TRY ., Hx RMEREI~OICHN I TE 5,
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4.1 %5
SisNg BT X v 7 A%, LT I v 7 AOFTHEIEE, UM, MHEVE
B L EGTHI NG, Tu—FF (1], BT Iy r/u—F—2], =V
> TR EH3]. AR A E4] 72 & ORI WEM & L CRIAR#IfF ST
W5, —RIZ SisNg BT X v 7 ZDOFEHIIX, LRI A R S 372 SisNg f ik &
Befs Al & L COBOBRICBEIFIH SIS, 2 bDREHEE A &
— R EERELIELOERE - BET A2 L2k, BERSENaET I v I R
PERL IS (Fig. 4-1), L. BFEHZMEH S5 SisNg iy IXEEE Ik E
Tol3A X R IREIR EOFETERINDT2D[5,6]. SisNs 7 I v 7 2ADH
1 CIE SisNg ARG AR (1400°C FEEE) & SisNg ARIEARDEERL (1900°C FEEE) D 2
BIOERAB 7oA 2R ZEICLDma A MERRETH S, FFITRKED
SisNg FA TIZEEE 2 A FOFIERKE SN BT I v 7 A0 KALK A Hi[R
FTHHKECIR>TVWB[5], £Z T, SisNgt T v 7 A& Kax MclliET 2T
EE L TARA MRUSBERTER-2013E B S T&E, SsNg 8T I v 7 ADKRXA
N BOSBEREVE Tl Si Bk & BERSBIAIBMAZ 50 L TRUB IR ZR72 D b K9
1400°C TOZEL7 vt A L5 1900°C TOFEZEFG L TITH> 2 & TLED
EIRBERRIC L > TRUE 72 SNy B Z 2 v 7 A E IS (Fig. 4-2), SisNs & 7
R v AEHEGET S BT, BRI Si R (SiA 2Ty b BRI
L7ziik7e &) A TE 2 8UCRAERH Y, SisNs BT 2 v 7 A0 KJEKIT
BANOL EPTREND, L, £ 1400°C TEESNDHELT 1A TILS
DEACBIE GEELUG) 12 K > THRIBIRF OB RETEC EH- U, Si 28@
(1414°C) #H2 THEHT D22 ERH V7], Eb7 vt ADOEEFIENFRET
Holo, Si OWRNT XD EF ORMBEAERMITE T I v 7 A I 72 K
T % (Fig.4-3) [9], Z DX 5 7% Si ORI G 2 il 5 72012 i%, SifK
BB E SR DR VRS B AR 7 2 SRR S H T, BB IRIZE 1T 5 Si ki 1-H]
TOEACPISEDRTE 2 il T 2 IR ERF DR AN TH 5 2 & 08, OB
FEAIE 7 B AR TH LM SN TV D[21], 20D X 5 R ko
FEERE T e 2V ERTHZ LT, RA NUSEERIEIC L BT
WSisNsEZ 2 v 7 ADBIENRBTX 57200 T | RO IE AL~
TR R Dy FAFEN B NAN L 72 - KREAEEN M 325 & HffIh D,
— 5T, IRRELEIZ BV TRBHMERL DB A WIS 2 Il L C/FER L 72X
RRIEAR % AR A B OB HERE SE 72370, £Z2C, KRETIE, H2®E, FIET
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MR LTEREA T Y —FicB T oMb+ EaiEfiEfiiot 7 I v 7 7o
BT ADISHBIE LT, SNg® T I v 7 AOR A NEOSBER AT 5 Ak
AR DGR G ~DOIEHME2 R 2 2B E Lz, BT 5 Si-
Y203-MgO AN B 72 DK < JRIE « LR R AT U — Dot - LA S 27
L7z ET, ZDAT V=S ERL L lIAR « ZAUIK « BERE AR OFERE~D
Batat L,

Raw powders Green body Sintered body
Si;N,
o0 — l
Q O O o . @ e .
© O oo  Forming ~&¥  Densification
0.0 (1700-1900°C)

Sintering aids

Fig. 4-1 A conventional process for producing Si3N4 ceramics.

Raw powders Green body Nitride body Sintered body
Low-cost Si __
e —) (D
...o . R Sy - e e
(X ol Forming <& Nitriding Densification
S (1200-1450°C) (1700-1900°C)

Sintering aids

Fig. 4-2 A typical process of post-reaction sintering for producing Si3N4 ceramics.

Heat transfer

Nitridin

Fig. 4-3 Si melting in nitriding process for post-reaction sintering technique.
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4.2 EEREAME

4.2.1 RFE - FEMER X OMH5A A HHRR

AREEDFEFRBAE T, I L LT PEI (i ¥, SEH5r1-8 1800) . OA

(FOEMEE T, —#k). oy (ROEHIZETZE, 99.5%) Z W7o, FUEH A
i, Si R (L4, #600, BET Hbamifg 3.52 m%Y/g) . BEALBLAI & LT Y05
MR (G T%, BB, BET L EHE 37.6 m%/g) KU MgO ¥yl (S Bl
500A. BET Lt wifE 35.8 m%/g) % L7z, Fig.4-4 [ZAFEER CTHW =& FCEH)
Ko SEM EfgZ~T, Si BIBROIERIZH WSRO BIT, BEEH T Si:
Y203;:Mg0=92.0:4.8:32 & L. SiN 100%%=({LT 2546, T OEREIIT SisNg:
Y203:Mg0=95.0:3.0:2.0 TH 5, Y20:-MgO &%, L iRz CTIIBER
DE a-SisNg FHO AR EWMER 23S 0 | BE R ERIZ W TR A KR
FEDMENToD[22], SR IR TE D,

(a) Si powder

10 pm
|

200 nm
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422 A Z Y —DOFHR L T
Si A, BEREBIAI D Y203 A - MgO #3 R D& 531235 T PEI-OA[23-25]7%
SHAE LTHTH D Z & 2R T 5728, LLFOJEIZ LY PEI-OA ORI
~OWE R 2RI L7z, B 1.0 g 1Z%f L C PEI-OA 2’ 0-3.0 mg/m?, &7t 19.0
g L7225 X DT PEI-OA/ M= IR AT Lo, £ 2 ~hi+F 1.0 g ZiML T
TR IHE & U, 24 W EHRAAT o 7o, B R Bk 2 . B O (N
7~ a—/,L&—_ Optima MAX-XP) % H\ T 15000 G T 5 min 1= /05 B4 1T
ST, BHNT=K EER 10.0 g 2V FVHICBEB L, 200 g DX ) —)L %)
Z . Smin OB EF WP AN R ENE LTz, ZOWKOESILERE | & R pH A —
% — (HORIBA, F-74BW) O&ERERAIEE— NIZ LV EREERZNE L
7oo REEFHRE U 72 PEI-OA ARIC DWW T b [AARICIR G L & B RS E R OWE %
FEhi L, SONTRERND LBERRICE END RENEE R F~DOWEREL
AL o7z, Wiz, RV =F L8Ry b (500mL) 12 Y203 #31K 4.19 g, MgO
MR 2.80g (BEEM Y,05:MgO=3:2) DOREFEBIFIRGIARD 2.9 vol% (14 wt%) 73D
PEI-OA 78 66-105mg/g £ 725 K 952 ML U HHIZRE S, ¢ 10 mm SisNg 78—
V1573 g & L BT 48 h A —/L IVALE (110 rpm) ZfE L. BERSEIAIA T U —
ERB U2, BEREBIAIA 7 U —I236 1) D EMAIWNAE &% Bl & [FEkO I X
. FREMWESCRL T DB E M A ML OISR RS OV DLS IEIC L0 R L7,
WA, AFOFEICL W EHEA T Y —I28B1 2 iEER K Ok + D EA R
2RI L7z, Si A 50.0 g ~RL IR 15vol% & 725 K HIC=H 7 — /L3N
L. 48 h AR— /L I VIR Z Jii ™ 2 & T itk L7z Si ik (5.61 m¥g) % %l
L7c, Fig. 4-5 @IZRT X D1T, TR LT- SikR 9.2 g & RS U 7= bE#k Bh Al
AF V=59 ¢ ZiERRAERE (THINKY, 8 & D #KRS ARE-250) CTilERiES
(2000 rpm, 4min) 45 Z &2 LV Siki+ EICBIAKL A 2 ERE L S, 40 vol%
Mz AT —%&FH LT-, 2 2~ Si Ol RO PEI-OA 25T hLx
UIRIREWRIML, ERIRAET 5 Z L2k, Si Fifi2d PEI-OA TEAfi iz 35
vol%miREA T ) — 2T LTz, ®IREA T UV —O0HUREM 2 ERIEIC X
DR L7z, £72, BIREAZ U =BT R T OEEMEEZHNLIZAT U —
DR D SEM 812312 X 0 514l L 7=, xFHR5EER & L C Fig.4-5(b)IZr3 X 51T,
PEI (0.71 mg/m?) %78l E L CERA—/L I Ve GEERBLEL) ZhE L 7-
Si/Y203/MgO =% ) —)L A2 F J— (15vol%) ZiHf L, EEOFMZTT- 72,
T, WK RTEREAT Y —& LT, R RERICHLT20wt% A
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7 VNET F -2 27 U NEEAFAIEEE (PBMA-PMMA) Z /3o o 20— &
LCHRMN L7 35 Vol DAERGR A 7 U — &R L7z, JERGR A 7 U —i3/ 3
VA =L LT20wWt% R E=LTFT—v (PVB) #fEH L7,

Uy % B -.r.(‘

1
S Py
k. ey )
A5 A&
et

(A)
@)Yp?’ Ball-milling ™
_|—> \ &

%
L 4 '3

QD Mgo  PEI-OA 5.5
1) Ball-milling ‘
2) Drying ‘
(B) .
(ﬁ) ° Ball-milling ‘
| ] (\f\ —
O&) PEI

Fig. 4-5 Experimental scheme fabricating (A) hetero-assembled Si-Y>03-MgO particles

L

and (B) conventional non-controlled particles toward stabilizing multi-component

slurries.

4.2.3 BRI & B RBARDER

Fig. 4-6 |27~ 9 X 9 ZRBESFHARIEIC L D AR L7 FE A 7 ) — &2 AR (&
£%32-34 mm, JE X 6.0-6.9 mm) ZRRIE L7o, FRIEIREEE N EALIRE L OBERE IR
DORFEFFEIC KT THEBEZRGTT 2720, IROBIEICE VEFTIZMETE S
WS ENE (CIP) B Z1T o7, WIBROSZmEY Lict#, 74 m il
DEZEMERICANTESE Ry 7 Lz, ZThamiliKESET L A (CPA-
50-200, 778 CIP, =X ' —xT— 3 A7 A) & W T, JTESBERICHIR Z /A L,
100 MPa 3 %\ 200 MPa C 60 F01E D CIP (kB 21T~ 7=, WIERICE TN 5%
B e A o —ZRETHIEDIC, AT L AR— MOEBRZ T, N
WA (KTF7731IN, YiEH—F A7 A) WNT 70 L/min ZE5%0%H C Fig. 4-7 (2
RTRE T 7T MIX VPR EIT- T2, Lk, BIEARZ BIEIR EFRd 5,
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¢ 34 Slurry

(Solid content 7.0-7.4 g)

- Si-based cake

Filter

Vacuum pump

;

o *
! 0 Solvent
_I_ 3 |

Fig. 4-6 Illustration of vacuum slip casting.

70 L/min air flow
500

250

Temperature [°C]

0 4 7 1 14
Time [h]

Fig. 4-7 Debinding program for Si-based compacts.

4.2.4 Z{tEDER

% A ERRBERE (8 LR T, Himulti-5000, FVPHP-R-5) % W\ T, #%
TEARD SOGBERSE 21T > Ty BERRICEE L T, —FBIMUNC H — R 201 &M H L,
ZOWHNZZFUE SisNs 521F, S HIZHNBNCEUEE 7 SisNs DI 2 BV, £
DHFIZZ VA SisNg IR Z 5% L. 2 O BICHNE L7z OB R A2 B iE L7z,
Z D%, Fig. 4-8 | RTIRE - BHR T 0 /T LA TENEIT T2, BEFANZE
72 (6.7X 107 Pa LL'F) (ZJJE L, 1150°C % T 20°C/min TH-IE L7=#%. 1375°C
F T 3°C/min THE L7z, 1200°C OFFRT No A (FEE : 99.999%. 0.15 MPa,
JiiE 4 L/min) Z8 A L7z, 1375°C, 4 WefElfRfr L7z, REFE TR, =R ETH
SR LT, LIk, o -slehI iR EFrd 5,
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Vacuum N, 0.15 MPa A
t ) 4 h
_ 1875°C [ °
© %%C/min
— 1200°C (- e >
4h
2 1soc gy "
©
(V)
Q.
£
2 +20°C/min
0 Time

Fig. 4-8 Nitriding program for post-reaction sintering.

4.2.5 BERE R DO ERY
% B ERBERF 2 -V CL 15 b - LR OB L 21T o 72, BERRIZEE L C
%, ROSBERS & [FERICE(LIRZRLE L, Fig. 4-9 (R IRE - KA1 77 A
THALERERE Z AT 72, RIEADH 20°C/min TH-IE L 1200°C DHFST Ny H A
(ML 99.999%. 0.9MPa, Vit 4 L/min) ZEA L7, £D%, HIYOBERIRE
£ T 10°C/min THMEAVL 72, BEAKIRFEEIX 1850°C & L. 2h &+ L Tl ofz1k
AT oo REFE TR, |IRE THRKBM Lz, DI, 15 672 alBHIBER A &
T %,

Vacuum

o 1850 |-t

1200}

Temperature [°

+209C/min |

0 1 2 3
Time [h]

Fig. 4-9 Densification program for post-reaction sintering.
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4.2.6 FRIEAE - ZALI - BERE A DR
VESL U 72 iRIEAR « Z2ARIR « HEREIRIC DWW T, USRI 7 RSB, 224k
HORALE, WA, A IE ORI 21T - 72,

4.2.6.1 FRIGAEDOFEXIE B
FRIGAR DB FE 1T, HaeHiE L 0 b BB ISR T 2 A RHE 2 R T 5 N E

IR L 72D, T, FEEE (RD.) ZRAUTHESWTEH L,

Dy
" du,
ZZ T, Dy [glem® B, dn [g/em’IZBEEBEETH D, 2B, BEE dn XX
KOFAEGRRIZIE SN EEANC L > THRE LT,

do = ) vid, (“2)

Z 2T i[- IS OEFE R, di[glem®IIBHOBEETH D, FEHOBEED
fEIZIE, Si:2.33[g/em®]. SizNa: 3.19 [g/em?]. Y20s: 5.01 [g/em’]. MgO: 3.58 [g/cm?]
Rz, E£72, B ERB L OBEREROBEREIL, £ 2.42 [gem’], 3.23
[glem’] & HH &7z,

R.D. 4-1)

4.2.6.2 Z{bED /LR
BOSBERSIRFR TIL, Si 75 SisNg ~DERHRIC L o> TEEOIMABHI S LD,
L7233 o T ABFEERRIIZEE SN T Si 205 SisNy ~DER(bE (LK) 25 2
ENTE D, £2T, bR ORBOERL FNE TS RE (BERERT,
AUW220D) THIEL, ®kRUck->TZE(LE (DN) ZHHELE,
_ 3MgiAw
4Myws;
ZZT, Msiv MnIESi KO'N OJFEF 8. Aw [glIEALBUSE OBEEHMNIT . wsi
[N ZZBALRISRT ORI AT Si HETH 5,

D.N. x 100 4-3)

4.2.6.3 ZLIK - BEREAEOHERIEER L ORAEAE
ZARDOKILRIZOWNWTIIT LT AT AERNZ L > Tl 217> 7=, £7°.
WHRIZ K > TEEE Dy [glem’® |2 H T L7z,
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Wp

Dy=——
Y Wy — Wy

Pw (4-4)

ZITC., WolgllFiE &, W [gll3f/KE =, Walgll3KPEE. pwlg/em’]iT
KOFEETH L, HIT, FAKILE Po [%]. PAKILE Pc [%]) 2 RAUZ L - TH
H L7,

Wiy — W,

D
Pop =—%x100 4-5
7 Wy — Wy @-5)
P. =100 — R.D. —P, (4-6)

R, BRI EE (RDrpsy) ZHFESERE L TERET L2012, KA
LV EHLE,

Dy
R.D. = x 100 4-7
RSN dGreen(l —D.N.) + dceramicD-N. @7

Z ZC. dareen 6i%ﬂ%ﬂﬁiﬁ2{$®g%g(242 g/Cm3)\ dceramic |4 100%%{’2'3#@/5\
BE (3.23 glem®) TH D,

4.2.6.4 ZLAE - BEREE ORI E

EbiRi LOE(ME ORI 217 5 72912, FEEUIEHE (v h— 7V
A K JVH  Z— Neo Expensive MC-623Ex) % F CHHRR OFRED L D
JEEH 2mm OWE A8 0 H L7z, FREBHZ DWW T, X#EPTEE (XRD, VW
7. MultiFlex 2kW) % W CRREHNER ORE RS AR R E 21T - 72, XRD OlE
(Z1%. CuKo & L, HIEHPHZ 20=15-45°L L7z, fEstHOREIZIE. B
KEPriE#ELR H2 (JCPDS) @ PDF #— R&fEfH L7-, F£7=. JIS Hk R 1640

(ZAL 7 A B ORI 71E) [27)CHE T Table 4-1 OHUAEALKE - & kA& H
V72 Gazzara 52 L5 T, SN fESEFICERIT D a-SisNa fHO E &R w, &2 HH
L7,

n
:@+$
ZIT, BRIVFEMHESI a-SisNg KO B-SisNg DEITHRE D P ThH
Do

(4-8)

We
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Table 4-1 Si3N4 peaks and their normalization factors by Gazzara method.

Phase (h, k, 1) Bragg angle (20) Normalization factor

101 20.6 7.50
110 22.9 3.58
200 26.5 2.44
a-SisNy 201 31.0 7.44
102 34.6 6.66
210 353 6.79
301 435 3.13
110 23.4 421
200 27.1 10.53
B-SisN,
101 33.7 10.90
210 36.1 11.21

4.2.6.5 FRIEAE - ZUIK - BEEEROMIBGHEE

B « SEA0IK - BERE IR OMIE G 2 BI53 T 5 72010, SRR IR A i L |
SEM (Z & 25BN ERIBr i O i & BlE2 217 - 72,

RIBRIIME =, 7 axkv s g R Y vy (JEOL, SM-09010) % v
TA A E— LI L 0B 21572, BRI AERE FBEMEE (FE-SEM,
JEOL, JSM-7001F) %MW\ T, K&\ I LA EBIE 21T o7, £7-, Bl
SN ARBEWEEI OV TIE, =L F—5800 X #otrikiE (EDS) = H
WCoLE AT LT,

EIRE X OBERHAIZ DWW CTIEL R S5 2 mm OFREHET I % AF 5 H% (ECOMET4,
BUEHLER) |2 & o CEEEMELER L7, F7o, 2 b OBz I 1T DRI
BRI HTDIC, 7T A EE (PEOMPLI0L, #HEskEHEIR) & v T8
mfE R A2 77 A~y F o ZAE (CFs 77 A i 30 mL/min, Hi ) 100 W, 120
) Leb Db Lz, 2 b OSmFELHS L7 A~vx v F 0 JALEE
L7z A A A8y 2 38E (A NL8ERT, Ton Sputter E-1030) % FHVNTHY 20

103



&
EAN
il

nm D Au ez a—7 ¢ 7 L7 (EEW 15mA,. BEZEERK) 6Pa), ML - &l
JLER U 72 3R O i & e A - BEMEE (SEM. JOEL, JSM-6390LV) (2 X -
THIZ LT,

43 ERBLIUOELE

4.3.1 Si-Y203-MgO A 5 U — DKtk

F9°. ML U HIZEWT PELI-OA 28 Siv Y203, MgO M AIZ k3 2 W 5 258
& O TEVEIC RS9 B 2 IR L 72, Fig. 4-10 [Z45R0F O PEI-OA #iRINE & W
HROBREZ RT, WTHOBIKRIZEBW TS PEI-OA FRMESMR DR TIEd X
TG L., IS ORI > TRIFIRAE S IC B DI 2 78 L7z, Siv Y203,
MgO ¥R O faFI 5 &1L Z I Z 4 1.4 mg/m?, 1.9 mg/m?, 1.6 mg/m> TH- 7z,
F7-. BRI S ESE T TIE Fig. 4-11 [ORT X 912 b s OB E
b3 5 Z L afEl L,

E\E 3.0 100% adsorption line_.~~
25 - ®SI

E 2Y,0,

g 2.0 > MgO 7l

Q P | &

15 - e

o) .,K? ® o ol

© 10 - e, =
3 [y

2 05 -

o o

% O ¢! \ \ \ \ \

< 0 05 10 15 20 25 3.0

Additive content [mg/m?]

Fig. 4-10 Relation between the additive- and adsorbed- content of PEI-OA surface

modifier on Si, Y203, and MgO particles in toluene.
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Fig. 4-11 Suspensions of (left) unmodified Y.Os particles and (right) Y2Os3 particles
fully modified with 1.9 mg/m? PEI-OA after 5 min. from the dispersion process. Y203
particles stabilized in toluene under the saturated adsorption condition. (Solid content:

5.0 wt% (0.90 vol%))

Fig. 4-12 (23R — /L 2 VALER 2 it L 72 B2 D Y203-MgO IRA ¥ IZ%9~ 5 PEI-
OA DWAEFRHE L 15 BT Y205-MgO {RA A 7 U — DA &2/~ IRINEOHIK
IZFE, AT U — 3R ELT DT B S To, F7o, AR BUR O
PERED DHEE L7-ff 5 & 1.8 mg/m? (66 mg/g) £V & & DR A5 S Y
RUTc, R— W INVBIZ X > Tl RRmEPFEH LI EEZEZIbND, ZORT
V—IZBT DR ENnHi % DLSIZ K VEHh L7z & 2 A, Fig.4-13 [ZR” 7 X 912 2.1
mg/m? (79 mg/g) DD RS BIAFIZHHLT 5 2 & 2335735 72(Dso ~ 200 nm),
Bz e TEABHICE Y | DEEEIC B EPBREND THEI NS a4 &
1.8mgm?> LV b OFMEEZE LB 20D, 2.1 mgm? DERMETIZT Y
—® PEI-OA DL D722 LD ZOFRMFOBERBIAIA Z U —% Si f8ohi
T ~OERIZHWE, 72, [FZEO PEL & (0.71 mg/m?) % H\ 72 Y203-MgO/
X ) —)VFH AT Y —"TIi& PEI-OA ZfEH L7z M@ U RICH AR TEERN K
ENZ R oTz (Dso = 400 nm), =&/ —/LHIZEWT PEI TIidEEENED
BV Y203 F R0 MgO T/ KL%+ 0 CE RN LR ST,
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(@ & :
£ 3.0 /100% adsorption line
= O
c 20 | @,@ )
c [T PO T T T
8 - / Total saturated content
B 10 F K estimated from Fig. 4-10
=
o N
®
o
< 0 X I I I I I

0O 10 20 3.0 40 50 6.0
Additive content [mg/m?]

Fig. 4-12 (a) Relationship between the additive content and the adsorbed amount of the
PEI-OA surface modifier on the surface of mixed Y>O3; and MgO particles in toluene.
Photographs of the 2.9 vol% Y203-MgO/toluene slurries (b) without and with (c¢) 0.9 and
(d) 2.1 mg/m? of PEI-OA.

é 100 |
S
@ 80 |
s>
‘wm 60
c 2
9
2<c 4
® —*— 1.8 mg/m? (PEI 0.61 mg/m2)
2 20 r o —*— 2.1 mg/m2 (PEI 0.71 mg/m?)
:E, .. 5000000000 2.9 mg/m2 (PEI 0.98 mg/m?)
O 0 - PEI/EtOH (PEI 0.71 mg/m?)
10 100 1000 10000

Particle size [nm]

Fig. 4-13 Agglomerate particle size distribution of 2.9 vol% Y203-MgO/toluene slurries
with PEI-OA content and Y203-MgO/ethanol slurries with PEI.
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WIZ, Fig. 4-14 |ZEEFELEL L 72 Si/Y,03/MgO %2 A T U —DOFENEEEIZ DN T
RT, 35v0l% & 72D K DI Siy Y205, MgO #ki 1% R mE e J1C hr= o/
ST AT U — TR T OBWEEIZ LD EbT ok 2Bl S LTz
(Fig. 4-14 (a, d, g)) . —J7. PEI-OA T&fifi L 7= BEAEBh AR 7% Si fhi 1 EiC
LIS ETZAT Y =TI E R D A EEOBEEN ol (Fig. 4-14
(b, e, h)) ., BRI 2378 S T2 Si E 2% L C PEI-OA s+ 2 2
& T, DI BLEA LT (Fig. 4-14 (c, f, 1)), Si kiR, WL OHFn
PE D @ OB PR S AN K o TIREE S 4L, BB & L TR mBURMED
KEL, DML ELZEEZOND, Si OREEMIZ X > THoy ikt %
R L., FEK - EIREA T U —DOBEENEZER TELILD, ZORT Y —%
BRRBICHND AT Y —& LT,

(a) (b) ()

0.29 Pa-s &t 0.6 s1
(f)

olidifed 8.7 Pers aR 0.6 s~
i! w ()

Fig. 4-14 Flowability (a-c) and schematic illustration (d-i) of Si-Y>03-MgO/toluene

slurries without (a, d, g) and with PEI-OA on only Y>03-MgO (b, e, h) and all components
(c, f,1).
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Fig. 4-15 (2134 FE T L 72 Si-Y205-MgO A 7 U —OFLE{KD SEM [Hif%
oy, MAERMUE LA T U —F COMki+OEMEEEMR LI Z A,
Bk BhAIoR 128 Si ok EIZWE LTz, Y205 F / Kif-<° MgO - / Ri+-
Fe B2 D PEI-OA HORKIET 2 v & Si ki rREOE RuF ikl
DORNCKRFREA ZIRR L. BEREBIAIT 2 B 23 Ni ki - I A% Lz
HLOEHERI S D, — T IEERBLE L7227 Y —TIZEDS HTIZ £ ¥ T2 Y203

POk 1 2 AR Sy & T 2 BERG BRI DBREE RN IMNE U TIFIET D Z & Do Tz,
Fiko X oz, =& 2 — BT PEL TIREHEM DO & Y205 7/ ki %+

IHBTET, Si R ~OWEIZHFLE TERNWT LD B OEEER &
LTHELZEEZOND,

(a)Si particles " 1(c) Hetero-assembled (e) Point 1
] Si
e
8
2l o
Point 1 % Mg v
O = . .
¥ 0 1.0 20 3.0
— Energy [keV]
(b) Si‘particles (d) Non-assembled (f) Point 2
0 3
Point 2 5
F s >
v A% { _513 ) MgSi'

0 1.0 20 3.0

\
1

— Energy [keV]

m

Fig. 4-15 FE-SEM images of (a)(b) Si powder before wet composite formation, Si-Y203-
MgO particles fabricated from (c) hetero--assembled slurry and (d) non-assembled slurry.
EDS analysis at (e) point 1 of the hetero-assembled particle and at (f) point 2 of non-

assembled particles.
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4.3.2 BB DK

Si/Y203/MgO ¥ % - TZFEK - JRIE - ZRGR AT U — D43 & Wi A1H
TEHE 2 EENFED b2, #&it L7z Si/Y205/Mg0 R AT U —Mh 5457 Si
FRIG AR OWEE & 3l L7, BB L7 A7) —BXOIHERUE LT
U —n 7B EAR D CIP (200 MPa) it DO Wik SEM [E{4 % Fig. 4-16 (X
SHEEF15) & Fig.4-17 LR L72 ZREFE) 1TR-T, ERELHZ R TR
KT ETBNSHEEREN kﬁ%méﬂ\%kbk:&ﬁ¥@#
ZARF OB DOIRIR & S D Si ki £ 5 L OBl m R S 7z 2
MR STz, —07, FEEFRELBLZ R THE LT IR Tl ﬁ%ﬁ%@#
Y203 PRI+ DU - RAT2ARD bivTc, 2D K 5 2R G DEVIE, A
F7 V)= TCORFESHEEDENENMRLIZbLDEEZLND,

(@) Hetero-assembled R4 5 (A (b) Hetero-assembled
“(before CIP) < ias. .- el o (after CIP200)

©) Nbor}-assglrgbleq' 2 AL T "'(H)Nonrass’embled
(before:CIP) , 2 N (after CtPZOO)

Fig. 4-16 FE-SEM (backscattered electron) images of the Si-based green bodies prepared
by wet processing from the (a), (b) hetero-assembled and (c), (d) non-assembled slurries:

(a),(c) before and (b), (d) after CIP at 200 MPa (CIP200).
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(a) Hetero-assembled (before CIP)

Si

S

(c) Non-assembled (before CIP)

Fig. 4-17 FE-SEM (secondary electron) images of the Si-based green bodies prepared by
wet processing from the (a), (b) hetero-assembled and (c), (d) non-assembled slurries: (a),
(c) before and (b), (d) after CIP at 200 MPa (CIP200). The encircled areas show the direct
contact points between Si particles. Blue arrows and red circles indicate the presence of

sintering aid particles and contact points between relatively large Si particles, respectively.
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(a) Hetepezsassembled

Fig. 4-18 Nitride body obtained by nitriding at 1375°C for 4 h under 0.25 MPa N; from
Si-based green body prepared by using (a) hetero-assembled and (b) non-assembled

slurries.
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Fig. 4-19 (a) Leakage ratio of melted Si and (b) degree of nitriding of nitride bodies as a

function of the relative density of Si-based green body.
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Fig. 4-20 Nitriding mechanism of Si particles.

DXL TAEBRIND SisNg IZITKIE TLE 7 a-SisNg & EilL TLIER B-
SisNg WIFAET 5, a-SisNg & B-SisNg DIZAAEMICEI L Tik, Z(kRIG% 1350°C
LUIFORIRETIT S & a FRE < HIRIETIT 9 & BRA/EVEHIA & 5[22,31],
0-SisNg & B-SisNg DAL A 1 = X LDV TIE, N 23 EFE « AR ED Si &
BOS LTe 35 A1 B-SiaNg VB S dv, KAHIREED Si & BUS L 725512 0-SisNg 23
BRSNS EB 2 BTV 5([30,32-39], SisNg (LS 7 B2 AT, &
TLSAE T CRERS B A & AR T DUARIC X - THERE & BB LN HITT 208, a-

112



&
EAN
i

SisNg DNEAHIZEE MR LT B-SisNs & L CTHIH L TR L T E D72 BErs e & < |
B-SisNg IZBEREDMENE WO KD B D, LTcn > T, b7 =& 2 Tidk SisNg
O o MR ENERIND, £Z T, XRD 727 7 A /LI KD SisNg D o fH
FOEEMF (Fig.4-21) 75, EBRELBLA R ZA T, BRIBHREBEIZL D
PIEERE IR 2 R - EARIC R TE W a IR AR L= (Fig. 4-22), QL
(2 K o THUIBAR D BT EE Il S v, BB OIRE A IR 2 1% 7= 55
ALY BHIINARLS 20 | aFHEREGL RoT B BILD,

Hetero-assembled (CIP200) ® a-SigN, « Y2S,0;
= B-SizNs v MgSiO;
° = (] 1o0nm °
. e ° o " 4

Hetero-assembled (CIP100) N H

Hetero-assembled (no CIP)

] N |

Non-assembled (CIP200)

o)

Non-assembled (CIP100)

B T S N V| B

Non-assembled (no CIP)

T Y N S VY| T

15 20 25 30 35 40 45
20 [degree]

LT

—

Intensity [arb. unit]

Fig. 4-21 XRD patterns of nitride bodies with various densities.
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Fig. 4-22 Relation between o/(a+f) phase ratio of Si3N4 and relative densities of Si-based

green body before nitriding.
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Fig. 4-23 Prosity of nitride bodies as a function of the relative densities of Si-based green bodies.

(a)-Hetero-assembled (Polished surface)
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(c) l\Lon-assembled (Polished surface)

' Segregated second phése

16KV X1,000 10pm 10 71 SEI
Fig. 4-24 SEM images of the nitride bodies prepared through the (a), (b) hetero-assembled
and (c), (d) non-assembled processes. The left-side images contain the polished surfaces, and
the right-side images depict the plasma-etched surfaces. The relative densities of the nitride

bodies were 71% (for the hetero-assembled process) and 69% (for the non-assembled process).
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Fig. 4-25 XRD patterns of sintered bodies obtained from green bodies through 200 MPa

of cold isostatic pressing.
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Fig. 4-26 SEM images of the sintered bodies prepared through the (a), (b) hetero-
assembled and (c), (d) non-assembled processes. The left-side images contain the
polished surfaces, and the right-side images depict the plasma-etched surfaces. The
relative densities of the sintered bodies were 98% (for the hetero-assembled process) and

93% (for the non-assembled process).
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Fig. 4-27 Relation between relative densities of green body and those of sintered body.
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Fig. 4-28 Prosity of sintered- and nitride-bodies fabricated from hetero-assembled slurry

and non-assembled slurry as a function of the relative densities of Si-based green bodies.
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