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Study on transport phenomena of colloidal
particles and liquids related to packing structure

of particulate films prepared by drying

R RERLRE

Wy AT B R

FERE 15701103
B BEA






B L BE R cvereeeeeeeeeeee e eee e e e ee e e e et r e 1
1.1, fERTE s BRI K ORFHEERORIE T BB A e 2
1.2, BATHZIRIZ X DKLU BT DA FEENI oo 4
1.2.1.  BEEOEREIZI T 2 WERBENBLE « R TR e 5
122, EREGETEIZI T 2 WEBEELE  WIEOBE o 13
1.2.3.  FMRRE ORI A FRIEE OREIE RN TFE oo 14
13, HIFFE I oot 16
LA, BB TR oot 19
B2 8 R ORL RIS ~ O YR T IR DR e, 23
2 B 1 = OO 24
2.2 FEBRITIE oo 25
23 A R et 27
231, MK FZE TR DIVIERL P IR OREIEBLES oo 27
232, — IR A IO TORLFIETZARARET oo, 36
24, FBER et 40
241, DO RAA 2 ERAFEHEREE DBIR oo 40
242,  HIHPRL 7 IREE DRI FEEAEIEIC G X DR, e 42
25 A B e 45
2.6, BEEETUHR oo 46
B3 UIARFE AR 2T LT IRIR D REEBLGE e 48
KT B L = OO ORRO 49
3.2 FEBRTTVE oottt 51
I TR <3 OO 54
3. FBER et 61
340, FIRET AT X DR DR EERRAREHT oo 61
342, KPR HZIBOEEEIT 5 Z DR s 68
35 A S ettt ettt 69
3. B e 70
370 BB TUHR oot 73
FATE L RBLAF RN~ OUKIRIBBIG D IEEEFR T T VIRHT oo, 75
A1 T T B oot 76
B2, FIERITIE oo 78
42.1.  PEEE D2 DRI T BEDTHEL oo 78

422, BN D IR B IR I TE oottt 79



423, IR I I SN R R B T T I DR e 80
43, FER LB R IE R oot 82

44, FEFREBE WHRBFFRITUTE oo 84
A5 A B et 88
8.6, BEETUIR oot 90
B D B B oo 91

B oottt ettt e e ettt et et et et et et et et e s e e s e e e s e s r e n e e e enener e 95



4

:

It
i

JEE

[T =1

i




1.1. #HEER BEHERICLINMFREAORETOER
EEBRL T DEEIETH D T 13, TEEDOXK] EHRESND X511, =RLF—,
R, EIE bESL, &AL, B O 5 558 CEEN s, i LT
FAESNTWD L, FRALFRTEORERES B TIE, £ DR D 80%23iT b 2~DJE T
IR BCRICBFR L TV D EEbN T 5 2, T bbb, kit MRy M
720 ] ZRRVIRLARN L, WO EIZE~LTEAEL TV, 21T, EhoEmR
tI Iy I ALV PEERGIT, WL 2 B S B A BT - R 5 2 L T
BD, —MRATIE. TR RLFooH) . @A, #o TRAR T, KERIDNTERE (7
VAL Ny = BERER L) Al Lo Ean &7 5, B OREIT. IROREIEIZ LY
RESND, FIEXF5L, VF UL A BEMOERT, EEHFOT—RLTT
RN BN A BT D Z & NERUREER LIS D o R 0 BRI 0D TE M
FBLOKBITKHT 2REMEIT D — R A OBLSPREE THRE S 4L, BBFEO(RER(T
WET L, and FERO T+ = 7 RePEIL, b1 O/ 2 ARSI & > THID T
HHA D, 47Ty FREIRIOM B30 %, EHICEE Lo aprbi ORISR RE D

BT D,

JTBE & IR DREFREHZ OV TR, O E D LW REZ RETWD, 7/ /<A 7
PRLF-DFEN T v — il 3, 2RI OGRS, ¥ X ARLFORGE T, KEEHIC
DRIA DT TEAL ¥ 72 & SRR 72 ST E 7, PRI F DR B4~ Sk AE
RN 2 e RBRIZTED U, AT OMERE & R ORL PR G 215 2 121, 240D Ok F % 5
WTEFIZIHE~D K57, DF 0 @ERRFFREMERIEN RO HLD, £DTDIT]
BTOT Bt A TORFIRIEZE A R LGN 7 aE ARG 2T 208N 5,
KBS, 702 A GUENEHEBNF DN DR IO REIC A 5.2 5 Lo ol b AT
TET % 108, RiFREOMERRIL, ik, Bfi, RV aE R &R T, OF
THULLKET D, BIZIE, VF VLA A EMEBRHDOR T Y — 2583 5B,

2



U — DRSO TIROENZEL L, AU EOVEMAE 2L Lo HE S &
DB, L L, o KT ORLFHUREZ @EICHIE L Cb. BAERIETH D
AW RO E T U DR PR SI2 k0 . 2 ORIBIZEHRICZENL 9 D,
BATHLIRE T BN DR IO REEZ I I T, FFE T R X R D ok i 7o ik
VTR E CIERMT DI D AT, ik - BAAEMEL S L CTh . R OB CTH
S TGS 72 BT AUTERRD 72\, Fig. 1.1 12, BRI K AR AORTRE CTELT S
BEVHROMER 24, BNEWEPIFER CRFFICBEI L, MAICEZ LTI LAE D
(CHEMERBIG TH D, €O 2 THEOHIEHRK 13872 > TLE 972, G,
IZRWWT, BB ERIFIRRAICIRESND 2 &R W 1S, T7hbb, WMz X
2 RL AN AL DB G TAE A BERE 23R < | RBIR O Z 2 AUk b s
flimiZ e 525, W/eaha T 5 &, W2 0 Thi %2 — kb3 SRdd S - 72
WEDORERD Z LITTE D245 9 D B L W O REAPEICHE L7ZFIEE HWT,
RONDRAIEZ SEICHERITCTED L OITRD ZEIZE®RDH D, 1k, HD5<
BT 5 BATHRE T v AOMFES B TR, W BT D MEH R D A o T,
WTERTHER T 0 A DREMBINIE 2 TRV | RO RSSOV B2 5 2 DT
D AOEBUENASEMEINSOO0H D, LHLELEERFORMITZ . Z0HE
MEBLG 2R3 5 121d, BATEERE CE LD —o—20B®EES %2, TEEIZO0LHEN

THMEL TR T U 670,



SIBBROBARCSIS BERAK - . 3iss) —

N
uT -Q. - fr=du-] . ﬁﬂ#ﬂ o
(w4 HFOILE. BORSD. HE(L. . .
i e WEED _ “
P
mﬁ A EEE] 7 i
e e R
I

Fig. 1.1 A schematic diagram showing the transport phenomena during the particulate film

formation by drying.
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Fig. 1.2 A schematic illustration to focus on the research field “Formation of particulate films by

drying” with classifying into two groups.
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Fig. 1.3 (Upper left) Schematic diagram showing sedimentation (U), evaporation (E) and
diffusion (Vp) in a drying particulate coating. (Bottom left) Drying regime map based on
dimensionless coordinates Peclet number (Pe) and sedimentation number (Ns). (Right) Cross-
section cryoSEM images obtained at different time points showing evaporation dominance.
Drying conditions were log(Pe) = 2.4, log(Ns) = 1.1, Initial particle fraction @¢ = 0.2.
Dimensionless drying times and total coating thicknesses were A: t=0.3, H=190 um, B: t = 0.4,
H =160 um, C: t= 0.7, H=70 pm. A white dash marks the edge of the consolidation front and

the suspension-air free surface is at the top of each image.'®
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Fig. 1.4 (Left) A typical example of ring stain which is formed after drying 2-cm-diameter drop
of coffee containing 1 wt% solids. (Right) Polystyrene microspheres in water during

evaporation.?
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Solidification front X-rays

Fig. 1.5 Schematic diagram of drying colloidal dispersion. Liquid (right) dries to form a solid film

(left). Capillary flow goes from right to left, and solidification front move to right.*
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Fig. 1.6 (a) Directional drying of 115 nm-diameter polystyrene colloidal suspension, still liquid
at the top of this image. The bottom of this shows the parallel array of cracks. (b) The change
from liquid dispersion to solid film is highlighted by opalescent color. Particle diameter is 198
nm. Region (1), particles are dispersed individually. (2), the appearance of color indicates an
ordered structure. (3), the change in color indicates a change in structure, which is interpreted as

the irreversible aggregation of particles.?!

Suspension
Packed film )
'

IIII

- Slide glassies

Diying frant

Fig. 1.7 (Left) Schematic illustration of a unidirectional drying cell. (Right) Optical microscope
images of drying suspension. (a) Colloidal suspension was injected, (b) and packed film was

formed during evaporation. (¢) Evaporation was completed and a dry particle film was achieved.®
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Lk, Wa@fe CoR - REHET ORI AR Lz, 22 THEETREE, 2o
DIFTTHOW S TR BUR ORI 7L, 20 vol% L F O HR DA TH L FHE

(Table 1.1) 313237384084 5 T 37 1 A CIIhi 1B O @ OIRIE b 100 iR
RAZ IV —=RHANLND Z ENZ (Table 1.2) ¥, ZOFEH & LT, #ENEEE TORE
B O L D =L — R 2 R O, 3 KO- ERL L S s EE o) -
BRENEZHND, LU, K FREPERIEOESEIZ G2 2R EIZ O N TIEE AL
BET SN T RVORBIRTH D, Zhae HRFEL1] &L,

Table 1.1 The recent reports about the particulate film formation by drying, 3!:3237.38.4043.44

2010 L. Goehring b gl A ] FEBEODE ~12vol% 3l
2012 Gi. Berteloot gLt TRisiE 2.5 vol% 40
2013 K. Yamaguchi THTER EERA - vol% a4
2014 F. Boulogne — Az WSS 23 vol% 32
2014 P. Lidon —AFEgEE  EEFE—t 19 vol% 37
2015 P C Kiatkirakajom —FAREREE it ke o -5 vol% 38
2016 5. Inasawa — St FlFFEIHEE 11 vol% 43

Table 1.2 The particle fraction in the raw slurries used for manufacturing process of industrial

products. ¥

MAshaERNm R

UFOILAASEMIEME LCo0,. CH  50wi%
HE T YRR Ag, CuS 50 W%
E3TuA (A ALO,. #4d 50 wid%
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Fig. 1.8 A schematic image showing the transport process of solvent during drying of the coated

suspension. The image which shows the observation image of Marangoni convection was quoted

from a report by H. Uchimura et al.*
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test liquid

Fig. 1.9 A schematic illustration showing the experimental apparatus for wettability measurement

of powder using Lucas—Washburn equation. *°
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21. HIRE=

— WA RIS L TR ORFE D B8 B3 D & IR AR OREEE IT NS 5,
ZHUESTEL L TV DRI < M AERAEWAR Yy NU — 7 iiE R BT 5 72D T
bV ZOXD RSB ARIEMIEL S O, SR FIREDEIRD LA 1 U —REIC o
W, BR&2 R iE DN ST D 4, Sato HIE, RLFREB I ORY ~—458BHFITH LR
V77 VNVEET N LD FENFZ =T F KA 8RO BT HEIC 5 2 55
BNTOWT, RLFIREEDS 15-37 vol% Dl TRt L7z s KL FiREENS Bd D &, £ D4y
BOR DS B/ NOREEE 245 25 DI E IR B Oy BN Lz, 22T, apAf R nm
—7 AFM {E% W TR 7 AR AR 0 & BRTf. 3 K OERDEEEWEIC X 2T To
AN A ZF AT o T, E ORGSR, RIAIREEN B2 & R MBREE B < 72 0 k7
FRIAZBEZETED0BHNORE SITHIRNBAEL D Z 03 mholz s LED X 51T,
BTN BN B & R BOR ORI 721 T < S HEI O BGE RN b 216+ 5,
ZOZ LN RFREII B OMEICE L MEFTEERTFO—2THLEER D,
—J7 AR L DRSBTS AR S B LTk S B - TR
LTV BRTH D, MR THROLN DR IEOMEIC S | R RELIR Y BT D L
s, LNL—ETHIRRZ X ST, RO FIRE S FREIC 5 2 28
IOV TR L72BNIE & A E7R0 ITAE ORI T ORLF SRR A B9 % & T
X BRE L7 IR BT DR 20 vOl%FRE £ T TH D 51 KL 7-RE & [V VHIPH T4
fEEEZE X DOEEBIZONW TR LZBIIE R\, & 2 TARRFZE Tk, o Edik Ok 11
FE DS TR RIS 5- 2 B BB ORI Y filie Z & & LTz,

ABFFETIE, R IRE DSR2 5 0Bk TR, £ U CEBRICHR S TR IR D
SR 21T 9 o 0BT ORLFIREIT, W2 AR SENERES ICE LS5 2N
T&E D, RLFIREDRZBIC OV THEN R P 215 51213, KL IR O IE £ IEfEIZ A9
DB D D, FETZFERRSAM 2 RIA < MR 21213, Al oS f il FiE 2 R
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HZEHEEICRSTL D, T CTARIMETIE, KT RERO N FREEICER LTz
TN T m A BRI DSHAIRICECST D & Bragg OIEAINT K 0 RFE DR DD 7
B2 K 91272%, 2o W olc@ifrRD R 2 WE PRI G 2K T 5 2 & T,
TH b=y I N Ry IPRELDZENMONTEY, 24 Nifdh & FFZA <
HOTWND B2, Z ORI SRR 0 15 B 72 BLHITABLA IS (2 K 0 SB35 25,
— 7. BRRRI T SR ST L 2 B T & N ST D T8I0 BT R
JiH b FEEASE AR & 15 7S, < OB R IR R T 7 IS R &
NTWE, ZADRR L7220 BIG7R FRERENER S5 75, BRI, WOt &t
LS O TR IR 2 BT 5 Z LIC K OV HEICRHMECTE 5, L7add> T, B
BT L 0RO IR HTRE A TS 2 2 & T ORI T TR IE OF R A A S 1T
HILENTEDEEZ, R TOFMEFEL LTHAMATHD LERT,

AHFGECTIE, RL 7B D B 7 2 5y B0k & FIVN T LRI X 2 hE 1 Fe R L 512 D
WTRET L7z, IREHES & OB AR 2 F N 2 S R BB 2R & SEM (T & ki 1o
WG D X 7 n Bl 2 EARNTIER U ORI FIEPITZAR L 72RLF- FEtE R A A DTERL & 4]
IR IRE OBIMR AT, o, WEREBRR CORFFRIBEZEEN D in-situ BIEZZATV. FL

FVRFEIAR > TR FRHEOEEBEN ED L DI L TWDHDOMELR LT,

22. RERFGE

FERIZIX, U R OKSENK (KE-W10,pH 7~8, H AL % Mz, U Wi
EAEANK 110 nm DERERLTF- TH Y | 3 HK H ORLF- IR B TARTELE T 10 vol% 72 - 7z,
KDY —=FBMNEZRELIZEZA, 24mV Thoto, BITHDHKERFESE, &
B 2 it L. ORI T-JREEDS 23, 35, 43 vol% Dy ik & 15 7=, ki TR, il % —
BOBL, RN CIREEEZ 2 CRBSELEBEOERSL IV EH L, KEG

(HAAKE RheoStress 1, Thermo Fisher Scientific Inc., Massatusetts, USA) % VTR
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DODLvAa—lEEZITo7, Fio, ERIITEHER 50 nm OB > U IR 53k
(Snowtex ST-OL, pH 2.9, HFE(LFT3E) LW, EH 50k F0BiRbENTIC LD
W72 Sl 3707, AL bDOEZDOE EHW,

LIF ., BL oy 8RO L 2R R 5, R0 BiRIiE, S ERICH WS EATE T~
TRF 7 AL —T —TH LT, RFIRE 10,23 vol%® 110nm >V 71 73k % 2 uL

SELL. BT AHAM (NEO microscope cover glass, 2 pL /Kii & OBl 65°, MARM T
) O LIS T Lz, —J5 T 35,43 vol%D ikl oW\ Cid, Kk EDiEhEnE
WA T A K77 A (Regular glass slide, #fiifg 8°, #AIRAM L) T 1uLi F L7z,
T AHERBONE FRAEEZ D Z & T, Mlth TR S 4L 2R 715 & Bbi 42 fid i 703 [
FEIZRD X DI LT, 1ZEALEDGA T, Kol I=ERE Tl s ¥ e, £
WRHRE DR AT D700, —HOERITRERE A7 —Y L Ci7o7, [FERIC
BLA- o3 B DY IE SR PRI AU -2 25028 b et LTz, Hfk ) U v & (Fotst
THE) ZRAIREE 49 vol%? 110 nm > VU B BURIZIN A, HWiREZ 14mM 2L, [
FROFERZ1T T,

Z DRI TR G DR IRITBEE N KL —Th 5 DT, ) —7REH ORI % {E
W50, —HAERELEANZ, HE100um DY) 3 —2 A=Y —% AT
A N7 A LIZK 1 mm OETETIZENTZ, £ ENLRIORAT A R T A TH,
5 1 mm, 5 & 100 um OFEWZEM 2o L 2R LT, = OZERITRI T4 Bk 2 1EA
UM S D & BP0 BV DN A6 OBl U, BEE AL — 2kl 1 SR
PIGRT %

HLIR | TS TR R & . e BRIEE  (AZ100, Nikon Co., Tokyo, Japan) TH#i%E L
7oo ETORLFIEORIRITEIZC 1L, DML (SPF-50C-32, Sigma Koki, Tokyo, Japan)
B L O @K (HIRETAX-11, Luceo, Tokyo, Japan) % f\ 7=, (@ IHNELRT 5 &

I MDA Z T Y L, ZOMICY TV a2 @z, IR T, EFEEDME 7 1

26



It LT 45002725 K o ICHiteetk 2 8A L, g a8l Lic, BIRBRIIT 2D
AT CRegk Lo, £7o. JEFBMEITHMOy FHRELZ B AL #2IZ X D EE OB D in-
situ IR BT~ 7=, EERE TS (SEM, JISM-6330F, JEOL, Tokyo, Japan) (Z X Y | %7

TN D R THI AR IS 2 LS L7z,

2.3. R
2.3.1. BEERTEHEON-HFEOIEEHE

Fig. 2.1 12, 110nm ¥ U B 3RO AN o 7% > T VRO ML Z =T, R IR 10 vol%
DB A S12T 5 LIRNEH D DITx L, 43 vol%I i L 7243 B 1 12
ELEETHoTz, TO%, BMZNT CTHRAE HZ, 2 ORISR, k1M
AARNER LR ERIN, Whw D2 ERMEOFIRIL TH 5, R IRENSENT 5 &,
Sy T R FIEEREDNED UL ORI BRI AR S 0D, ZAUC K 0 S8k o
FLONTHREEE IS 5, Fig. 2.2 IR FIREDOZHIRO LA 1 O—ER R E2 ~T,
B F-HREED B DI o4, S EEOREE XN Uiz, Bl 238 AWHEE DS 200 s D3
A 10 vol%53 ik DREFE 1L 4.7 mPa's, 23 vol%Id 27 mPa s, 35 vol%IE 1.6 x 10> mPa s,
43 vol%I% 6.0 x 10> mPas & 72572, 43 vol% DA D Fx, ARt A/ Wi B Ak | 2 C I E
RIZIESDEN ROz, Zauid, HIEBRLRBRE CITHIESR T 5 3k & 43 Bk D
ARRENSZE L CNie o e b LB Z Bs, LLED K 512, R IRERIINC X 245

FEHIRIT A3 IS TR S
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Fig. 2.1 Digital camera images of the colloidal suspensions of (a) and (b) 10 vol% and (c)—(¢) 43

vol% of particle fraction in a glass vial. (b) and (d) Suspensions immediately after turning over

the vials and (e) 82 sec after (d).
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Fig. 2.2 Flow curves of the suspensions with particle fraction of 10 (solid circles), 23 (triangles),

35 (open circles) and 43 vol% (crosses).
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Fig. 2.3 {2, 10 vol%® 110 nm > U B 38R Z i T, ol S ek 2B LR
BT, RORBEITT D & R & B OB TR -3 EE T 5. R I IE AU
DA = AT AR EI, BEENFEAT D, ZAUTERK LT, #KiE o H.00 5 JE B
AP WNBAELT, b FREMEE SIS (Fig.2.3b,¢) ¥, RTCORFAREIND
EL 7Ty T SRS AL, R ERLN O KROZAEFE NG T 5, ZHUZ K0 ENENIZA
AR HEPER S 4L, JSEOREUC X0 AR EL 2o TS (Fig. 2.3d,e) . AT, W
IV Ve E UTORLFIERE AL, SR BRI T 5,

N

|-
M

Fig. 2.3 Snapshots of drying droplets of the suspension with 10 vol% of particle fraction. (a) An
applied droplet of 2 uL. (b — f) Images taken 6, 12, 12.5, 13, 15 min after (a), respectively. Scale

bar is 500 um.

FRL AP E D53 BUK D D AF B AVTORLFIRE O G PS8 3% % Fig. 24a—d 2. £
TNDONEZ AR T TR Lok R % Fig. 2.4f—1 (R, BT THRIESTREZ R LT,
B BRI B WURRIIROA L o7, THITWDW HERE & [k E
JEIEETH D, ZON T =37 =%, MAF R ORI & i U CRES RO JEST
BPRENZ EZRLTED  ZHUTTO S RETT A~ ICTEE L2 BT 2SI
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RS D 7, REEORLFIRE DR D DT, JRROEENRIC L - THRRY | DFIhC
BAEVRELTWAER, HBITEZE An IZTBBLZ 1 x 10704 —¥—ThdrLEXD
o T, RO ZE D K - E S M EEICANEET 5, ZHUTERI
fRitomE & —EHLTWD, ZOHDICER LIKK L7 % Fig. 24k —n IR T, £
Z AU Fig. 2.4 —1 WO TH E 723 8IS LTV D, IR FIREEDS 10 vol% D&
AR IERNICED R D R AL VBB STV (Fig. 2.4k) . 23 vol% D4,

KNI RAA OB SN0, 208 ERE T/ o7 (Fig.2.41), £7. 23,

% < O shear band 2MBLEL S 4072 1925, 35 vol% DKL T shear band 72314 S U728,

tBD R AL TR 6N h o7 (Fig. 2.4m), 43 vol% D54, shearband & KA A &5
LB SN o 72 (Fig.2.4n), VLED X D51, R REIC L » TR FIEOBIZME1T
AL LTS, ZOZRIEFTRTH D Z & 28 L1z, 43 vol% £ Tl L 7okl 1401
WRICHiIAKZIZ, PIHIRECTH D 10 vol%Ill AR L, Rk EREIT 72, ZOMEEE
Fig. 2e,j, 0 (2”7, BADHEIe D KA A NIFOIERK S 7=, Fig 2.2f k g4 % & |

B R ALV DOEELCTENFERIC—E L TV D DI TIEARWAS, Fig.2.2n O X 5 22 tad

B) =PI B TR b T %,
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Fig. 2.4 Optical micrographs of colloidal films. Normal transmission images of films from a
suspension of (a) 10 vol%, (b) 23 vol%, (c) 35%, (d) 43 vol% and (e) 10 vol%. We note that the
film in (e) formed from the suspension of 10 vol%, which was prepared by diluting the condensed
suspension of 43 vol%. The corresponding images under crossed polarization plates with the
compensator are shown in (f)—(j). Enlarged images of the parts of the films indicated by the white
squares in (f)—(j) are shown in (k)—(0). The scale bars are 500 pm in (a)—(e), and 50 um in (k)—

(0).

Fig. 2.5a, b |Z, Fig. 2.4k O CTHENE 0 OIEKEKF L OF U4y SEM #1452
BEEnEhoRd, RRFO |, i, il OV TR S ik oOR - FE S % Fig. 2.5¢,
de lZR”T, EBLHRFRNARNFTREFBEITEVEGEZ R L T\ e, UL, Fig. 2.5¢
DIRVEFIRT L 9IS, LA FRIEOF M IRRICELT DB E LTz, 2D &
D RBERMIIZ BB EN TR Y, Th% Fig 2.5b BICREEEZAR IR TR Lz, BUAI5H
DRILDFHERAAL DIFEL, ZHUTFig.2.5all A6N500 KA A > Effla—EL
Too = BLFIREED EW & FREAEIEIZZ A R 672, Fig. 2.6a 1%, Fig. 2.41 DU
THbDLNTE RS LT SEM BIZG Th 5, £RKF O |, ii O£ T b TZE
53 DYERIX % % FLZE L Fig. 2.6b, ¢ (1~ LTz, R 130N 5 SRS 2 Il-> 7223, Fig.
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2.6a DFRFUTT L HIZ, 10 vol% D E & R TR KA A U AVNS < Zp oz,
F 72 Fig. 2.6d, e ® SEM /R $ K 512, R FRED ERDIZON R AL AThEL< 2D
iz 7=, T HDOBITZNEN Fig. 2.4m, n FOFMSOME LG LTS, =
D SEM B4 TEIT, & FAL VORI EHE LWIRBEZFFOMOERZRD, FAA

YA XDREMEE LT, EORER% Fig. 2.7 1T,

Fig. 2.5 (a) Enlarged image of the region of Fig. 2.4k surrounded by the white square and (b)
corresponding SEM image of (a). Several SEM images were overlaid in (b). (c)—(e) SEM images
of regions (i)—(iii), respectively, indicated by the white squares in (a) and (b). The corresponding
FT images are shown in the insets. The definitions of the three axes a, B, and y for the smallest
hexagons in the FT images are also shown. The red dashed lines in (b) and (c) show grain
boundaries between packing domains. The scale bars are 10 um in (a) and (b), and 1 pm in (c)—

(e).
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Fig. 2.6 SEM images of a particulate film prepared from suspensions with particle fractions of (a)
23 vol%, (d) 35 vol%, and (e) 43 vol%. These images were recorded around the regions indicated
by the white box or dots in Fig. 2.4]-n. Several SEM images are overlaid in (a). (b) and (c) show
enlarged images of the regions indicated by the white squares (i) and (ii) in (a), respectively. The
corresponding FT images are shown in each inset. The red dashed lines in (a)—(c) show the grain

boundaries between packing domains. The scale bars are 5 pm in (a), and 1 pm in (b)—(e).

Dommzin size [pm)

0 SR R
0 10 20 30 40 50

Particle fraction in suspension [vol%:]

Fig. 2.7 Average size of packing domains observed by SEM. Standard deviations for data are

shown as error bars.
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Fig. 2.8 (2, YEIREEM 72 DR 70 0 AR b RSO BIERE R 2 md, BT IRE
1349 vol% & . B ORET THW=V 2 7 X0 b 0TBENE WIS, Fig. 2.8a, ¢ 12
R RN, D RAAL ATRITV BRI 2D o7z, FT2, Fig.28b,d D L 512,
EINZ T2 53 BORIN DB TR IOV T H D R A A FBE ST, ORI 5~
OHEREDORBIIR 5N/ ~7=, —J5, Fig. 2.8¢, f ® SEM 4% b+ 25 L b &

T, WEnA 2 & WG FRE Lok 723 % < Bl sl

Fig. 2.8 Optical microscopy images of particulate films obtained by drying a suspension of 49
vol% particle fraction without (a) or with (b) NaCl. The salt concentration in the suspension was
14 mM. The images in (a) and (b) were taken under crossed polarization plates with the
compensator. Enlarged images of the regions of the films indicated by the white squares in (a)
and (b) are shown in (c) and (d), respectively. SEM images of packed particles in (a) and (b) are
shown in (e) and (f), respectively. The scale bars are 500 um in (a) and (b), 50 um in (c) and (d),

and 1pm in (e) and (f), respectively.
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Fig. 2.9 1T, KL FIREE 10 vol%D 7 Hiik & % 20°CH LU 53°C S TR ST
TR IO PSSR BIES 2oR T, T T b ICHET 5 £ T2, 200C T 15 min,
53°C Tl 2 min 2°h> 72, Fig. 2.9b D X 912, 53°C TR S5 & ki FIED S E AT
IZE D Z< ORLFRFRIBE LIZIIR & 72 o 72, T AU, R 252> & O R B I g U |
TWHRANE D D OFEEERE N IEF IR EL oo 2 LICEIKT 5 B2 bvd, 1272, Fig.
29¢c—fIRT LI, EELHEO RAL UBRBESH., FAA UERRICITRE 2228

DROENRINoT,

Fig. 2.9 Transmission optical microscopy images of particulate films obtained by drying a
suspension of 10 vol% particle fraction at (a) 20 °C and (b) 53 °C. The corresponding images
under crossed polarization plates with the compensator are shown in (¢) and (d), respectively. (e)
and (f) show enlarged images of the regions of the films indicated by the white squares in (c¢) and

(d), respectively. The scale bars are 500 um in (a) and (b), and 50 um in (e) and (f).
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2.3.2. —H AR %AV -HFIER BRE

AIETIE, Fig 2.10a (R T L9 7%, BENRE—70ki 1215 5 5 — gt v
W2 EBFERIZOW TR %, Fig. 2.10b, ¢ (X2 NEHVRIFIEE 10, 43 vol% D5y Hk
W BAF NI R FIEOBIEITBIEE TH D, 10 vol% TIXAD KA A BB S i,
43 vol% TIEA b olz, ZOX I, —HRFBRESETLLEEIZ O VTS, K
FEDRENE D R A A TERL I S, IR & R B Th 0 | R
ICBWTREREBIIRIFE I 2N N0 o To, IR IR DR EE X0 FEMICH
ND T2 KD 50nm DU 3 i a2 VT ARG 21T o 72, ZORR %
Fig. 2.11 (27”7, Fig. 2.11a D X 912, R FIRED 12 vol% D43 Uik D> 15 b AR 15
Z AR ICIER S CHIZR L2 & 2 A, shearband'*® SEAL STz, —J7, Fig. 2.11b (2R
T X I, KRN 42 vol% DKL 170> 551X shear band 1B S N/ehhHoT-, ZD X
912 shear band JERIZ DOV T &KL IR EEIKAFIED & D ARG B L7z, 7235, Fig. 2.11b
DIZIFIRE SBE~Ft pm O TR DEBBIE SN, T O ITHERTORL 775
2B LTRSS OO TP Bk 2 i L TR FiRE 4 LT 28E2+ 2
BRICIER LT BHER CTH D L EX D 2 D,
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Fig. 2.10 (a) Schematic illustration of the directional drying cell and film formation process. Dried
films prepared from suspensions of colloidal silica (110 nm in diameter) with particle fractions of
(b) 10 vol% and (c) 43 vol%. Both films were observed under crossed polarization with the
compensator. The insets show enlarged images of the regions of the films indicated by white

squares. The scale bars are 500 pm.

Fig. 2.11 Optical micrograph images of particulate films in the directional drying cell. Films were
prepared from suspensions of colloidal silica (50 nm in diameter) with volume fractions of (a) 12
vol% and (b) 42 vol%. Both images were recorded under crossed polarization without the
compensator to clearly observe shear bands, which is indicated by the striped pattern shown in
the inset in (a). The insets show enlarged images of the regions of the films indicated by red

squares. The scale bars are 500 pum.
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FoIE R A A e W o TR FIREETE AU L, Wl Ok 1R AEE N R < AT 5 &
B2 D, £ T, 10vol%? 110nm > Y BRL-53HiR & FVC, —JF iz cokL
FNEFERE D in-situ BEL AT > 7=, Fig. 2.12a,b (213, K4y Bk & ki Tt OB R % |
W TUREZ OV CBIMEE RIS Lo R 2~ d, 2 ORI, K OHED BWHRIZH
e, BRHEOBIEBIT. = OORL LM THIT HND >0 HRNIR A0 Bk
(Liquid dispersion) . ZEAITRI 7 FHEJE (Wet-solid) . Z D H I EBFEIL (Transition) 23
FAEL TV D, B XEGE oM HHET L TR Y | BRI - BEWRAUC X VR4
BIRITAE N D E~BENT 5, i THOl L TR @B MRS Ok B~ HET 5,
ERREI OR3P D < RSN TE Y O & B FRERL 12 K D 5 ITEHE S
o, B FRMENE & 72 5, R REER JOEBEROREICIL, 636 & LR
RSV TU e, £72 Fig.2.12¢,d ITRT X 91T, T OMERIL, fntk Ok 15 2 18
PR LTEBRICR N0 RAL & —FK Lz, Fio, BATAWBRO LM E KT
RSN TV, DED | D N A A UNERIKT DR FEMEE T, Iz oi L Tz

KA FRIE LD R T 2 & RSB T 5 2 & AR S iz,
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Fig. 2.12 (a) In situ observation of film formation during drying the suspension of colloidal silica
(110 nm in diameter) with a particle fraction of 10 vol% in the directional drying cell. An optical
microscope equipped with a differential interference system was used to obtain clear observations.
The white vertical line in (a) is the boundary between the particle-packed region (Wet-solid and
Transition) and the suspension region (Liquid dispersion). (b) shows the same drying suspension
7 min after capturing the image in (a). The boundary moved to the right as the film grew. (c)
shows an enlarged image of part of the particle-packed region, in which a pattern was observed.
The corresponding image under crossed polarization plates and the compensator collected at the
same position as (¢) is shown in (d). The image in (d) was collected after complete drying. The

scale bars are 50 um in (a), and 10 um in (c) and (d).
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2.4, BE

241. BOFA M D LHFRRBEDOER

RLF- IR 10 vol% D 53 B /™ HAFTORLFIE A T, D R A A » DTG & R FE A
& DBRAZ BET 5, Fig. 2.5¢c-¢ D SEMRIZRT L 912, AL NORLFIFHRTIE
LLFEHLTWD, TRHEDBICKHET D7 — Y =& (FT) B4 22 OMANIR
L7z, FTHBAOAEO ARy ME, THEEN CTORHIMEEAZERBLL T\ 5, Fig.2.5d,e
O FT BIZIE, ANAFOTERO XD ICHAIR AR Yy RRRSNZR, BROHF.LNG
ARy b~OAEPFTp > T, TIUT, R FEEMER GO A A 2Lk -» TRAR
B &N TND Z L &R LTV, Fig 2.5¢ D FT IOV THHAIZR 2R v b
DROLNTEN, FREFN_OTOEHEL TNWDL LI RARy NERA LN, £ T,
FTBOHFLNE ZODAR Y MIME5I &, TOMEZMNT LIz, 22D AR Y M
WX LT L2 2 A, 2T 13°Th o7z, DF V. Fig.2.5¢c D FTHD AR v ML, A
ARDHRD LD IRARy bR =& iz 13PEIRESE oY —v 2 ERGbE
bDTHHEZEZXOND, DE V. FT B0 G, KT OFETT M2 I 21l
THYFT (FRHEOBERM) BFEET D LiRSniz,

Fig. 2.5d, e ® FTBIZ2W T, BOH LI LE GBIV 6 DD AR > & kG %
Tolee TNEND FTHO FEIZTRT L OIC, 320858 (0, B,y) ZELK LI,
WIZ, & FT BHGEOH LD 2O OEIIIR s TeED T 0 7 7 A VA L7z, £ D
fER % Fig. 2.13 1R, WO FTRICBW TS, a @iz - 72 kX thodsi X v o
PN EIo T2, FTEBNOTLD ARy b E TORBI., fso &Rk
WHUIKIET D, L3> T, a Sl - 7R FECSINC B 1T 2 P E S 1L, 3 20
HOPTRRTH o7z, DFEV | KFOFERIEL o BB THOTMNEATEY |

ZOFMNCRGREEEFFOZ L 2 %S %5, Fig. 2.5d © o #fiiX, Fig. 2.5¢ OHITxT L
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T 12HW T e, DF DR FREEDO RGO RN R > TEBY . TN
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Fig. 2.13 Intensity profiles along the a (solid circles), B (crosses), and y (open circles) axes of the
hexagons shown in the FT images in (a) Fig. 3d and (b) Fig. 3e. The vertical dashed lines indicate

the peak positions on the a axis.

RIZ, BIFIREL BT 7S EIZ oW TELET 5, 23 vol% DA, Fig. 2.6b, ¢ D AKX
(R T X DIZ, FT BITIFIANAIED L 5 2HAITESNT 2 AR v R G725, Fig.
25d,e D FT B EIFRZRY . ARy MEICIERT 72820 2, 3 DICEB L2 AR v F3EL
BENT, SHIT, 35,43 vol% & & DIZEIREIZ/Z D & Fig. 2.6d, e DFFAKIZRT K
21T, FT BICIFA Ry MIfFEET, ERUTMROB R N, b ORRIL, kL
TREN ENRDIZON, KT E0 T XA AIHREL TN ZEE2REBLTWS, L
L. Fig.2.6d,e DL 912, NEFREMEEEFFOFE KA A AN NENRB BRI T
W%, ZZ 7T, Fig. 24 OXFHMEIE AW EETBISEMGICERT 5L, D RAA
NE 23 vol% F TIHBLEE ST, 35 vol%LAEIT L 2o 7z, £72 Fig. 2.7 1T

K 9lZ, BRI FE R A A > DORE Z1F 23 vol% 23 7 um, 35 vol%23) 2 pum Th - 7=,
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LEDZ &, SR OEEITBIE TIL, RAITE D KA A A RIZBEIFE
THIEWREN, EEZOMEITE um THDHZ ENghoTz, 7272, KL1-£82% 50 nm
DYE. ZOXIRED FAA AR FIREIIKS TBE SN o7z, 72D T, Fig
2.5a O XD BEFRNTRE AT RE KL R R A A  OIRBUTITRL A RDPEEST D L5

Zbhd,

242, YIHNFRESNUFRIEEEICSEASTE

Ao U TR LR R 25500 2 1173 & 2 B 2 8 2 7o R IS 906D T Feti4
%2, Z OBMEIXFEITK - OFFERIE ) TRIE SN D 2, ARSI AFAET DRI
KA ISR ENTA = AT KL 0 BEGI DB AE L, R RERFRE SN D, 7272
LI & A LR HITRE R Tl @b orEIn TV (Fig.2.12), Lo T, AR
FHCB T DR FRE NI B RERE 2 LICiiuU Skt 2572 B2 65 102,

Gy BOR R ORI IREEDSEINT 2 & 3B L TV DR OB FRBE D 2, 7o
T, R S AV B ORI IIAR AR 2358 < ) & | il % ORLFITIB EVICE &
ZEFLE O EBRAbND, KF-REFEEEERE 2 13 TI2RT Woodecock DITEH S

h=d ! > 1 2.1
VA @

Tl FRLFEE FIIm iR T R ERES R TH D, dy=110nm DEE. F=0.1,

5 30O

0.23,0.35,0.43 OFRFD b IXZNZ4 40 nm, 15nm, 7nm, 4nm £ 725, ZDOKXIIT, 7
ROPEMET X0 R B I R & < BT 25 2 &Mnd, £z Fig. 2.1, 22 18T X
DN KA A3 BOR DKL & R & < 2L Uie, KA EREE O TR EEHE N D — > DI K]
ThbEF 2D, EMEROSEBIRY ORL OB —2 B ERELT-E A, RiT13-24

mV ([ZHE L T\, Ko T, iR OB -ICIZEBERCE )MV Tn D EfES
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N5, ZZ T, Debye &£ & Apld, ip=0.3¢" nm OEAfRNG BRAESH 5 Z &5 TE % (c [mol
LA A B2, 2 U R M MafiR E 72 L T D LIRET D &, ¢ DI
1.6 x10°mol LT & 725 3, KoT, plIBLZ8nm 725, DFE V.| 10,23 vol% D5
HlIEh D3 Ao X0+ RENVD T R A OFRERIENTER S TWD EESND,
DFED | SHIRT TR AIN B0 T “BHEIZ” 81K 2 &8 TE D, —J7, 35,43
VOl% DL h 78 Ap X V/hS < EAT DRSS LTV R, Ko T, iR
DRI THIIE LR O LD EE5TWD, DFE D K FOBENIEIIIZHNE] S 4,
LR TR CHIRIR 2 S 2 TR T 5 12 O O Rl R E~BEIT 5 2 & AR 7
STWND, 29 Vo e Bl TR A FRIEOBSI G L0 ZRIZ720  /NEWFRIE N A A
PERENTZEEZ BID, Fig. 2.8 121X, RIFIREED 49vol% (h 1T L% 3nm) O
SR E D CTHRIREE DR B2, WEMA T 3BIRP OA A4 U REIT 14 mM 72
DT, plFFI3nm L o7, LUKRE LTh ERKRREZ L > TS, £
T YA INZ T2 P C bR ISR & LCH BB B 2 ifl S, K& f K
AL CDGRPEE o le B2 B2 5, Uk METIEH LR, 20 h o DA
Y VIS &0 IR IR DR TR RIS 10 5 2 D B A B35 Z LN TE T,
AT LA B 0D B R R E AVRLF- TG | B 2 - 2 5 TREMEIC DUV TR L 72,
ARG A 2 A 2 TR B 2 [FE L C b R IR A ) & IO AR IR & <
o TLE D, £IZ T, Fig. 29 [T X 21T, R IREED R TR ik 2 &4
B DIBRECTHREIET, 2T 5Z LICX 0 bR REZH— LR IE TR 1K
HRGEEDOHREZ D Z ENTE D, 20 °C, 53 °C TR SWZ & & WIS E T+
D E T LRREITZNEI 15 min, 2 min Tho7o, DF D, 20 °C &g LT 50 °C
THAR S L S THBEEN SMHRENWEERD, MR TELD L., WEEL
FFE EPICO L T DR S EARR 2R SR E A RO TRENT S £ TieaT
HILDRFEN AT 2, Ko T, HEEEIZFRE R AL CORE SITHETHZ LA
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ESND, LNL7RAG, Fig 2.9, fICRT X 51T, FBEE N7 Dk T2 Bl52 L
Th, FAAL VRO RIENTIR bR hoTo, DF Y | RO FRBEITITER D7
FEMMAATEN, T R A A NI OFFEEREIKAFE LR E W FER L 7o 7o, AN
FEOMPHA T Z OF EREZBHT 5 2 LT TE RO, B FICB W CHEE
RFEHETH DD, BRIRHDRD B D, BIZIE, BE ORGP Z 90K, W]
T COMFPZBEST 6D, DHIKOIREN E3D ERFOT T 0 L EBORE b [FIRE
(LT LE S 7o mERENI L W ERRK AT 5 ETAITHLLEZE A b5,
WAC, WA OB 1 FEIUC K DR O in-situ BIERAE R OWTHEERY 5, Fig. 2.12c,
dITRT R, FTITER L BICIEE S S5 & LA BIS S, Z Ttk
ICBEENTAD RAL =B LT, ZOBBIIERSNZEER. SR OFRND 5
[Zh T SN T, ENLIBIIEE L2 o7 (Fig. 2.12a,b), ZiuE, ki
FHEF~ORGHAC LV Ef SN /R EEZOND 0, 20X 5IT, —ER 721K
HanD &, TR DM LAMITRL I E TR E S B LW Z &R anoTz,
M KA DI R A A CITERUIC I T, RO FeliEfEds L OME « DRI 1 OB E) 5
HERELHEETHLILEZEKRLTEY | ZNEBREIC L7 OIIARTT O KR E a0
Th D, BTy A B S UL, BN S v, 72768 U CRi IR R S 1L
%o BLIRDMEFTT DICON TR TRENBIINT 5 2 & 2B E 2 U, R IRO R kiE i
TrERCBNTHHOR FREIIS LTHEHETEIRNWEEZXDHZ L TE D, LArL
ANRFS T O BT HIHRLF- W BE DV T Fe R B K ONFEHE N A A VIR AN FE 8
HZEERLTND,
Bct%1Z. shear band DFERUZ DWTELET 5, K53 BUR D FSERIC X DRI R
(ZFBVNT, shear band DIZALA LIX LITBEE S D 1%, KIFOMFEIZ LY | shear band
T RITHZR T IS E RS LT ERE O TSR 32 2 & 33 hr o 7 1038, K713 37soft

repulsive solid” & FEIN D8V VKL FFRIEE 2T L. HIZIZ BV EROT T LY

44



Wi [A) 3 Eefih U 7= “rigid” 72 SR HEJE & 72 % 19, Shear band (3 Z DEBIEFE TR SN D,

Fo. WERINA TR OFERIE S %+ 57125858, softrepulsive solid DFERY % i 3
AU, shearband I3k S 72 < 7225 10, Lo T, softrepulsive solid DK7Y shear band
FERBRRBICB W CTEETHD S 2D, Fig 2.11 1279 X 512, shear band FEALIT AT
R IREE N TARAF T DA RDMTF D AL, R FIREA E O L HEERES i E 2 0T Zh
73 soft repulsive solid DIZRRIZFLEE LT LE S D, ULk, IR The < AL 1

IEFE Y F 72 shear band JERX O HIEIK 1~ & 72 D AlHettE 2 /R LTz,

25 #E

RFIREDRR D ) BRiA-Eik % VT, T b kiSRRI
WTHRT LT, RIS EAFHMI L7 2 A, R R AL U RS TEBY ., F
AA L DORE ZIIWHIRL RIS LT, Z OB 28R IE, ki1 AEERIC
KX VBEFIZHBLTIRFOBEINGIRESNDSZ ETHDHZ ERRINT,
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3.1. HIRE®

53 BT, IR EICRAE LR 78 A A LI iRIAB B BL S & Mt 5. KL 14y
R O C IR R T A 72 s Lokl gz L 7= Bl
SOHEMH LT 20088 L, 22T, ki rLEfko~vrvay (Eyh v
Jx=Nvay) EFRWSFEEER LR, FigllallBy ) 7wy a O
XX %, Fig. 3.1b, ¢ ICZOEFBMSBIEGOMEZRT . By W) Tz La s
SlE IRE D EDRWIIRED SRR OKE Il 225070 &) (@Y lmavi z & ki
NG SEDLZETOMGTR 2 REN Lo~y a ryThh, Euh ) v Tow Ly
2 NI ODOPUR & ZELRL T 2R E T A7 THE T X 2 O T HRIE S i D AL
T ORSIEEZTER L T DRI A IS D 2 BN TE 5, i+ CEE SN TR

HORERR 2B Z & T, FUMICKEONIEREICT 7o —F T D L BRI,

Liguid B

Fig. 3.1 (a) Schematic illustration of particle-stabilized emulsions. (b) and (c) SEM images of a
solid wax droplet covered by silica particles (b) and its cross-sectional structure (c).! The
continuous phase of water (liquid B in (a)) was removed before observation. The emulsification
was conducted at high temperature and liquid wax and water were mixed. Scale bars in (b) and

(c) are 10 pm and 5 um, respectively.
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FTHIOIL, By B ) Ty a ORI OWT, 2 OFERIZS T 2675
Wi h il 5, Y 2R & RO BERMORL 713, RO REICES IR ET D &
MNTE 2 ZOL Ik - CEEN SNz~ /L T 3 Ud Pickering =~ /Ly 3 X
colloidosome & FEIXID 35, @A —ZEME, WL 712 X 2H8REAT 5o SmiE R 7 U
— LW TR A RS ¢ fbhEdh 80 X0 drug carrier'®!! & L COICHANHIRES LTV S,
INSOHBETIINT THEERIE) 25700, =~ /Ly a O REE 2358 L7
PREREF N E LV, KXo T, ZOWFEEIRICBW L E v W U v v Ly g D
ZEOMAITERRNEE XD,

RIEEEAICTLE LT, Wb D — R R T~ /Ly g OEBEBRICONTINS D

MERENIRSNTND 28, B2 IE, Feng & 21 (THHiAE DK OFIEIAE S I O £

«“

fid « BT DOWTHHTz, Hasegawa © 1%, JEMEIZ L VA LI C OmEiifE o
FEAVCURIH I O 4y B 2 3 FE AR OIS L7z, 200 H O T, /il & L O
EIEDOIMZHNTEY | HEAHOAFEET 5, Clint 507 /L—7 57 [ TEEZ(LOFF
I 0 43 B U 72 DR R A AT L. IR O FLRIT Fig. 3.2 1R T & 9 Rilfe &
D Z L&k aR LI, £72. Shen & " [IdeFHIZ /3 HL L 72 /K Z 4 E AL D g 8 A 5
ATz A D IXAKIE ORI AL D UUHE & 7K 537 OIEHCE 7V CE BICHHIIT 5 Z 1Tk
DL TWD, Mk CLE S NI OOV TS i OWMEITHESW TR
FTHZENTEDN, ZORICEE LRITHIER S R0 01T, SEsERE COR 7RO
TAARZEAL T %, FUETEMEA CLE L2 iiIE, S CIEERIE 2R B2 s & RIS
IHE LTS, — 0, IR - CLREL EN TV DG, IR R ORI
7V AT, RIS ERT D, HolR 800 B 202 36 LU E FIW T2 NS
235 OHERR 2 W TEER U 7 ARFEINARE 1 O Rk IR DB DN T, S E S ERMED
SNTWD, T Vo FIRDZETGIL, R OWIRIEST 500 22 ffT 2

MBI B 5, Binks HIE. AKHIZ4E L 7= limonene 1 O [l ORI 85ER 2 HE S 5
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TEEFBBRALES, o, ZOBEEFEDNRITERTH Y | benzyl acetate |20V TIHELLE
Ehiphotz, L, ZOHRETIIY U T ARIENS OREEE(L A FMixtg & LT
Y, RBROEEER &R O LT O BRI OV THIFHFIZ R S TR,
AT, FmTEEAS LR & SRTE O R 72 2 FUi 22 E bk 7 2 AV TR L
fex= b a ORI OV TRE LT, JEABdE 2 T P C OWR O Holik
B in situ BIERZAT > 7=, JHEITHEEE L2 BERE T /0 %2 AV THROGR O BB AR 2 it L

2o TOLET WA IR A LIoh 8 DS oIS R TR OV TER LT,

.
LrEEns
(Creamed) = ;
A
I3IZ3 HERE 1. iEgAAIER
- o

IR /NEOEEIEANZT L -
e - LAY - 2R - [ HPLEY

Fig. 3.2 The mechanism of drying of droplets from the creamed emulsions.!>!

32. RERAGE

KA E UTHK (FOEMi3E TEE, KB, BA). RERMEOMME LTI AF AR
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Fig. 3.3 Images of particles used in the study. (a) A transmission electron microscope image of
Si0; nanoparticles. It was quoted from the technical catalog of Evonik Industries. (b, ¢ and d)
Scanning electron microscope images of (b) SiO, submicrometer particles, (c) silicone

microparticles and (d) mica particles.
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Fig. 3.4 Schematic illustration of the experimental system. (a) Overview and (b) water droplets

immersed in an oil layer with thickness L.
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-.-.“

Fig. 3.5 Optical microscope images of water droplets during drying. The droplets were stabilized
with (a) the molecular surfactant, (b) SiO» nanoparticles, (¢) SiO, submicrometer particles, (d)
silicone microparticles, and (e) mica particles. Drying proceeds from left to right. The drying
times of the images are 0, 4, 8 and 10 min for (a), 0, 6, 12, and 13 min for (b)—(d), and 0, 8, 14,
and 16 min for (e). The arrows in the right-hand image in (e) after 16 min indicate the parts of the

teared shell after drying. The scale bars in (a)—(e) are 100 pm.
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Fig. 3.6 (a) Change of the diameter of drying water droplets stabilized by the molecular surfactant
with time for droplets with initial diameters of 144 um (triangles), 106 pm (circles), 85 pm (plus
signs), 72 um (squares), 59 um (crosses), and 36 um (diamonds). The thickness of the oil layer is
108 pm, which is indicated by the horizontal dotted line. (b) Data in (a) shifted so that the total
drying time # of each droplet is 15.5 min, which corresponds to the drying time of the droplet
with a diameter of 144 um. ¢’ on the horizontal axis in (b) represents the drying time after the shift.

The solid and dashed lines in (b) are the simulated results using egs. (4) and (8), respectively.
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Fig. 3.7 (a) Transmission and (b) reflection images of water droplets stabilized by SiO,
nanoparticles. The scale bar in (a) is 500 um. The arrows in (b) indicate the dark region owing to
the curved oil—air interface. (c) Relationships between the initial diameter of the droplet and the
flat (circles) and curved (crosses) interfaces. The dotted line indicates the thickness of the oil layer

measured by the confocal laser displacement meter.
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Fig. 3.8 (a) Relationships between # and the initial diameter of the droplet for droplets stabilized
by SiO nanoparticles (open circles), SiO, submicrometer particles (blue triangles), silicone
microparticles (red plus signs), and the molecular surfactant (black solid circles). (b) Relationship
between f and the initial size of the droplet for droplets stabilized by mica particles (black
diamonds). The data for the silicone particles in (a) are plotted for comparison. The arrows

indicate the data with slow drying.
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Fig. 3.9 Relationships between #, and the initial diameter of the droplet in oil layers with L = 108
um (open symbols) and 458 pum (solid symbols). The droplets were stabilized by SiO»

nanoparticles (black circles) and the molecular surfactant (red triangles).
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Fig. 3.10 Relationships between #, and dy in oil the layer with L = 16 um. The droplets were
stabilized by SiO, nanoparticles (blue circles), silicone microparticles (green circles) and mica

particles (red triangles).
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Fig. 3.11 Optical microscope images of the surface of the water droplets stabilized by (a) silicone

microparticles and (b) mica particles. The scale bars are 100 pm in both cases.
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Fig. 3.12 Schematic illustration of drying of a water droplet in a thin oil layer. Diffusion of water
in the oil layer is the rate-limiting step in both cases. When the oil layer thickness is comparable
with the size of the droplet, the diffusion path from the droplet is approximately normal to the
oil-air interface (left). For a droplet that is sufficiently smaller than the oil thickness, the distance

from the droplet to the oil-air interface is assumed to be infinite (right).
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f,— 1 [min]

Fig. 3.13 (a) Analysis of the data in Fig. 3.6a using eq. (4). We used the data for the droplet with
an initial diameter of 106 pm because it is comparable with the thickness of the oil layer. The
solid line is the linear fitting result for # < 8 min. (b) All of the data in Fig. 3.6a analyzed using eq.
(8) for initial droplet diameters of 106 pm (circles), 85 um (plus signs), 72 um (squares), 59 um

(crosses), and 36 pm (diamonds). The solid line shows the linear fitting result for # — ¢ < 5 min.
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Fig. 3.14 The hypothesis about the reason why the particle size affected the drying time # when

the oil thickness L was 16 pm.
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HARLFAZ K > THRIHEE SN D 5, FBROBR TIE, KO A+ 280l 3 51213
HIPER 1T 09 U ETH D LR s, ZOMIT~A BRIFIZOVNTHIARE LTH
WU, DT DI DN T OBFLEREE (0 PR oo Tc & bBE X bND, ZhbH D
KWL, ~ A TR A B FRIE L K SRS DN B I HIBR S A, AR & LTk
DFLENILE SN EE 2 55, Creighton © 2 X, ~FH o —KREOLZENIZ
graphene oxide Z /=BT, Z D7 L — NMROZECE DN Ol 2 il 5
EVV ) [REER S 2 LT D, Fig.3.8b°Fig. 3.10 IZH 5 tr DIEH DX X, ~A ki1
OKHERDOWERIIESDENH L FERIL L TND, L IUE, FERIEREK
DYLEEREZZ 2 D 2 & 7e < ZEALHI L L THW D MR ERi o RE S 23250

BT, KO TDH LR TETLHEFA D,

3.5. #8

AWFZE T, MR T oK ORI 1T 2B BB G I I UMK S 1 ORI F
WEIZ G2 D2 b Lic, KiFOLEAR & LT, FmiEtEAlR X O AHkL
T iz, RO ERIE, WP 72K F OIS K- TR 5 Z &R T
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o, FERE LT, MKSEICTERL S VT ERFRL 1 D Fet BN LR RE ] 10 12150 L 72
molo, =I5, BEAE LT~ A BRT-Z2HWTZHE . W< D00k Sk X

D HLRRERI N R < Ao o 7o, D FE Y | EHCIRRL 13K O FLE A B 2 DI R TH
DT EDVIRS I, TAUR, BRIBRLF & Bl U CFARRL A O D m W R R R 215 5
N5 ZEICERT S 2 EARE Sz,

AlEl, RS SRS LRI FREE N, B AT LA L (k) (252 5
ERRDLID, o) Ty a rE v, RiasUCTHERIS L LT HH01
Oy HIOHR DFEIRAAE 5 BB AL & 1T RS 72 2 28 BL1-J8 & A L 727K 53 1 Dl ~ D Esfii,
SR T JE % #R T Wt & AR IR ODIREEN & 3 1- L~ UL T Ol (IR, &)
i~ THAEREZN LTI L TS BEIBIR TH D, BIRORE 2S5 1T,
By Voo Nya ALK LDBENIANTOL L EA D, HRDLEMOTZDITIZL,
KR OIED LI % TS U, MEFEICEMAE & 72 0 2 2 I COMTIRLEET
5, LovL, MBEEAROEERFIEITEH LV B, Z0RERE &5 ERILT 500 ik
FelEbnsg, £72o%E LT, liquidmarble® ' ZHWHDOHLAEHTHS, ZH5HIC
DN, R Em O @GN ey h ) 7o ar LT NCRETH
5 LESND, LD, K OFIGEDMMTHE R OB 2 BAFT 2B, 15
WO —MERIENRETH D L F 2D, o, RSB W CTHHE~OWEM - o7 1

RN KRR 2 B A HlE 3 5 LER B 5,

3.6. &%
ARIETIE, WP OKEOFIZ T 2 HHEIE 2 5 2 572012, FLEfRED 4 SO
2 AORERET NV EEHT L, BEID iy OMEZ I L TKPERET 222525
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(Fig.3.15) o FE T K5 F LM P ~EERE L) P OKSFI3M A m A~ 100> THERS
% (i), = DS TAFE L(iii), HefZ IR P A ILE LT < (i), BIBRZ HHMIZE 2 5720,
ZNHDOREITIRTKELETDH, KET MIH FTHRERMBDOZE X HE2EIIT2HDL
DTHY . ZOHEMAGITIANIEOR GmIZ I L,

W COKRSF ORIFREZE Cy . HARETEE TOMPAKIRE L Coo. KIMSHE
IETOMFKIREZE Cy i & T Do KOMHF~DEEMIEEENL Co s —Cu o (ZHBIT 2 &

EZ2DE KRG DIPTSR Jaiss 1ZGA DR TEED,
Jaiss = kdiss(Cw_sat - Cw_O) (3A.1)
T T haiss VIVEFREELTH Do Ky T O HFILEIE R Jun 1X(3A2)ITEE S,

Jait = 7 Cu = i) (3A.2)
D IR COKS FORBAR B, BT, SR TAS IR 5. 4l
R CORA KIS Con arre S S CO KIS Cov k0 KR
H CORHFKELRDPHEIRE LS Coveq ETDE, ~ U —DOERIL Y | B H ZHAWT
Cor = HCo i £ 4= £ H5CE By E70. FHHIER Con o Con aut | HEBIT 50

THARFRIEH Jup 1ZBA3)XTER D,

Jvap = kvap(HCwoy = Cuvgyre) (3A.3)
22T hvap [TAEBEERTH D, D TOKRECILBIRA Juir 13

Jair = M(Cuyvgyps = Cwvy,) (3A.4)

ERED, TIT TP TORRRDOMERIRETH S 2, EFIREIZIENT, 4

OOFHRITE LV, RGBAD)-CANHEEL &, TR TFEEITITXO XL I2EKES,

kvapHCw_loil + wav_oo
va_surf = k Th
vap

(3A.5)
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c _ (D/loil) CW_O + Qva_oo
w_loil — (D/l ) A QH

(3A.6)

oil
B kgiss (D/loil + QH) Cw_sat + (D/loil) QCwy

U ks (P )+ (P ) OH + QK

(3A.7)

Z 2T Q= kaphllbvay + ) TH D, FBAL) - BAYHDWTINIIK(BAS) - BANZICA

T 5 & ARXLDOB)RUITE I HRIET KR Joy D33 H LD,

Air J"""H
C
Jva ; Wy surt
P 4
Oil Cv.-' foil
Jaifr % Loi
C.
TR
diss
Water

Fig. 3.15 Schematic illustration of drying of water through an in-volatile oil layer.
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41. BIRE=®

BTy BOR DO VEATFEIRIZ X 0 15 5 TR TR & 5 812 | 8.5 OIS K RS O L - R i
M 24T O Fis L LT, DRFHZEROBE N MM Ltk %k 2858 L, A=
TlE, R IEA~DRRIZEB R TR R LT 5,

AR AR FF L7 B 2 o U7k RIS B S8 5 & IR I RN ~NRIE T 5,
B 1 ETHIRA, 20X 5 Rz EBIGITH MAYIZ Lucas—Washburn DR TEELT X
D2 ENRHMBNATND M, ARXEFIH LT RO R OWR & D #efilif 2 39+ 2
RANEL e SR TWD ¥, Matsumoto & 3 1%, Z OR A& AV TR 1 O824 % 5 L
Too FEBREEE O X % Fig. 4.1 1R 33, £9°, JEEMEMSFICE Y ER 6.0cm, JEX 0.2
cem O MBRRIZHE SN — DR+ 672 2 ikfg 2 HE (Fig. 4.1 F 0 1) L. il
IZJED 72 WHETEOWE (Fig. 4.1 D 5) A I, ZOHITHEL TRKE —E&E
AT 5, TEASNIZERITBAERSERIC L W BEENEZIZIEFHBRICEET 5., £
DIRFEE D wetting front 2355 1 BV —Z@E L THH, LVIMIICHHH 2 o —
(Fig. 4.1 D 6, ZIENHL D DBEEEN 1, 1) (ZET 5 E CREZIET 5, 20
SRS RS EN Ui ISkt 9 2 3k iR otk s et in 35, #HIRE R % Lucas-
Washburn O FE-S X8 U 72 #ER =2 VO CTRRAT L, ifduiE &2 B Uis, AREHE,
Washburn ORA 9 F <TEM L7BGEHAI7Z23, HEXTG L L CIEHE— O OF B2 % D
BTHD, £l WEY T K - TR FEHE O Z2RIC X > THRREDO G
DED>TLEN, ZORKNFIHZS%ZOMEE LTS, K FelEkE OWNEESE 25K
EfRAT TRELTE TWRWARERH Y | JARDO—2 L L TER LNDH A, A ITh
T OWBIETE A IR T 0 ORI 7 EAE & IRIZE B R OBIRMEE TIIMFT& T
Vo . Wu B IR OIRERE L BT VR ROMERICE Y KT R v —
DGR T DL AMEBBEDORNMEZ G L7z, LA L. BB S RN 5r
A &V o T AFRIZ DWW TIEEHIE L TR &, B & iRvrED BIRIECIELY 4303 T
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BT TIE, 2 BRI 2 et Gl . SRR E 7 VA8 L CIRIZE B G O AT &
1Tolze EF. MR U TR DMEL FF ORI Z HE L. Bix 28I O ikiR % E
FEZRE Uiz, MEITHEE LIRS TT L E W T, JERE R S EOBIEE R D
Too 7 BFHETH DIENMEL | IEND I 7 o iEEOBIRIE L MR L, WKIRETE DIERE
EREHIE S L CoIG AR DWW TEZ LT,

ek, EBRCHAERIT. BRI O LGRS, B REROE LGRS L5l
LTV, EHTECHEIE T L OME & 2 E FV 7o EBGRE R o BLERARHT 12 B0 f1

/\/ 71‘:\\0

10

e I
(W ro \1

Fig. 4.1 Schematic diagram of measuring system of wettability for hydrophilic powder by

“capillary suction time” method. 1. Powder bed, 2. Upper cell, 3. Lower cell, 4. Liquid reservoir,

5. Liquid, 6. Electrodes, 7. Time counter, 8. Optical fibers, 9. Amplifier, 10. Recorder. *

77



4.2. RERFE

42.1. RBBEDRLGIHFEORE

LR RRL IS LTY F U LA A B O EMREEZ Az, FEE LT, BikMED
Ffb R LiNiosCoo.15Alo.0s02 (IELEEHY 12 pm (Fig. 4.2a), Sakai Chemical Industry Co., Ltd.).
BKMEDH —R 7 Z w7 (CB) F / ki (TOKABLACK #5500, —¥Ki1-£4 25 nm
(Fig. 4.2b), TokaiCarbon Co., Ltd.). polyvinylidene fluoride (PVDF: solution, KF polymer #1120,
12 wt% NMP solution, Kureha Co.) % N-methyl-2-pyrrolidone (NMP: purity 99.5%, Nacalai
Tesque,Inc.) IZIRAE L. AT U —%Rfl L7, EESOEESRIL, BBILWH : CB:
PVDF=85:10:5 CEE L7, A7V —HToOh7 (B{t¥hki7 +CB). PVDF B LW
IO NMP OB &R 1L, 12 51.9 wt%, 2.7 wt%, 45.4 wt%lZ L7z, Zha T /v
BRI - S L ORI A LT B E N 1.5~2.7 gem B IZ 5 L H T LR
L7ze 2OX U TER LZR 7% Film1 & L7z, B2 2 b S g 570, B
D AT U —DIRMGAT 25t U, IRSAIINC W TR 2D U, [0 4 1
MEEDHZ LT, LVRNEAW Z T T, D% O RNFR CIZe D KO FHE L,
KRR IR A T Y — & 4372, 2 b LN B AR E Film2 & L7,

JFUBPRL 7~ 36 K OV N i 4 BEAR ik A A T BEAM SR (FE-SEM, SM-09010, JEOL Ltd.)
T LT, fFE T p X =08 v 7 2559685 (EDS, JED-2200F, JEOLLtd.) IZ
KV BEBNORS W 1T 572, BT IEO AL & KA 7 & A — % — (Pore
Sizer 9310, Micromeritics Co.) Calffi L7z, Fig. 4.2 (ZI1XFEPRI 1~ FE-SEM #1534 % /R

j‘O
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Fig. 4.2 FE-SEM images of (a) oxide particles and (b) nanoparticles of carbon black.

4.2.2. PIFIEADRDERLRE

1215 & L. n-hexane (purity >96.0%,Wako Pure Chemical Industries Ltd.), dimethyl
carbonate (DMC; purity >98.0%, Tokyo Chemical Industry Co., Ltd.) 3 & U ethanol (purity
>99.5%,Wako Pure Chemical Industries, Ltd.) % FHV 7=, fEfEE S 2B HROBEGRE 57
DITIE, 1235 IR E N L L 2 E 82 LV, Hansen solubility parameter % 2
ZZ A Td D PVDF OWRCIZE L 2 0 IZ < WIEBED b EFLO =2 %8 A
72128, WRIRE SRR O EE X % Fig. 4.3 IZR T, 5X5 em? (28] o 7ok A o 7V
DEIZE S, FRITRDZEWIZETHED T2, O NENTITRFBED A > To/MRHE X |
=B EBRBAARTIC 30 min DL EiKET 2 2 & T, WIEAK THLMA LD Lz, Zh
(Z &V RBEBRT OREE DD ORI A LTz, RFER O BRI AEEDS 0.13 mm,
AN 0.5 mm, £ I3 120 mm DA T AEMEEZ AW, BEOES 40 mm () T
RFWR Tl 7z LIIREE T, DO ZED 7N BIFA LT, 1RV BE OSehn i IR O
(ZHEfih 92 &L RIENMEE D, WK S 30mm (b)) 25 Smm (k) £TERDDITH
Do TR ZHIE L, 2 A RERFHE fhenet & LT2o BIEIZZNE ORI IRIZ DUV T R

725 25 MTCHIE L., 7 ONME Z fE R VW,
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(a) (b)

Glass capillary tbe R [m]
H

Glass vial

Solvent o

\“‘“-H-__

i [m)

Particulate film

Fig. 4.3 Schematic illustrations showing the experimental apparatus for liquid penetration

experiment.

423 HABRICE SV EREBEETILOHE
Lucas—Washburn O &y #UEEERZ0Z JLIZ 3, HRIRERFH thene Z a1 D E0FE T L 2GS
3%, Fig. 43b 12, RFE~OBEFRKIREET VOBIEX Z~d, KizZEOEE) ) P,
IFRATREND,
Po=Pi—P.+P, (4.1)
Z 2T POTRIAIEDOWBIE S, P I T ABEIC L 2 EIFIES ., P 3 BEN DK
D HBEIZ K VRLFIIZ D DDHKETH Do PeldhiF FEENREAN OMIALANTEA S 2 BEE

CERNT 5, BEEFRRICTREND,
2ycosf

P = 4.2
£ . (4.2)

Z 2Ty i RRER ORI =X — O [TIKORLA NN Db re iR
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RO T DEBME LR TH D, re TZERE ¢ BLOMKREEEO LFZmE S 2 AV
TE)RD LI KDDLV TE D,

2¢&
(1 - S)SV

v T R BRI IO ETE 53 OFSATE & ZZROMFFRM O TH 5, ARV IR

re = (43)

BEIIRE SOBRRDRTDEFEINTWD D, EERIZIX e OMEITIZ DA NGFET D &
EZEZ2 550, ROMEDTZD, rnldZTOFHEE L TH->7=, K FENTRENZ LD
J£ 1425 AP 1% Hagen—Poiseuille DVERNZ L VR CE | LK & iEhifagE x (3

DRRZ o,

AP Buku
—=—

X s (44)

T2 CulHRBMRORE  k ITMAL O ER T, u (TMALN O HRETH 5, 5
WANRE LT EIL, 7 ABENPLAD L& EELY, DFED,

TR?v = 2mxheevs (4.5)
L%, vIIA T ABENTOMWRMORE THE, RIZTEEDONE, hlIRFIROES | v
I X2 FR C ORI O KR S i OB ENEE Cd 5, BENHIFL ORI EX A I3 %
ELvimuwk EET D, @SR EGHRIZRAT L2 ET kAR HFLND,

ap = 2y Ry s
- th s ( . )

ZZTv=—dh/dt 72D T, (4.6)X0D FreDOn XN Eo5n s,

dh thAP s
S de 4uk? (_) (*.7)
iﬁﬁﬁ’ﬁ:[h hmatt=tand h=hy att—lz]'((4 7)_t€ffg ?6 k (48)5&:75??%%)0
Auk?
thp—t = heeAP (rf) (hy — hy) (4.8)

AWFFETIE, BENKE RS 220 h I TR E TN RMAZRE LT, Lo

VC\ {'fﬁz{x Hﬂﬂ‘:Flﬂ tpenet i tpenet t2 - tl —/Cj?) 6 J_‘jjj:gg% AP N {1'52 OD%E%jj Pt &
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W PeB L P IEENZHE9RE L@ 10X TE 2 B,

2y cos @
e =" (4.9)
Py = pghy (4.10)

O \KIRIBIRD T T A FE L DM p 1 TIEDOEE, g ITHEIMEE TH D, PJ/Prid
BEE R EFEL, e OEIIRLFFZEROFIIC L Y BB 2 Z &N TE D,
BB IFELEOZVFLERIZ~30 nm TH Y, H T ABE R RIL 65 pm I[ZxF L, KL
FREDOMALE rel T /NS NEEXLNDHDT, P TEHATE DT E/NI Ve Hlpd
Do WIT, plEBLZ 1x100kgm> Tho=40mm 72D T, Py i3FB L ZE 3.9%x10*Pa L 72
—J. piE20x 103 Nm ' Dcosd~1 T 5E, PiddBLE10°Pa L7205, OF
0 PP 1Z 104 M7 & 720, P b R0II VB TE D, Lo T, PedERKIRE DOBRE) /)T
HHDT, KEF/INTIEAP =P & L=, (42)REZ@)ITHRAT S Z & T, ikiZEHEM

toenet DEARR @G 12 LN D,

uk?R2S,(hy —h,) 1 —¢
y cosf h¢e?

(4.11)

tpenet =

43. FHRLEEFFT N FREEE

Ki1-HEDO Wi % FE-SEM CTHIZE L= % Fig. 4.4 |2, £72 EDS (2L 0 R 21T
ST R % Fig. 4.5 1Z”7, SEM Wi g ORWERA CB, IKENEBRIEIRLT- 12572,
Fig. 4.4a, b /X Film | Wi CTH 5, 7LV AFIOANTHEEN 1.5 gem> DEE L2 &
EZAEZAITE um A — )V DZERNRH Y | F72 CB BMEHT L T\ e, 2.7gem OfE
ERDHE T VALY RERZERIL /R 2o 7223, CB ORITIRIEIXZE D b e o Tz,

Fig. 4.4c, d |21 Film 2 OWrE 4 2R LIz, Film 1 IZR 5172 K 9 72 CB Oif\V MEAT L]
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BINT, KA ITHAE— 20 LTz, 20O X912, CB OfFATORE N R %
TRREORL AR A T2, KRR 1 U A —H — % I TR IBEN O AL o3 A % JIE L
7ok R % Fig. 4.6 12T, LI DO =7 MFEL, EF nm O H DX CB [#. %% um
DFAFLITIR LRI O FIBHIFL & o 5, Film2 OB RE WAL FEL T

N, TLRACEID YT ABOBEBNIIZIER N o,

Fig. 4.4 Cross-sectional SEM images of (a, b) Film 1 and (c, d) Film 2. The bulk density was (a,
¢) 1.5 or (b, d) 2.7 g cm™ for each film. Micron-sized oxide particles (light gray) and CB

nanoparticles (dark gray) are packed on the flat Al substrate. Scale bars are 20 um.
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Fig. 4.5 Cross-sectional SEM images and the corresponding elemental mapping for (a) Film 1

and (b) Film 2. The bulk density of films was 1.5 g cm™,
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Fig. 4.6 Differential void-size distributions of (a) Film 1 and (b) Film 2 with different bulk
densities after compression. Bulk densities of films were, 1.5 g cm (black, solid), 2.0 g cm?®
(green, dashed), 2.3 g cm° for (a) or 2.4 g cm* for (b) (red, dotted), and 2.7 g cm * (blue, bold),

respectively.

44. HBREBT BRREFMEAE

iR B ORER % Fig. 4.7 1077, WTFNOEBRFIEICEBN TS, HIRERH
toenet VIR FIED BT LD LR DIZHON TN L7z, 26 DFERIZONWT, 42334
THEH L@ IDREHANTEZET S, @GIDRITBWT, FDEIIBBLZE2 THY 7,
F IR S AZOW TR, EE d DIRPRL T OFEE TH D56 Sy=6/d L 723 Z
EWTED M, 22D T, (411)EKAND wPR2S(hi—ha)/(ycosTEILTH U | tyenet 1L (1) (hie?)
3t LB E 2R3 & TSNS, ERICHERREZH e vy L7 b D% Fig. 48 12
AT, BTOFERFMHITENT, (-e)/(he)D RO R (AT EE 2.7gem3) ZFRW

7o 3 RIS @D EMEEZ R Lz, 20X 912, 7V EERFERITIRS —Z L, M
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EICHEEE LT T VO ZYEDR RSN T, BT EEN 2.7 g em™ OFE R EIRH
AT RN DWW TIIARBRBIC TE R T 5, LI, #BMA R L7z 3 ORI
DIEE DA AV Cilkim ™ 5.

IR BIEIL, TTITIRIR ORI Tt 2 8l 0 Z3Hil3 2 FIETH 508, KO
PRI T 5, R, T AT u Ry E Vo RIRIEOERE T
Do @IS ZNHEDONRT A—=F =2 RS 2 & T, 87225 UK TR 7RIS xf
T HBNEA EREET 5 2 LN TE 5, Fig. 4.8 DFERIZOW T, freney/t X (1—€)/(hie?)
T7my hLARBLELDZ% Fig. 49 1277, WTFHLOKFBIZAWNT S, n-hexane O
T = ~OUIERI R /NS WVMEE 2R Le, 7 AR LT Z OB XX cosd &
KB OBIRIZEH 5 DT, Fig. 4.9 OFEFRND n-hexane 73 Z OE AR FIEICx L T b
EWRIWEZ RO 2 L AR STz,

I, WIRBEBIG & G OBRIC OV TERT S, Fig 48 OfERICBNT, Bk
{#1Z DMC 3 & U n-hexane & 7o & & | BRI O & H3KL 1] T 72 5 72, Film
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Fig. 4.7 Measured values of #enet for the composite films with variety of densities. Ethanol
(triangles), DMC (circles) and n-hexane (diamonds) were used as solvent. Solid and open symbols
indicate data from Film 1 and Film 2, respectively. Standard deviations of the experimental data

of #penet are shown as error bars.
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Solid and open symbols indicate data from Film 1 and Film 2, respectively. Error bars show

standard deviations for the data.
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