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SIZE-DEPENDENCE OF SHEAR MODULUS OF A DRYING PARTICULATE
FILM FABRICATED BY CONTROLLED VERTICAL DRYING DEPOSITIONY
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Abstract In our previous work, we reported that the initial crack spacing depends on the colloidal particle
size. However, crack patterns must be related to the mechanical properties of the drying films, which has not
been sufficiently explored. The fracture theories for drying colloidal films and the crystal fracture theory are
used in this paper to study of a drying film formed by the controlled vertically drying deposition. We found
that the shear modulus also depends on colloidal particle size. Further more, comparing our results with the
variation of the dry particulate film’s shear modulus, a remarkable discrepancy is found for this size-dependant
behavior while the particle radius decreases. This remarkable discrepancy shows that the mechanical behaviors

of drying particulate films are determined not only by the structure of the solid part but also by the liquid part.

Key words drying film, controlled vertical drying deposition, shear modulus, size-dependence

UTEREE R, b F AR 4 — R T DUA SOt &k
BEBENOFBEAESAREETYRERNMH
FROYEKE. BHIIBE Y BRHEXRTREH
BRERFE HWEOMBRERETE, AdsH
T, RREREK. R, BB ARIBEFERK
BIRRBEBRBE (RO AT X — ISR .
HEl, SEEFREAARMBRORESIER. HH
PLEBE B 3 A M RE BT SR 1R

Y LR IR 5T TAE (2] oy Ok E T B B

2011-05-19 W 1 #, 2011-12-20 KA HE.

RN T RSB MBERE QW) BREEw: Xt
T A1 ()5 B B R B 4R R, B4 1) B B 0B b
BREWEATHEAD. AXAX—KBERBRKR, TR
TEAVIHTFRERNREONBERIE. &
REAELFMTREBPOIVREBFRFERANE
BRE R FIE, BRATEHS5BORRE4AHH 8]
DI B R R PE BT LB, LUK = X ke
P R B B B 2 R U

1) BREAERMBITRRI Y (2011CB710901) Frb BRI FEAH TR (KICX2-YW-L08) %I H.
2) EEA, BIRA, TENEREHFEFAMEMNYE. AMRELEHEEZRDMEMBPR. E-mail: yurenwang@imech.ac.cn



28 hoo® 5

£ B 2012 4E 5 34 %

1 EENRTHREEDGE RGN Z KRB

FERTHIR BT ) o, A B R T
AFEBAR AR ER P E 245124 170 nm, 220 nm,
300 nm, 360 nm 1 430 nm) 7F 20 333 B2 B AR I FI 14
My KARFEPR PS KEAEBHBLUHRL
B P T B B R R AR AR, 29 4] B B A e
BN XM (E1).

X-HRGUERGRETREROHRE R
HFFAE. 1 Komatsu F Sasal®! 1A 4 24 48] ¥E 5 3%
HRBAET K, Lee fil Routhl A% B LAl BE 5 p Bk
BASE) 1/5 KA MIELRR. ATH 28 T HBEN &
WA AL, WEAERRAR, MU EWN, WEEN
CRPFESRER SR, HEMBEEERY —, 4
MR AL, X8 i A 4E {48 Lee il Routh Kj5LE
KR ME ) RE TR ERL R,

1072 "
o XM [2] XBER
+ R (4] FRER
10~ * ot
§ 10—¢
x
' 10— ©o [oFs]
—6 .
10 10-8 10-" 10-¢
BERERE /m

B 1 S B R A 1 A
34y

XHR (2] PEMEKEREBEUIEREN G = 7
At . A Tirumkudulu F1 Russel W38 i4
(T-R #i8)0) R Wr R 58 ) B T 3 o e B pd
bR, NS R AR T X
—REHRIZRBLR. R, XTHENHERNR
WHARERBINVERSNBNKERR. —
MR BT VR SN R NIKFERREERXRN
BAB RTRERENROYHEBRFERECEERE.

2 EENRTREBRGVEBOR SRS

AT, M= EREREATBN INES
HAR2WHRIEFEEHKNER. Ba, BYEE
B 12 1 AR A0 BT A 06 SR OB T IR S M BB b R
HIZE 4L AL AR,

Tirumkudulu Fl Russel F|H Griffith B i8I
TR B RN RN S o0 5

BUIRE G(R), RAMEE 2W, MBEEE h, KX
BT Ywa, BIFHGE S H & LURMEH TH M F
x, BITR

G R) 1/3
= C e W
H
4Ywa %M@ ’
G = 1 k&
-3h(z - 3)
T _ .2
kW /2h
cosh? (kW /2h)

RN e, o) FIGR) ¥k kAL,
H, GO R — T BB o Ek
3.

WINPT S, R EE MR R £ T
FEETH S, AR . TS, A
P 7. 7RIS B P LB AR 4 b
BRAExt R, 2 % 10 40 16 7 o7 LUB 4
WAL RIS F; TS, BEAT AR ARIE R
O e BACER I A M 7, AT B3 D A R
R P BCER AL 5 FRBE  TT P O7. 7 00 2 8 S X A1
PRGOS, HTT O, pe I % SRR
WA, BT R ARE S, SR [7] R
TR 20 BERE K ot AR TR S, e
HEATF BT ERAMES. Bk, HEes
KRR E AT A ). FIRE, BN
B 0 A, RN R T A B R A (B
F.ETF. 4T AMEAT WETFE, e
TAALR) R TIFE B. hT B E TR B 1
T J L7 TR 0 3R (0L 45 40), 0 R
T AL L kR A 7, AT DUR T
T T T B

B EUTRE F AL R T & M R
HEHE (1), TSRESLEE. B, RIE
BB R (110) 58 A TR — T, %
HBiH % o0 B, HAEHE BB PLASTERE A 64/ 300 R2dr
FIRE, ETEHAE 0 BOREIL & 7 IR, B
ﬁf%ﬁﬁ%wa%%gg%myﬁ¢,r%ﬁ%ﬁ
&wwﬁ&Wﬁ@E,ggwm¢@Mﬁ¢ﬁﬁ@
BITE AR B S, Zo i HAAR T e P BER 8 BB
=.



21 M

¥ B%: FERRTREENITREN KBTI 29

MR, MEAEHRERIERNSRY

B R R RS A T8, B, Na=Ent, F

V2 oU

= 8R2 9z, (2)

FECHR (8] #, Xie TN T A HEREMELRE
B THHREERS f, HERA

ou A ( a2)

37, 1222\t 7, ®

He, A Hamaker HH, o AXE/NERIEMY
7.
Eckersley #1 Rudin® M T A BHEEX 4 THH
A B A BRI SAOER 1 Bk e A2
a’ = 0.191R? (4)

BT (3) M (4) RATTH (2) THRE MR
B 3 A

0o

(4]

vV2A,1 0191
~ 9622 (7 + Z ) (5)
He, A% Hamaker ¥, Z, HH 448 PS &R
P TN Y-

i b, BTSN . RERBEREY
B, RAERBABEERBRERTHAEFN, HE
LB A EETHEHBKBN . T —BK
THER, HETHWNBNSNE/NTEISEYN
H L EEERT, ATANEERE BN Y oxs F
%?ﬂ}ﬁ%ﬂfﬁﬁ Cap, Bp Oxw = COmp, ﬁ*%\& c
ARNEER G (B REEEE, Mg, M3y
&) MR EEEHNEEE K. ERMHTEH,
ARPACHBRGARTAHFE, BALEHHEL, B
T RAR AR R AR LR N 1 5 BB N 7 1Y
HAE c HF. mRKHE (3) BMMKBNT o £
AR RN 1, LR = 110nm BTN H
o1(R =110nm) A &% i, A LR Fal L
kA

o(R) = coo(R) =
01(110nm
a(l)EHOnm; oo(R) (6)

W (5) 1 (6) FRAFR (1) 1, HLEBNUL,

RARZLIFHHXSE, F
f(W) 2
G =20{ =}

(% + 71.625)3 x 10~ (7)

- G(R)

- R
K, G= G—(M’R: 7 (Ro = 110nm).

1 BRHHPHRYE
4/300] M0 Zg/nmli2] &
1.0x10-20 6 0.4x10~° 0.74
wa/(N-m~')  h/um kl5]
0.073 6.3 0.699

B2A%8 (7) BHOTREBR ISR SN
BERR. BRI UISER BN AT A

2.0 —
1.8 < HR(T)

I 1.6 — R (3) j
w14 | AR ° -
212 e
810 e

ﬁ 0.8 g

R 06

0.4t
0.2
= 2 N
0 0.5 1.0 1.5 2.0
ERALBHY (1/R)

B2 FTREBRCEAWIRESNERKRXER

EE—, HRPT R B AR S S B0
REERF EMLE, BT % PEREZ | 7T A8
FEEXEMALENEZR. Kendalll’d, Thornton(!4,
Adams!'®! HiM T BN R EANE IKEE B E%
ki, WUHE G NEXTHKER, BN, Bk
REAMERN ISR G TUFEAN

G* = 0.578R™/3 (8)

. G(B)
R G = e ionm)

ME 2 ATCLE B, FS0RSR 524k 1 8T U1 AR B Bl
REBARTREAD. HELYNEHEANN, XS5TR%
BB IHBEMNREBREEEE - EHER. XX
B % B ) BY D AR B AN OO0 ey e B A 3 40 0
HBARSHEHATER. FERBRDNZER
K, XTRERH THENRE M/, BHFEHS
Y & 8 1 58 5 R 1K

A _ G'(R) r_ B

R 2] PR T EAL

., 0733
G =2
R



30 2

%

B 2012 £ ¥ M %

FE(9) F, TEMBUIEESREHERNZ R
BRI L, T 72 (7) UM & 70 B 4 By YR LR UL
FTESBRAEMBRBRK —1/3 KT REWL. X—RitE
ARETHUEBMNRRRES, RE—EK
FSCHE, {EMER T B R R

3 & it

ACNOCHR [2] FHRERELRERER, 58 T-
R B0 R T 2 B 08, $1X)  E UTR T 4R MR ) BY
VIR ST T H—PER. RARAEEI
BT REBE YIS R RS R AN BRI R E.
Eit—, @ SFNREGHRIRENRE
BN LR, RINEM - HEEBRANER, X
B 458 YL EE £ B D) B N A ey L AR T 4 L E,
FCBARER S B B A N AT B

2 £ X W

1 Jiang P, Bertone JF, Hwang KS, et al. Single-crystal
colloidal multilayers of controlled thicknes. Chem Mater,
1999, 11(8): 2132-2140

2 Cao H, Lan D, Wang YR, et al. Fracture of colloidal single-
crystal films fabricated by controlled vertical drying depo-
sition. Phys Rev E, 2010, 82: 031602-031607

3 Komatsu TS, Sasa SI. Pattern selection of cracks in di-
rectionally drying fracture. J Appl Phys, 1997, 36(1A):
391-395

10

11

12

13

14

15

Lee WP, Routh AF. Why do drying films crack? Langmuir,
2004, 20: 9885-9888

Tirumkudulu MS, Russel WB. Cracking in drying latex
films. Langmuir, 2005, 21: 4938-4948

TR, HERER. £ 1M dbx: BleEdmat, 2003,
320-360

Toussaint A, De Wilde M. A comprehensive model of sin-
tering and coalescence of unpigmented latexes. Prog Org
Coat, 1997, 30: 113-126

Xie HY. The role of interparticle forces in the fluidization
of fine particles. Powder Technol, 1997, 94: 99-108
Eckersley ST, Rudin A. Mechanism of film formation from
polymer latexes. J Coatings Technol, 1990, 62: 89-100
Israelachvili J. Intermolecular and Surface Forces. Amster-
dam: Academic Press, 1991

Donev A, Cisse I, Sachs D, et al. Improving the density
of jammed disordered packings using ellipsoids. Science,
2004, 303: 990-993

Krupp H. Particle adhesion — theorb and experiment. Col-
loid Interface Sci, 1967, 1: 111-239

Kendall K, Alford NM, Birchall JD. Elasticity of particle
assemblies as a measure of the surface energy of solids. Proc
R Soc A, 1987, 412: 269-283

Thornton C. On the relationship between the modulus of
particulate media and the surface energy of the constituent
particles. Joﬁrnal of Physics D: Applied Physics, 1993, 26:
1587-1592

Adams MJ, McKeown R, Whall A. A micromechanical
model for the confined uni-axial compression of an assem-
bly of elastically deforming spherical particles. Journal of
Physics D: Applied Physics, 1997, 30: 912-920

(FEsH. NFE)

(L% 38 W)

B A, ADNRBEE S 7B 6E 7 2 B R B A
T K. PNRAERBY B m RN, &4t d 5
WERMBROARN. 2AXHHEFAEN, B
ANB T FERE T W R B A5 M B Bim AR T A M E
W, BB R T R B BRR e SR R
MR EREZSRBHIEEARTLUAREY. B,
R ANRE, SN, ERAEERNNE S, &
B R RO E W R B, DR
BEHEMEE ), ERFHIEL K EEMERH
P, BAasgNREHEA SR KA.

N

w

6

2 % X K
AR CHBMARE. LR BETA MBI, 2009

Gervois. Aerodynamic and structural behaviour of a wing
equipped with a winglet at cruise. AIAA-2006-1489, 1-10

W, RATCHEHDIROBTR. BRA OISR,

2003, 4: 13-16 (Dang Tiehong. Study on thewinglet de-
sign of civil airplane. Civil Airplane Design and Research,
2003, 4: 13-16(in Chinese))

SEYH ZHRNABETEBRBETENN. ST -REESS
BELRER LTS Sovdi,  2009. 5, 435-440

Lin CS. An experimental study of wing tips for wing per-
formance improvement. AIAA-96-2413,307-308

BN %, ERORMNAKRSENER SN BHEEES
ML RER S, 2007.5, 126

CXTT AL S )



