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A way how to flatten a thin film using inkjet method is discussed
experimentally and theoretically. Firstly the fluid dynamics in solution droplets
evaporating on a substrate are analyzed. On the present system, the solutal-derived
and thermal-derived Marangoni forces affect the fluid dynamics. They develop the flow
in the opposite direction on the free surface. The thermal-derived forces increase with
increasing the temperature of substrate. However, after evaporation is advanced in
time, the solutal-derived forces finally dominates the fluid dynamics.

The reason why binary solvent often forms a flat thin film has been thought to
be that the fluid flow in the droplet can be controlled by the difference between the
surface tensions of the solvents. However, the film configuration is not correlated to the
fluid flow expected from the difference between the surface tension of the solvents,
because the solutal-derived forces are larger than solvent-derived one.

Consequently, the film shape is influenced by self-pinning position, which can
be controlled by viscosity, contact angle and evaporation rate. The Marangoni forces
are used to control delicate flatness. According to this result, a new method is proposed
to form flat thin films.



(BEHHAL - 1)

[ERe S Rk & i
201 0FE 5, 200, 000 1, 560, 000 6, 760, 000
201 14E 7, 400, 000 2, 200, 000 9, 600, 000
201 24€E 1, 900, 000 570, 000 2, 470, 000
AP BE
G
i Er 14, 500, 000 4, 330, 000 18, 830, 000

WFFES R« T2

FHE D53 FL - A E AL TN - BENRAE - HALERIE
F—U— N BT, R TR, BEBLE, BRI

1. WFFERAE SO 5

BTN ARED R E > TV H K
FiEE, REOERE X O 2L —HER
DTaEATHY, MEFEOBREE - =31
X —EDOMR DO DIH, BER - AT F
XK o 2ADOEBNRANNT
Wb, ZORBTa v 206 ERME LT,
A7y NERDD.
A7V xy MELEDETFT A AH
TR 1 OFFERME IBOICHFZE S LT E 223,
—E DR OREIZ LRI ST, K s
SNHEWEL T4 AT L—, AN T Y

A —, FERECARR~DORIEIZITE > TR0,

FORETZEAE, HEEFHEA T 2 B
ESLENTWVRWNWZ ETHBD.

2. WEoHBY
AWFZEOBHNL, A7 =y MREEC
BWTARAIR E SN DEEHECD ik

AICESWTIRET L L THD.

3. WD HIE

O EFEORE, RmikI172 EOERIERT A
— & LEIEIR ORR Z, Wk O
BLENOHLNTT S,

@ FEBR=EL LV TEHPBIIER TE 508,
FRE T 0 A TR ELENR . 22
T, Hl# SN2 S M T OHEIER & 2
BT B0, ~T A=A KR
[RICTEDNT HIEZRET D.

@ HBIERTA—2OEBIIEALTHLN
782 DIFHRNS a2 ke LT
AR A AR S B R ERRT D
DOFEERET H.

4. WFFERE

(1) 2R Eofdh S 2 —
FIHEFERRIC LD, RFENEOE) & —
IR VISR T XD, MRS 1 o E I

2OBAETDHI ERERINTZ. 2 ODNE)
B — NI T D PR A BB AR AT TR S
M LT, F7, ZOWMEY — 3EE iR
EEZERKDO~T A= Ma, =23 MK
Se, BROEMAIKAFT D, v T T2
DOBE Ma, 1%, Se=10"12FBVWNT Ma,, ~ 100 (B2
filif430°), Ma,, ~ 107 (BEfAT70°) TH B.
A7y MEFEORMEIX, Ma=107~107
THHDOT, WiNNZ—r L HICBESnD ]
RS D, £, 17V =y MEREO L
AV =% R=10"~10' TH Y, ZOHPET
PEFE LR ILIREN /S — AT L 220,

(a) )
X 1 %2R BT DmEN N —

(2) IR RICB T D EN 2 —
FEWIRE 2R BT L 72846, X
1(a) EIZH F OB % — RNl sh
7o R DE TR IR A R 2 1R
9. MO — XL T B D RN
TWAZ EaRT. £, Blho 1% (K
W) / (PR AR TR ol %
R EHRENREWVIEETREIIREL D,
FDO—FT, YMIIEERE (G,) Ofmne &
BISHEE I T 5. L, FEBRERE
VNECIREEY T I BNHKEIIC R D,
WHIMICER T IREE~Y T T=D%FE
HMEHTERNZ L ERLTNA.



C"\\o\“*
0] 9‘“~9_
10er 8 —5 7
a-n T ‘QB;-Q
—1_43 N ~
0 e N e
I RN
=107 = Ay
C —
T ----30°C
10°F | o|0.03 ——40°C
2(0.08
1 0.5 0
—VINg [-]

B 2 R L oD IR LT K F A
R E & TR D2 7B

F 7o, BHMEZITIETENIC K X 2B EZEN
HETLBOT, BEE<T L I=RNXERNTH
D0, WHIRESANEET DI LT=N->T
REET UV A=DIENRKREL 8D, 2D
WA 72 2 B 8 1R, IR T NI,
FRIEH E IR E AR I RAE N N D D T,
BEXE<T T2 ->T2ODFFEERKEN
FALTND.

007 313

2x10°3 m/s
—>

(b) (b)
X 3 Wi ARFEDSHIHATE D 80%IT 72 -
TERE R OFERR (0 - BESAN,
By RS EER T L) )
MW EE=25"C, FIHAEEHIRE=40"C,
Pt =30°

— AT A B U 7o iR O BRI R R L
7-#%ICETEESND (self-pinning). AFZEAL
TBOWZEN S, Z D self-pinning OfIE
NHEREERICKE B L2 LIET.
self-pinning [FHEMFRAE OEEIRED &
HiEEEz D EAELD. £ T, HEBOE
BIREORIEE{LEZRDIZEREZR 4 (IR
T EBEE AR EARFEEE IR E VO
T, EERA self-pinning E TOHIBIEEE
AT D EEXLNNHEN, ZORERIT
WERELANEMNEE LML TN
TLEERLTVD. ZHUFREE~T 2=
SO ETHD.

(11073
20

Ceon [kg/kg]

-
o
T

1 08 06 04
VIV, [-]
4 PRI O VR I FE DR EARIZ )
B IRLEE o B

Pl X iz, BHEENEWGEEIZBY
THREE~Y T A =DRENBLN D ATHE
PERSH Y, EEFR ORI ITEE L2 TN
X7 5780,

(3) 2 BTN X 2 B AR il 48

FT, 2 RVEEIZ BT 2 BEHR OBFSE T,
LD /N SV E IR AL & T
Wb, ZOL D 7Bl I AT RSN
RIZk-oTELDZ MRS NTEY, B
WMOERERENSLT L~ T T =5 iiD
FhHERTHOTILR.

S M DI DOM AT THRIEFER 21T\,
BT R B AFE B IR 3 KX ONR IR A b
OB KHEOLM TR L7z, 97,
—IRBE GBI O N VR T, 2K
O VA CUIAR B AR B O IR A bE O i W RE IR
TYHBERER T A2 ERbhroT-. KiEE
R OW TR ORI RS, KR, B,
FRIEHE L FEETIR O BIR 2 i L7 s 5,
WL ONDOIEBETI, BERRDSRIR DR 3
L O A & RAF72ABARRICH D, Z 08
Hix~ 7 v T =i O NEB TR E 2> & 7
BHCTX 5.

FNUNDBWHOMET TIEI~T v d=
KOG N THETE 5D T, DD
OWEBREN O R ZIT o 72, T ORER, K
NI R E RIGRIENEL TRY, 0
FINIRERED LR & &b, WRERESE
R HIRERE A TR A~EITT D, T72b
B, BEROWF IR ORI IE S 2D AT
HEH L TIEEROBBENRAAR SN TE N,
WHEBEEECL AT A= bEET
RETHD.

BESEHALIC~ 7 > 2 =3O B 528 T4
SIND 2RI ONT, F, R AR
BEDIRA LE DS i W IR CFEHBE AT R T 5
JEUIK % 2838 E OFHE N LR L 72, RIS,
BEDNAL S BHEE 70 S 1E, TRIGIRE I K



H~TryA=xioimEBEBRST RS
N, WEHREAEIRE THLZ EEBETL
SHED T ENTHEIE L TV e, fEfe LT,
LAV IC BT 5 D1E, ~T v T =X o
FHIEFEZTTiEe <, B 81T T & ) IC kiR
fHEORBBLOEMEIBLELG L TWnWD 2
R EBRIICHALMNT L.

(4) 2 RRAYERIEE 2 FA O 72 O ETR R 48
SR O B3I, ~ 7 T =5t s
ENT 72D 2 B3 5 FIET
H5H. LnrL, EdRokyic~T =%
OREPIE L < BAE STV R0 AT EEME 23
m<, TAIVTIREERICE SV T cE 7
AN

F T, BEFHET O DIEMITERT S
0, WROWMEEEZSIET 5 L2k,
HEDIER IS LT, F DRk D 1 il %
K 5128, BFFEAERE O L TIE, &N
self-pinning 3 2L & % O KRFOIE KL E
DRI K& BT L. RFEIETIE,
self-pinning OV EZHIE L TW5E. £72,
JETEARICIZ R E 2 9 RV N H Y 527
JETIEZ2 0D, ZAUTIRIR ORI S 5 0
E~ T v IO ETHEDL LD LEE
ZTCWA5.

150

100
€
c

~ M
50,
0 ko e Yo
0 25 50 75 100

X [um]
X 5 BFFFREFROFIBEICIVIBRESE
7= SRR AT VO R

(5) BEFEZIR T IR

PEFRAT I TV D IR O T 5 11T,
R BRI 2 E L CIRIEN AL O JE 7
FENOHERE T HET L, ERKMERN 2K
ELCIEEDORE DA 2 THT 2 FIEICK
BITE, WTNOHES ® 5 EEEREREE
FHLTWAS., L, EELE PHEINLH
BUARE A NTEY, N OEMERN
EREE, HHEFBROIGIINT A BB LT
EFOUFTRY TS0, F 2T, BEESIC
BT 5 KR HRR, FOERLIICTE AR
DAREZ W2 WET VAR L, EERIR
DY EAT T2, WS ERENIEKT D £
TOFHEFEZR 6 (2 7. K 6(c)IZBWNT
U TORENTRIENTEY, EERFERL
EMERIC—F LT,

0.4

N .2

0

-1 -0.5

o

(a) VIVo=0.992

N .2

0 -1 -0.5 . 1

(b) VIVo=0.529

()
X

5.
(B
Eay

(i
)

®

1 0.5 0 0.5 1
R
VI Vo= 0.040
6 EIETE D B O TR D T

F 73 K am

TeARFRHE . I M ONEHERF 7 3 1C

)

seam ) GE 6 14)

M. KANEDA, Y. TAKAO, J. FUKAI,
“Thermal and Solutal Effects on

Convection Inside a Polymer Solution

Droplet on a Substrate,”

International Journal of Heat and Mass

Transfer,” #&#if, Vol.53

pp. 4448-4457, 2010,

http://dx. doi. org/10. 1016/ j. i jheatma

sstransfer. 2010. 06. 049

K. MIYAMOTO, M. KANEDA and J. FUKAI,

“Specific Behaviors of Polymer
Solution Droplets on Surfaces Due to
Solutal Marangoni Effect,” Journal of
Chemical Engineering of Japan, &t A,
Vol. 43, No.7, pp.618-622, 2010,
http://dx. doi. org/10. 1252/ jcej. 43. 61
8

S. YASUMATSU, K. NAKASO, J.

FUKAI, ” Marangoni Flows in Polymer
Soution Droplets Drying on Heating
Surfaces” , Journal of Chemical
Engineering of Japan, Z&Fef, Vol. 45,
No. 2, pp. 128-135, 2012,
http://dx. doi. org/10. 1252/ jcej. 11wel
24



http://dx.doi.org/10.1016/j.ijheatmasstransfer.2010.06.049
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2010.06.049
http://dx.doi.org/10.1252/jcej.43.618
http://dx.doi.org/10.1252/jcej.43.618
http://dx.doi.org/10.1252/jcej.11we124
http://dx.doi.org/10.1252/jcej.11we124

@

(=

)

)

2RF) (G

S. YASUMATSU, H. ISHIZUKA, K. NAKASO,
P. 0. BABATUNDE, J. FUKAI,

“Self-Organization of Polymer Films
Using Single and Mixed Solvents on
Chemically Patterned
Journal of Chemical Engineering of
Japan, & #t A , Vol.45, No.4,
pp265-271, 2012,
http://dx. doi. org/10. 1252/ jcej. 11we
183

Surfaces, ”

P. 0. BABATUNDE, N. NANRI, K. ONTSUKA,
K. NAKASO, J. FUKAI, “Factors
Dominating Polymer Film Morphology
Formed from Droplets Using Mixed
Solvents,” Journal of Chemical
Engineering of Japan, & @ef, Vol.45,
No. 8, pp.622-629, 2012,
http://dx. doi. org/10. 1252/ jcej. 12we0
85

P. 0. BABATUNDE, W. J. HONG, K. NAKASO,
J. FUKAI, “Effect of Solute— and
Solvent—Derived Marangoni Flows on the
Shape of Polymer Films Formed from
Drying Droplets,” AIChE Journal, ZHe
£, Vol. 59, No. 3, pp.699-702, 2013,
DOT: 10.1002/aic. 14031

1 31)

S. YASUMATSU, N. NANRI, Y. YOSHITAKE,
K. NAKASO, J. FUKAI, ” Internal Flows
in Microscopic Polymer Solution
Droplets Evaporating on Flat
Surfaces,” International Heat
Transfer Conference (IHTC), August
2010, Washington. DC, USA

N. NANRI, S. YASUMATSU, K. NAKASO, J.
FUKAI, “Marangoni and Rayleigh
Effects on Fluid Dynamics in Polymer
Solution Droplets Evaporating on Flat
Surfaces,” 13th Asia Pacific
Confederation of Chemical Engineering
Congress, 10605, October 2010, Taipei,
Taiwan

B. P. OLUWATOSIN, K. NAKASO, J. FUKAI,
“Formation of Thin Polymer Film from
Droplet on Circular Patterned
Surfaces: Effect of Surface Tension
and Viscosity on Film Configuration” ,
6th International Symposium on Novel
Carbon Resource Sciences, November,

2010, Fukuoka, JAPAN

@

S. YASUMATSU, N. NANRI, K. NAKASO, J.
FUKAI, “Free Convection in
Microscopic Polymer Solution
Droplets,” International Workshop on
Process Intensification 2010, pp.
50-51, December 2010, Fukuoka, Japan

B, A 7Py FRBEEICBIT S
RN OBENBIS:, b5 TFRE 43
[EFkFE £, 2011.09.16.

FAHEINE, R, TEE—, B,
2 RS TR O 2R 38 H E DR R AL F T
P2 B4 3RIMKFERS, 2011.09.16

PEAHEG —, s —, I, R,
R —, BBV IR 0O PN i & JEE
TERRIZ B3 D058, (b LR 4 31
FZE K2, 2011.09.15.

WIEME T, T, MEDhE, PEE
—, I, RN O B SRR K
T EBRREORE, b LFs 543
mIRkZE K4, 2011.09.14.

JRE #if, B, B, T,
R HR BICERR L&y AR EL
IR & VeI O BfR fL S T %5
85 44 [RIFKZFE RS, 2012.09.20.

IR —H, R T, e i, B
i, &5 TR T O 7= 0 OEE >
Ral—vay, [LFETLFEEE 44 A
Z K%, 2012.09.19

K. KUBO, J.-H. WANG, K. NAKASO, J.
FUKAI, “Polymer Film Configuration
Formed from Polymer Solution Droplet” ,
4th Kyushu University—Yeungnam
University Joiny Symposium on Chemical
Engineering, October, 2012, fukuoka,
Japan

J. FUKAI, K. KUBO, J.-H. WANG, K.
NAKASO, “Numerical Simulation of
Drying Process of Polymer Solution
Inkjet-Droplets for Predicting Film
Configuration,” 2012 AIChE Annual
Meeting, October, 2012, Pittsburgh,
U.S. A

R T, FEThE, PEE -, B
W, FE BT Dm0 112500 A it
RN OB ENBL G, (b Tes
HT8MFESS, 2013.03.17.

(P2 PERE)


http://dx.doi.org/10.1252/jcej.11we183
http://dx.doi.org/10.1252/jcej.11we183
http://dx.doi.org/10.1252/jcej.12we085
http://dx.doi.org/10.1252/jcej.12we085
doi:10.1002/aic.14031

Ok Gt 144)

LW AEEEIRE AR LY v 7 HlL
AHCEHERE A B, Nz, F
T A A R O O BLE J51k

O KRR, JREME LR, TR
M, ZETHER

MR« IRk

FHEE - AR

&5 ¢ KEFE 2013-058581

HEEAEH H : 20134E3 H 21 H
ENADF] : EN

6. AFFERERR

(D) W iERE

wH M (FUKAT JUN)

JUMN KR « TR ERE - %
HFgeE &5« 20189905

(2) EEEMF TR

FhEg 35— (NAKASO KOUICHI)
JUNKE: - T20F7ERE - Bh#
7% 5 40363379



