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Capillary filling of nematic liquid crystals
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We studied the orientation of nematic liquid crystals when they were being filled into cells by capillary
action. We found that, in the flow front, the liquid crystal was always aligned along the flow direction. Far
behind the flow front, the orientation of the liquid crystal depended on the anchoring direction of the alignment
layers and the direction and speed of the flow. In cells with the anchoring direction parallel to the flow
direction, the liquid crystal always oriented along the flow direction. In cells with the anchoring direction
perpendicular to the flow direction, at low flow speed gradients, the liquid crystal orientated uniformly along
the anchoring direction; at high flow speed gradients, the liquid crystal in bulk was tilted to the flow direction.
The experimentally observed critical flow speed gradient was in agreement with the theoretical prediction.
[S1063-651%98)02608-1

PACS numbgs): 42.70.Df, 61.30-v, 64.70.Md

INTRODUCTION cell has an alignment layer on the inner surface of the two

o ) ) _ plates. The geometry of the flow of the liquid crystal and the

Liquid crystal displays, such as the twisted nematic diSgxes of the coordinate are shown in Fig. 1. On the surface of
play and the ferroelectric liquid crystal display, usually haveyhe cell the liquid crystal is anchored either along the

alignment layers coated on their inner surfatsls At static direction or along the direction by the alignment layer. The
tsr'gate,l_llqwd cr)l/stals orlerrl]t aflotr;g th_e a”Cf*}F)“'?g dlrectllog_ %% motion of the liquid crystal in the flow front is very compli-
e alignment layers. In the fabrication of liquid crystal dis- .0 “Here we consider the motion of the liquid crystal far
plays, liquid crystals are filled into the display cells by Cap- |- 1ind the flow front. Th locity of the liquid alis |
illary action or forced into the cells by pressure. In the filling €hind the Tlow front. The velocily of the Tiquid crystalis in
process, the orientation of the liquid crystal is determined b)}he y dlr_ectlon and its value erends_ only enwhich is
its velocity, viscosity coefficients, and the alignment layers.PerPendicular to the plates. It is described by
In some circumstances, the liquid crystal is not uniformly
aligned along the anchoring direction of the alignment layer,
and exerts a torque on the molecules of the alignment layer
and may damage the alignment layer. It is important to unif the orientation of the liquid crystal is uniform, then for a
derstand the orientation of liquid crystals when they are besteady flow, the equation of motighavier-Stokes equation

V=[0u(z),0]. (1)

ing filled into display cells. is
The orientation of liquid crystals in motion is very inter-
esting and complicated because of the coupling between the 2u 1
liquid crystal director and the velocity fiel®,3]. A flow of —=—VP, 2
a nematic liquid crystal sometimes causes it to reorient in " 7

order to reduce the entropy productigh5]. A reorientation

of the liquid crystal sometimes causes it to fleemlled back- whereVP is the pressure gradient angis the translational

flow) [6]. viscosity coefficient, which is dependent on the orientation
There are many works done on the hydrodynamics obf the liquid crystal2]. When the liquid crystal is along the

nematic liquid crystals. Most of them were performed iny direction at anyz plane, the viscosity coefficient ig,;

thick cells (? 100,um) and under external fields. We studied when the ||qu|d Crysta| is a|0ng the direction at anyz

the flow alignment of nematic liquid crystals when they were

being filled into thin cells £50 um) by capillary action as

in fabrication of liquid crystal displays. We organize this : /

paper in the fo!lowing way. First! we present our.theor(.atical o (% C% SN %Ji

s_tgdy on the alignment of nematic liquid crysta}ls in capillary ilrc;gglco Wé):' ﬂor air

filling. Then we report the results of our experimental study. | ax PP P /|/
THEORETICAL STUDY z

A
Flow speed in capillary filling
We consider the flow of a nematic liquid crystal in a
rectangular cell consisting of two long parallel plates. The <

I

X

* Author to whom correspondence should be addressed. Electronic FIG. 1. Schematic diagram of the flow and orientation of the
address: dyang@kentvm.kent.edu liquid crystal in the capillary filling.
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plane, the viscosity coefficient ig; (which is larger than The flow of the liquid crystal produces a torque on the liquid
77,). If the pressure gradient is a constant, the solution of Eqcrystal, which depends on the symmetric part of the velocity

(2) is found to be parabolic: gradient tensoA whose nonzero components are
_ 2
_E(d__ZZ) (3) 1dulet
7y \ 4 Ayz=Rzy=75 5= (10)
The flow speed at the middle layez<0) is There is another viscosity torque due to the rotation of the
—_VPd2 liquid crystal. It depends on the net rotation velocity, which
V= ) (4) is given by
87
. . dni
The averaged speed is N= a—ﬁr. (11
dr2 _
T f—d/szZ: i dz:E V. (5) @ isthe angular velocity of the liquid crystal when the liquid
d 129 3 crystal rotates as a whole. It is related to the antisymmetric
The front of the liquid crystal flow moves at the averagedpart of the velocity gradient tensor and is given by
speed. In capillary filling, the front of the liquid crystal is 6=%V><\7=(—A,0,0). (12

curved because of the surface tension between the liquid
crystal and the alignment layer on the plates. The curvedhe total viscous torque is given by
surface at the front creates the pressure gradient throughout
the liquid crystal[7]. The pressure gradient is found to be fviS: — y AX N— Yo X (,K. A)=AX(— 71[\1_ sz' f),
13
vP= —2(Ysy— Ys1) ® 13
- Id ' where y; and y, are the rotational viscosity coefficients.
There is an elastic toqulée|adue to the elastic distortion of

wherel is the length of the liquid crystal inside the cells,  the liquid crystal, which is given by
is the surface tension between the alignment layer and the

air, and vy, is the surface tension between the alignment fela:ﬁx h, (14)
layer and the liquid crystal. The speed of the liquid crystal
flow front is whereh is the molecular field. The elastic torque is derived
from the elastic energy density. In the case we are consider-
= (Ys0 = ¥s1) d ) ing, the director is dependent only anand the components
67l ' of the molecular field are given by

Ay=17ys,— ¥s Can be measured by the capillary rise method. of d of of 9 of

For a ver_t|cal cy!mo!rlcal capillary tub_e with the b_ottom of hi=— (9_n,+$ (9—XJ W &—m+ 9z W
the tube in the liquid crystal, the height of the rise of the (15)
liquid crystal is given by

At low speeds, the inertial term is much smaller than the
_ 2(7Yso~ ¥s1) ®) viscous and elastic torques and can be neglected. The elastic
Rgo '’ and viscous torques balance each other,

whereR is the radius of the tube, is the mass density of the L oot Fyis=AX (h—y,N— 7’2;' i)=0. (16)
liquid crystal, andg is the gravity constant. .
Equation(16) means thatf{— y;N— y,A- i) is parallel tor,
Flow-induced Freedericksz transition in capillary filling that is,

The translational motion and rotational motion of the lig- =S S W »
uid crystal are coupled. When the flow speed gradient of the h=7N=7A-f=a(2)n, 17

liquid crystal is large enough, the translational motion of theyherea(z) is a constant depending an Presented iix, v,

liquid crystal will cause the liquid crystal director to rotate. 5nq7 components, the above equation becomes
In capillary filling, the liquid crystal molecules in the bulk

flow but not the molecules on the surfaces; there is a speed any

gradient that may induce an orientational transition. Some hy— 71 7=anx,
theoretical studies have been performed on this problem and

the reorientation of the liquid crystal was sometimes referred an

to as the linear instability4,5,8—11. We do the calculation hy—7 a_ty + 71An,— y,An,=any,
in a different way with the detailed derivation presented. In
the coordinate depicted in Fig. 1, the director is described by

N=[ny(2),ny(2),n,(2)]. 9

an,
h,— v, >t Y1AN, — y,An =an,.
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Eliminating a in the above equations, we obtain

any any
pSLLY, W_ Y1Nx W = nyhx_ nxhy+ (y2— v Angn,,
(18
any an

nhy—nyh,+(y,+ Yl)Anxny -
(19

z
Ying I Y1y a5

The liquid crystal directori can be expressed as a function
of the polar angled and the azimuthal anglé,

n,=sin 6(z)cos ¢(2),
ny=sin 6(z)sin ¢(2), (20
n,=cos 6(z).

The elastic energy density is

. , 30\

. L, [dp)\?
+3(K o, sir? 6+ Kz cog 6)sir? 9(5) . (2D

The molecular field can be calculated by

sf
on

St 90 Sf 9

hi:_ o0 an; 5¢ an;

(i=x,y,2). (22

Using Egs.(20), (21), and(22), Egs.(18) and(19) become

90 , 520
Y1 EZ(Kll S|r|2 0+ K33 CO§ 0) F

+(K K in@ 0 7)°
(K11~ Kgzg)sin 6 cos 57
—[2K,, sir? 6+Kz3 c0g26)]
: Ip)\? L,
Xsin 0 cos 6| — | +(yz+ y1)A sir? 0 sin ¢

—(y,—y1)A cog 6 sin ¢, (23

d 92
y1 Sin 6 &—(fz(Kzz Sir? #+Kgz cog 6)sin 6 a_z(f

+2[2K 5, i 8+K 20 9(90 ¢
[2K 2 si 33€0420)]cos § — —
— (72— v1)A cos 6 cos ¢. (24)

The boundary conditions are

e )ol3l
=7 =ole=zl-o

In the steady state}8/dt=0 andd¢/dt=0. Equationg23)
and(24) become
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_ 920
(K Sir? 8+Kgg cos 6) 7

+(K11—Ksz)sin 6 cos @

96\?
9z

. : Zah
—[2K, sir® 6+ K3 cog26)]sin 6 cos 6 7

+(y2+ y1)A SIr? 0 sin ¢—(y,— y1)

X A cog 6 sin ¢=0, (25
. P
(K, Sir? 0+Kzz cog 6)sin 6 P
+2[ 2K, Si? 6+K 26 eﬁwd’
[2K3; si 33 C0g26) |cos 97 9z
—(y>—v1)A cos @ cos ¢p=0. (26)

At the surface of the plate, if the liquid crystal is anchored
along they direction, the solutions in bulk for the above
equations arep= /2 and 6= 6y, given by

A sir? 6—(y,— y,)A co =0,
(y2+ v1)A sint —(y,— v1)A cos 6 27

Y
cos 290:—1.
Y2

0, is called the flow alignment angle. As an example, for
nematic liquid crystal 5CB,y;=81x10"3 Ns/n?, y,=
—85x 103 N s/n?, 6,=81.18°[12].

At the surface of the plate, if the liquid crystal is anchored
along thex direction, when the flow speed is low, the liquid
crystal is in the ground state and the director is uniformly
aligned along the direction; 8= 7/2 and ¢=0. When the
flow speed gradient is sufficiently high, the liquid crystal
reorients. There is a critical flow speed gradient. When the
flow speed gradient is slightly higher than the critical value,
the distortion is small. For small distortiog, is small andd
is close tow/2. We definea= 60— m/2, then « is small.
sing=¢, cos¢p=1, sinf=cosa=1, and co¥=-sina
=—a. Keeping the first-order terms, Eg&5) and (26) be-
come

e
Kll?:_('yz—i' YA, (28
&2
Kzz -z = = (72~ v1)Ae. (29
The boundary conditions are
=94 2=9)=0 30
o Z_T =« Z_E =0, ( )
—d d
o) ZZT =¢ ZZE =0. (32

In the groundundistorted state,a(z) =0, ¢(z) =0. There is
a critical flow speed gradie&,. WhenA<A., the liquid
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crystal is in the undistorted state wifh=X. WhenA=A_,
the liquid crystal is in the distorted state with nonzegoand

We have the symmetryd(—2)=d¢5(2), a1(—2)=
—ay(2) or ¢1(=2) =~ $2(2), ai1(—2)=ay(2) (which has

n,. We will show that this transition is second order andthe same critical flow speed gradigfi10]. The solution of
may be called the flow-induced Freedericksz transition beEgs.(34) and(35) is

cause of the similarity with the field-induced Freedericksz
transition. As an example, let us consider the case where the

velocity has a linear profile,

ov| 2 L
- —=<z<
d 2) 2 =9 ,
u(z) NER T (32
d 2/ =72
whereV is the flow speed at the middle layer.
2V A —d 0
— — <
g fo s
A= oV R . q (33
_ = — < —
g 0 <z 5

Let ¢=¢4(2) and 8= 0,(2) in the region—d/2<z=<0, ¢
= ¢p,(z) and 6= 0,(2) in the region Gsz=<d/2. The equa-
tions for them are

&za'l
KllF:_(YZ_I' Y1)Acb1, (34
Py
KzzFZ —(v2— v1)Aoa, (39
52a2
K117:(72+ Y1) Aob2, (36)
P,
22 =(y2— v1)Agas. (37)

The boundary conditions are

d
¢1(Z: - E) =0,

(38)
$1(2=0)= ¢(z=0),

a1(z=0)=ay(z=0),

ddq b,
7 (z=0)= rr (z=0),

(9(11

_ . aaz _
E (Z—O)— E (Z—O).

¢1(z)=B,e%"+B,e” 9+ B;cogqz) + B, sin(q2),

(39
B K22(72+71))1/2 az a2
al(Z)_<K11(72_7’1) [B.e¥*+Boe
—B3 cogq2) B, sin(q2)], (40)

whereq= ([ (v3— v3)/(K 11K ) JA3)Y. Using the boundary
conditions given in Eq(38), we obtain four independent
equations foB,, B,, B3, andB,. In order to have a non-
zero solution for them, it requires

—qd/2__ eqd/2
tan(qdi2) = —=gaz;gaan- (41

The smallest value off is found to beq.=4.7304. The
critical flow speed gradient is

2 12
w Kllez}
A=A,c=2.267— (42
2267 2
The critical speed is
7_[_2 KllKZZ 1/2
Vo=1.133—+ |——— (43
0 d | v;— 7

If the liquid crystal is 5CB and the cell thickness is pfhn,
we use the following parameters[12]: K;;=6.4
X102 N, K»p=3.0x10 2N, y,=81x10 3 Ns/n?, v,
=—-85%x10 3 Ns/n?, then the critical flow speed i¥,
=38.0um/s.

Nematic liquid crystals are anisotropic fluids and usually
have four different translational viscosity coefficients. A
flow of a nematic liquid crystal causes it to reorient. When
the liquid crystal reorients, the translational viscosity force
changes, and so does the velocity field. However, when the
flow speed gradient is slightly above the critical value, the
distortion of the liquid crystal director is small, and the ve-
locity field can be considered approximately the same as in
the undistorted state where the flow velocity profile is para-
bolic (this will be discussed more lader

1 22> d

d
U(Z):4V(4_? SVAS E (44)

The flow speed gradient is

A=3%-"4d

~lou V( z)
ik (45)

The maximum speed gradient i&/&d. We define a param-
eter measuring the flow speed gradient

-3/

_ \%
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FIG. 2. Polar and azimuthal angles of the liquid crystal director ~F!G- 3- Maximum deviations as a function of the flow speed.

as a function of the coordinateat various flow speeds.

o ) tubes and long rectangular cells. The capillary tube had a
whereV, is given by Eq.(43). In this case, the flow speed 5diusR of 0.467+0.003 mm and was coated with polyim-
gradient is not a constant but dependentzorWe numeri-  jge. For both rubbed and unrubbed polyimide, the rise of the
cally solved Eqgs(25) and(26) using the relaxation method. liquid crystal h was almost the same and was 1.10
In the calculation, we used Eg®3) and(24), and the initial +0.05 cm. The density of 5CB was 1.0065 g/ch Using
state was the undistorted state with small random quctuaEq .(8) thé difference of the surface teﬁsion between air and
tions in¢ andd. ¢ and ¢ changed according t(t +At) o\ inide and between liquid crystal and polyimide was
- ¢(t.)+(’9¢/’9t)At and o(t+At)= Q(FH(M/.M)M' re- Ay=7ys,— ¥s=hRgp/2=2.54<10"2 Jm 2. The rectangu-
spectively.g¢/ot and 9¢/ot were obtained using EG&23) lar cellsvhadsa thicknessl=49.9+0.4 um (which is much
and(24). When the steady state was reachadiot=0 and smaller than the width 5 mmIf the polyimide was rubbed

d6/9t=0. Under random fluctuations in the initial state, the ) . . NESURR )

solution for the steady state sometimes had the symmet erpendmularlﬂhat is, the rubbing direction is perpendmu-

(—2)=¢(2), 6(—2)=— 6(2) and at other times the sym- ar to the long side of the rectangular ¢ethe liquid crystal
riseh was 9.6-0.1 cm. If the polyimide was rubbed parallel

metry ¢(—2z)=—¢(2), 0(—2z)=6(z). Here we will only . X e .
discuss the solution with the symmetry @ —2)=¢(z),  (thatis, the running direction is parallel to the long side of

6(—2z)=— 6(2). The results of our numerical calculation are the rectangular cell the liquid crystal riseh was 9.5
shown in Fig. 2. The critical value ¢t is P,=1.15, whichis 0.1 cm. The surface tension difference, almost indepen-
slightly higher than that in the case of linear velocity profile. dent of the rubbing, wad y=gphd/2=2.36x10"2 Jm 2,
When P is aboveP,, the liquid crystal director is tilted Which was close to the value found using the capillary tube.
away fromx direction. The azimuthal angle is no longer zero For future calculation, we use the average valug=2.4

and the maximum deviatiog,,, occurs at the middle layer of X102 Jm 2

the cell. The polar angle becomes smaller than 90° in the In the flow speed measurement, we used rectangular cells
bottom half of the cell and larger than 90° in the top half of which were 10 cm long and 0.5 cm wide. The cell thickness
the cell; the maximum deviation,, occurs at the planes  was controlled by glass fiber spacers. The two ends of the
==*d/4. When the flow speed is very high, the azimuthalcell were open. The liquid crystal was placed at one end of
angle in the bulk becomes 90°, that is, the liquid crystalthe cell and was capillarily filled into the cell. The liquid
director becomes parallel to the flow direction; the polarcrystal flowed from one end of the cell to the other. In the
angle becomes 81.17°, which is the same as the flow aligntow speed measurement, the cells were placed on a light
ment angle defined in E¢27). The maximum deviations are jewing box with linearly polarized light. A camcorder was
plotted in Fig. 3 as a function of the flow speed gradient seq to record the capillary filling process, then the recorded
The results for linear velocity and sinusoidalefined as yah0 \yas examined. The time resolution was 30 ms deter-
u(z) =V sin(mz/d)] profiles are also shown in Fig. 3. From ;0 by the frame time of the camcorder. We studied the
the figure we can see that the velocity profile has a MINOK 5y speed of the liquid crystal in capillary filling into cells

effect on the liquid crystal configuration. with various thickness. For a 104m thick cell with parallel
rubbed polyimide, the lengthof the liquid crystal inside the
EXPERIMENT AND RESULTS cell is plotted as a function of time in Fig(&. The flow

The liquid crystal in our experiment was 5CB doped with SPeedu vs time is plotted in Fig. é). As the liquid crystal
black dichroic dye S416from Mitsui). The alignment layer Wwas filled into the cell, the length of the liquid crystal
used was polyimidgP12555 from Dupont In the surface increased and therefore the pressure gradient decreased. Thus
tension measurement, we used both cylindrical capillanthe flow speed decreased with time. The product of the flow
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0.10
—O— 49.7 micrometers
0.08 —@— 24.3 micrometers
’E\ ‘:‘50.06 ) —— 121 rlnicrometers
< (a) E —— 57 micrometers | (g)
- =0.04
-
P—
0.02
- 0.00
K 0.10 .
3 (b) —5— 10.1 micrometers
> 0.08 —a&— 49.4 micrometers
E\0 06
£ (b)
- > 0.04
N ~
H (c)
Z 0.00 : \
0 500 1000 1500 2000
0-00 T T T T T T T T T T time (q)
0 200 400 600 800 1000 1200 1400 1600 1800 2000 ’
time () FIG. 6. Product of flow speed and liquid crystal length as a

function of time.(a) Cells with perpendicular rubbed polyimidd)

FIG. 4. Flow of the 1Qum cell as a function of timegla) Liquid cells with parallel rubbed polyimide.

crystal lengthb) liquid crystal speed(c) the product of the liquid

crystal length and speed. _
The product of the flow speed and the lengtH of the

— - . liquid crystal was dependent on the cell thickness but not on
speedu and the length of the liquid crystal is plotted as a time. ul vs time of cells with different thicknesses and

Iﬁnci[tri]on rc))/f[timeEin(l;i)g]]. 40). Itis a constant as predicted by alignment layers is plotted in Fig. 6] was indeed indepen-
€ theorylsee Lq.10]. oo dent of time, except for some fluctuations caused by errors in
The flow speedu of the liquid crystal depended on the reading the recorded tape. As given by E@), ul =[(y
cell thickness and the filling time. The flow speed vs time for_y )6p]d. Ul vs the thi;:knessi is a straig’ht line Wsllf[h
sl .

cells with different thicknesses is shown in Fig. 5. The ‘=0 . o " e, — 7<)/67. We plotdl vsd in Fig. 7. For

thicker the cell was, the faster the liquid crystal flow, which Pe gIVen By ¥s, — ¥s1)/57- piotL 9. /.

is consistent with Eq(7). The flow speed also depended Onthe cells W|t3h ;:r)T?ZraIIeI rubbed polyimide, the slope was (1.8
. o _ . ; . -

the angle between the liquid crystal direction and the row‘B‘z)i%g 2+CO 3/)S>'< 1tgfz2 Ea;ﬂ;igggﬂ 3V(';SCOIS;':)¥ fr?:fzg'”esm

direction. In the cells with parallel rubbed polyimide, the ﬂ_;hﬂz—  dicul bbed bolvimide tﬁ' I 14

liquid crystal was parallel to the flow direction, the flow was V+V'0 1§)§r1p0gr; (';;;’22 rtl:1e ?rani?a);:gqr:ale'vis:o; t(;/pﬁo\(lavf?iiie(n t

faster, as shown in Fig.(B). In the cells with perpendicular = 2= (2.9+0.2)% 10°2 N S/P=29.+2 ep. Our experi-

rubbed polyimide, the liquid crystal was perpendicular to th | val | h lugs—22.9 d
flow direction, and the flow was slower, as shown in Fig.menta values are close to the valugg=22.9 cp andys
=37.5 cp given in the literaturgl 3].

5(a). - . . .
@ In order to investigate the flow-induced Freedericksz tran-
sition, we studied the transmittance of the cells with the per-
—O— 49.7 micrometers pendicular rubbed polyimide under an optical microscope.
100 |8 —@— 24.3 micrometers The incident light was a white light linearly polarized along
=z —B—  12.1 micrometers
g 5 ‘ —8— 5.7 micrometers 0.10
~ 20 - @)
>10
0.081
10™" ®
%
—%— 10.1 micrometers ~_ 0.06 s
10.1.0 —A—  49.4 micrometers 5
w A
z > i
£ Z o0.04
S L (b) v
=10
0.021
-3.0
10 - —
0 500 1000 1500 2000 0.00 : : : : :
time (s) 0 10 20 30 40 50 60

cell thickness d (micrometers)
FIG. 5. Flow speeds of cells with different thicknesses as a
function of time.(a) Cells with perpendicular rubbed polyimidg) FIG. 7. Average values of the product of flow speed and liquid
cells with parallel rubbed polyimide. crystal length as a function of cell thickness.
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20 the flow speed was fast enough. When the liquid crystal was

] in the distorted state induced by the flow, the liquid crystal in
the middle of the cell was tilted to the flow direction and the
absorption of the dye was reduced, and therefore we ex-
pected higher transmittance. In this cell, we indeed observed
(b) cell with perpendicular rubbed polyimide the flow-induced Freedericksz transition. The transmittance
of the cell as a function of time is shown in Figlb3. In the
beginning, the transmittance was higher and then decreased
(a) cell with parallel rubbed polyimide with time; after 600 s, the transmittance did not change fur-
5 ther. The transition from the distorted state to the undistorted
state is a second-order one, as predicted theoretically. There-
fore the transmittance decreased continuously to the mini-
0 mum value of the undistorted state. It was difficult to deter-

0 200 400 600 800 1000 mine the exact time at which the transmittance decreased to

15

Transmittance (%)
>

time (s) the minimum.
FIG. 8. Transmittance of the 56m cell as a function of time. The critical flow speed for the flow-induced Freedericksz
(a) Parallel cell,(b) perpendicular cell. transition is inversely proportional to the cell thickness, as

indicated in Eq(43), while the flow speed is proportional to
the rubbing direction of the polyimide. The liquid crystal the cell thickness. We expected to observe the flow-induced
was doped with 0.4% the dichroic dye. In the experiment, thd ré@dericksz transition in thick cells but not in thin cells. We
incident light was focused on a spot about 1 cm away fromin€asured the transmittance of cells with different thick-
the entrance end of the cell. The horizontal axis in Figs. g1€sses in the capillary filling. The dye concentration was
and 9 was the filling time started when the liquid crystal was2:0%. We made a set of cells with thicknesses 49.7, 24.3,
dropped at the entrance end of the cells. We first studied th&2-1, and 5.7um. The transmittance of the 494 cell is
50 um cell with parallel rubbed polyimide and the result is Plotted as a function of time in Fig.(8. In this cell, the
shown in Fig. 8a). There was no flow-induced Freedericksz flow-induced Freedericksz transition was observed. The
transition in this case. In the beginning, there was some infransmittance in the beginning was high and then decreased
tensity fluctuation. Under the optical microscope, flow-dradually to the minimum value &t=500 s. For this cell, the
induced disclination loops were observddi]. In the discli- theoretically predicted critical value of the speed of the flow

ey =2 50 __ . .

nation loops, the liquid crystal was not in the same directiodont is Uc=73xX1.18VoX 557=29.3um/s. As shown in Fig.
as the liquid crystal anchored by the polyimide alignment2(@. at the beginning, the flow speed was faster than 800
layers; the absorption of the dye was reduced and therefordM/s, which is higher than the critical value; the liquid crys-
the transmittance was increased. As shown in Fig), 8he tal was in the flow distorted state. As the liquid crystal was
increase of the transmittance by the disclination loops wadlled into the cell, the flow speed decreased; the distortion
small and was not significant. We then studied the.&0 became smaller and the transmittance decreased. The trans-
cell with perpendicular rubbed polyimide. In this cell, we Mittance decreased to the minimum around500s, at
expected to see the flow-induced Freedericksz transition ifhich the flow speed was around @#n/s. This experimen-

tally observed speed was higher than the predicted value

2.0 29.3 um/s. For the 24.5um cell, the result is shown in Fig.
16 9(b). In the beginning, the transmittance was also high and
1.2 k (a) then decreased gradually with time; after 400 s, the transmit-
0.8 tance did not change. As shown in Figap in the begin-
0.4 o~ ning, the flow speed was faster than 5afn/s, and then
8T o decreased with time. The flow speedtat400 s was about
S es.oj 60 um/s, which was very close to the theoretically predicted
g 40 L (b) critical value ug,=3X1.15X37.9X =% um/s=59.8 um/s.
g 201 For the 12.1um cell, the result is shown in Fig.(®. The
E 90 ‘ » v 4 transmittance was always low and did not change with time.
g 6'07 haan " The theoretically predicted critical value of the speed of the
I (c) flow front is u,=2Xx1.15X37.9x 2% um/s=120um/s. As
z:of shown in Fig. %a), after 100 s(at which our transmittance
0.0 : N ‘ measurement was starjethe flow speed was less than 100
um/s, and therefore there was no flow-induced Freedericksz
307 (d) transition. For the 5.7um cell, the result is shown in Fig.
20- 9(d). The transmittance was always low and did not change
with time. The theoretically predicted critical value of the
10 ‘ s ‘ — speed of the flow front is u,=3%x1.15x37.9
200 400 600 800 1000

X 2% um/s=255um/s. As shown in Fig. @), the flow

speed was always less than that value, and therefore there
FIG. 9. Transmittance of cells with various thickness as a funcwas no flow-induced Freedericksz transition.

tion of time. We also studied cells with unrubbed polyimide. The lig-

time (s}
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flow direction
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§:8 @ FIG. 11. Liquid crystal director configuration in the flow front in
SE cells with perpendicular rubbed polyimide.

observe the bright flow front in cells with parallel rubbed or
unrubbed polyimide. A microphotograph of the flow front of
a cell with parallel rubbed polyimide is shown in Fig.(ihp

In cells with perpendicular rubbed polyimide, independent of
flow direction R the cell thickness and the speed of the flow, the bright flow
front was always observed. We also made cells with only
one open end and perpendicular rubbed polyimide. We ob-
served the bright front when the liquid crystal was filled into
the cells in a vacuum chamber. We think that the twisted
configuration of the liquid crystal is caused by the perpen-

rubbing ¢ ) Cry Crpe
direction (b) dicular anchoring of the liquid crystal on the front liquid
> crystal-air or liquid crystal-vacuum interface.

CONCLUSION

We have theoretically and experimentally studied capil-
lary filling of nematic liquid crystals into cells with various
40 um anchoring conditions and thickness. We found that the flow
speed of the liquid crystal in the capillary filling was in-
FIG. 10. Microphotograph of the flow front. The fine lines on versely proportional to the cell thickness. In cells with par-
the left side of the photos are scratches produced in rubbing thallel rubbed or unrubbed polyimide, the liquid crystal was
polyimide. (a) Cell with perpendicular rubbed polyimidéb) cell  oriented parallel to the flow direction in both the flow front
with parallel rubbed polyimide. and behind the flow front. In cells with perpendicular rubbed
, ) ) ) polyimide, the orientation of the liquid crystal was dependent
uid crystal was doped with the black dichroic dye. When they, the position in the flow. In the flow front, the liquid crys-
polarization of the incident light was parallel to the flow {5 was in a twisted configuration with the liquid crystal in
direction, the cells were black, indicating the liquid crystaline middle of the cell parallel to the flow direction. Far be-
was aligned along the flow direction in the capillary filling. hing the flow front, when the flow speed was low, the liquid
_ We examined the liquid crystal flow front in the capillary ¢rystal at the surface and inside the cell was oriented parallel
filing under an optical microscope with crossed polarizersyy” the anchoring direction. At high flow speed, the liquid
The flow direction was either parallel or perpendicular to thegysta| at the surface of the cell was oriented parallel to the
polarizers. For the cells with parallel rubbed or unrubbed,nchoring direction, while in the middle of the cell the liquid
polyimide, the orientation of the liquid crystal was the same ¢rystal was aligned parallel to the flow direction. The ob-
along the flow direction in both the flow front and behind the sgryeq critical flow speeds in cells with different thicknesses

flow front. For the cells with perpendicular rubbed polyim- agreed with the theoretical predicted ones.
ide, the flow front was bright as shown the microphotograph

in Fig. 10(a). We believe the liquid crystal in the flow front

had the twisted configuration shown in Fig. 11. In this case, ACKNOWLEDGMENTS
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