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A Shear-Induced Instability in Freely Suspended Smecti@ Liquid-Crystal Films
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This experiment examines the stability of a smeétitiquid-crystal film subject to a uniform shear
flow with velocity and velocity gradient in the plane of the smectic layers. The experiment is made
possible by virtue of a freely suspended liquid-crystal film which is sheared at its edge by a Couette
apparatus. It was found that while there was no shear-induced phase transition, line defects were
nucleated in the film when the shear ratattained a certain threshold. The critical shear ratavas
measured as a function of temperature and film thickness. [S0031-9007(97)03898-2]

PACS numbers: 61.30.Gd, 47.20.Hw, 61.30.Jf, 64.70.Md

Elongated molecules are capable of forming variousility which is not captured by linear theory [4,5]. The
mesophases with different translation and rotation syma configuration in this experiment was ensured by using
metries. Smectiéx (Sm-A) is unique among these phasesa freely suspended LC film [6,7] that was sheared by a
in that it has a layered structure with molecules alignedCouette-flow apparatus [8,9]. Specifically, it was found
parallel to the surface normal. Since there is no translathat defect lines with strong transverse striation were
tional order, molecules within the layers behave like a twocreated in the film when the shear ratereached some
dimensional liquid. The purpose of this investigation is tocritical valuey,.. Persistent shear caused these defect lines
explore the effects of shear on this simply structured fluidfo coagulate into large domains that drastically altered the
with emphasis on defect generation and evolution of thesmechanical and optical properties of the film. Though the
defects in the presence and absence of the flow field.  defect lines have the appearance of “oily streaks” which are

That SmA is a strongly anisotropic fluid raises inter- commonly seen in quiescent layered LCs, they were here
esting questions concerning stability of layer orientationsfound to be transient and relaxed shortly after switching off
characterized by their surface normal, with respect to athe shear. It can be argued that because of this similarity
imposing velocity field. This question was addressed exin structure, the defect lines in our films are a result of a
perimentally by Safiny&t al. for a sheared thermotropic binding transition of dislocation lines [10—12] which will
liquid crystal (LC) using synchrotron x-ray scattering be discussed in detail later in this paper.

[1]. Specifically, they examined how molecular orienta- The freely suspended films in this experiment were
tions, which were well known in the nematic phase undemade of 4-cyano-4octylbiphenyl (8CB). Studies showed
shear flow [2], transformed when the smectic phase apthat in bulk form this LC has a SmA phase spanning a
peared. It was found that while the average orientatiotemperature range between 22 and@313]. However,

of the molecules, called the directdr was shear aligned it was found here that in free-standing films the SmA
along the velocity direction deep in the nematic phasephase had a wider temperature ranife< T, < 33 °C.

it switched to a new configuration with parallel to the A Taylor-Couette flow is convenient for imposing
vorticity direction in the vicinity of the nematic to SmA linear shear in a freely suspended film [8,9]. The setup
transition. The sudden change took place when the sheaonsisted of a rotating inner disk and a stationary outer
rate y became comparable to the incipient smectic-ordering, both made of either stainless steel or Delrin. The
fluctuation timer; of domain size{. More recently si- disk and the ring had sharp edges that made contact with
multaneous rheological and structural measurements haviee film. The diameters of the disRE;) and the ring
been carried out by Panizzt al.[3]. These measure- (2R,) were, respectively, 2.4 and 3 cm. Rotation of the
ments seemed to suggest that smectic layers could alslisk was controlled by a dc motor which could produce
form multilamellar cylinders oriented along the flow at a rotation frequency up t6 = 100 Hz. The entire setup
low shear rates, whereas the layer’'s norfmakecame par- was enclosed in a copper chamber whose temperature was
allel to the vorticity direction at high-shear rates similarregulated to within=0.2 K.

to that found by Safinyat al. Though it is intuitively The thickness of the LC filnk was determined using
reasonable that this so-called configuration, i.e., with two different methods. For thin films; < 3000 A, &

the velocity and velocity gradient in the plane of smecticwas measured by optical reflectivity. This was done by
layers, has a relatively high stability compared to othemonitoring the reflected light intensity as a function of the
configurations due to minimal distortions of the smecticincident angle. For thick films; > 3000 A, it was more
order as well as the director field it gained theoretical convenient to measure the ellipticity (or birefringence) of
support only recently [4,5]. the transmitted light. The details of the latter technique

We have observed a striking effect that seems to indicatean be found in Ref. [14]. In both cases a HeNe laser with
that even in the: configuration, shear can cause an insta-A = 633 nm was used.
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Newly drawn films were found to be very thin, typically 2500
h = 100-1000 A. However, after being subject to shear
with a rotation frequency of a few hertz, the films grew in 2000
thickness and eventually reached a steady stateintitiat
could be a few microns. Despite the fact that they were —~ 15,4
thin and large in surface area, the LC films were surpris- '
ingly robust under shear. A typical film could be read-
ily spun up to a frequency = 40 Hz without breaking.
In some caseg as high as~100 Hz could be reached.

The most dramatic observation, which is the focus of 500
this Letter, was the emergence of a “cloudy state” within
the film when the shear rate reached a critical vajue 0 ' : : '
Below y. the LC film was transparent with optical trans- 0.0 20 40 6.0 80 10.0
mission being more than 90% at normal incidence. Above h (um)
v. the optical transmission dropped precipitously to well N ) _ )
below a few percent with a significant amount of multiple\'/:v'eGr(-e 1ték§1m(|)(\:/aelr S;‘?ZL rgt@a’%' v\\//?t hf ”g‘ ngr%ksne;fglé STTﬁaﬁa}Z‘S
scatte_ring. Empiricglly we definefd. to be the shear rate .pluses, and crosses cgrresponding?t(? 12: 18, 22’, 24, gnd '
at which the transmission dropped to 20% of that of a qui27°c, respectively. The effects of temperature $p were
escent film. The effect is rather remarkable consideringather weak. Foh < 1 um, 7. could no longer be measured
the film was only a few microns thick. To better char- due to the rupturing of fims at highr. These measurements
acterize the behavior of the film foy < 7., systematic &re shown by upward arrows. The inset is a semilogarithmic
birefringence measurements were carried out along radiglIOt of the same graph.
positions of the film asy was increased. It was found
that for low shear rate€) = y = 200 s™!, the thickness was clearly shadowed by sample-to-sample variations in
profile was rather uniform and independentyaf How-  the measurements. A careful study, using a single film
ever, for high-shear rateg, > 200 s™!, the birefringence over a span of a few hours, was able to reveal the weak
signal showed large spatiotemporal fluctuations that coultemperature dependence 1f, which is shown in Fig. 2.
be associated with either variations inor orientational For two different thicknesses, = 3.9 and4.8 um, y. was
fluctuations of LC molecules. In this high-shear regime, &ound to increase slightly~20%-40%) with T from 12
discernible amount of light scattering could be observed irto 27°C.
the neighborhood of the reflected laser beam. The inten- Can the observed instability be due to some extrane-
sity of the scattered light increased rapidly and eventuallypus effects such as air boundary layers or meniscus in-
saturated whery, was reached. stability? The air boundary layers can impose a shear

The appearance of the cloudy state was found to be stress o,;, = \/327]apaRl2f3 across the smectic layers
sensitive function ofi. As shown in Fig. 1. increases [15], wheren, andp, are, respectively, the viscosity and
markedly ash decreases. The trend of the data could behe density of air. This is a legitimate concern considering
parametrized in an exponential fashiop: = y.expX previous experiments and theory that showed a lamellar
(—h/h.), with y.o = 2700 s~ ! andh, = 3.5 um. This phase could be unstable under such a shear configuration
is delineated by the solid line in Fig. 1 and by the semi-
logarithmic plot in the inset. Though the functional form

Ye (s

1000

suggests a smooth continuation/as— 0, the possibility 1200 ' ' '

cannot be ruled out that the relationship betweerand 3

h is singular in the limit of a molecular scale, i.é.,— 900 ] b ﬁﬁﬁﬁ iﬁ 1
R. with R. being the core radius of a disclination line. ﬁﬁ § ] ﬁ
Experimentally it was found that for LC films that were 7

less than about a micron in thickness, it became practically £ 600 3 3
impossible to produce a cloudy state aswas then so N g ) 3

large that the film often ruptured before the cloudy point §ﬁ§@§@ ﬁ ¢ ¢

could be achieved. For these data upward arrows were 300 ]
plotted in the graph indicating the unknown upper bound

for yc. It should be noted that though the cloudy state can 0 | . .

be readily observed at smallfor thick films, the effect has 10 15 19 o4 28
not been previously reported in bulk samples [1,3]. The .

data in Fig. 1 is shown for several temperatures, and was T (°C)

taken with many different films and over many days. ASp|G. 2. Critical shear raté. vs temperaturd’. For a fixed
can be seen the temperature dependence was so wealkilit thicknessy. is a weakly increasing function d&f.
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[1,4,5]. In light of this our measurements were repeatech wormlike appearance. In addition to open-ended line
in a vacuum in which the pressure was reduced to a fewlefects, a significant number of closed-ended (ring) de-
torr. At such a pressure the air density was reduced bfects can be seen. Inspection of isolated defect lines under
more than a factor of 100, corresponding to a reductiora higher magnification>500) revealed periodic internal
in air shear stress of about ten. No change either in thstructures having a variety of zigzag patterns as shown in
appearance of the cloudy state orjin could be detected Fig. 3(b). The width of the defects varied dramatically,
in this case. The meniscus instability was also ruled oubut the maximum width was typically about the thickness
by examination of the defect generation process under af the film. The spatial periodicity in general was slightly
microscope. Here it was found that the cloudy state set itess than the width of the defect. For a layered LC the
spontaneously with defects distributed uniformly through-commonly seen defect structure is focal conic domains as
out the film instead of in isolated regions. The aboveoriginally proposed by Friedel [16,17]. They appear, under
two observations convinced us that the in-plane shear waan optical microscope with crossed polarizers, as a periodic
solely responsible for the cloudy instability observed. line of ellipses, and within each ellipse the light intensity
Next the structure and transient relaxation behavior ofs modulated in ar /2 fashion [11]. Our defects clearly do
the cloudy state were studied. Video microscopy showedot possess the symmetric inner structure required for fo-
that in the neighborhood of. a swarm of defects was cal conic domains. Rather the defects shown in Fig. 3(b)
nucleated, and they were shear aligned along the flow dihave an appearance similar to oily streaks found in’the
rection. Figure 3(a) is a low-magnificatiorx §0) snap- phase of a lyotropic system first discovered by Schneider
shot of defects taken shortly after the shear was stoppednd Webb [12]. The quiescent zigzag pattern observed by
As can be seen the defects consisted of lines of differerthese authors was explained as the transverse undulation
lengths, and some of them were sufficiently curved to giveof paired +1/2 disclination cores. If this explanation is
applied to our system, the cloudy point that we have ob-
served could be interpreted as a pairing instability of dis-

S

S

I \\d location lines. Fory < v, the dislocations are free and
\\3\; ,\a-:’\{:-;:\;_;_ 2 : straight, whereas foy _> Ve dis_clinati_on pa_irs are formed
e *NQQ\ o and the cores of disclination lines wiggle in the transverse
: _},}5%/:;.5 B e ‘(& direction [12]. This causes macroscopic deformations in
o TR L e 7 which give rise to strong light scattering.
a S R R s e RS If the LC film was sheared continuously, the number of

defects proliferated rapidly. Observations showed that the
defects were attractive and had a tendency to stick together
whenever they came into contact with one another. Con-
tinued shearing fofy > vy, thus produced domains of de-
fects that would quickly fill large areas of the film as shown
in Fig. 3(c). The presence of large domains dramatically
changed the flow properties of the film. The velocity pro-
file became independent of radial positionexcept near

the solid boundaries, and the domains were convected as a
whole like a solid body. The flow behavior was therefore
strongly non-Newtonian in the presence of a large number
of defects.

The relaxation kinetics of the cloudy state were also
interesting. It was found that defects could persist even
when they was reduced to a value of abojt/10. Such
a hysteresis is suggestive that nucleation of the defects is
like a “first-order” transition with a significant energy bar-
rier. However, under sufficiently smaflthe defects could
anneal with their contour lengtk(z) shrinking in time.

FIG. 3. Defect structures. Above the critical shear rate Figure 4 shows the contraction velocity = |ds(z)/d1|

the LC film turned cloudy. Examination under a microscope@veraged over more than a hundred open-ended defect
at x50 magnification revealed line defects as shown in (a).lines that were repeatedly generated in a single film with
Though the picture was taken after cessation of shear, the long =~ 3 ym. The measurements were taken immediately

line defects were still preferentially aligned along the flow ofter cessation of shear. As can be seen, there is a clear
direction. The structure within isolated defects, as shown in

(b) with X500 magnification, are periodic with periodicity less dependence ob on S’,a”P' the general trend is that-as
than the defect width. Persistent shear abgyvecauses line s increases the velocity increases. Phenomenologically
defects to aggregate forming large domains as shown in (c). the data can be fitted by a power law,~ s* with
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LC compound (8CB) we believed that the phenomenon is
perhaps more general and may be observable in other lay-
- ered systems formed by block copolymers and lyotropic
liquid crystals. It is noteworthy that though classification
. of defects in layered systems began over 70 years ago by
Friedel [16], questions still remain concerning selection
- rules for different defects, their relationship with material
parameters, such as elastic moduli, and their formation ki-
. netics [11]. The mere fact that defects in our system can
be readily created by shear and are transient in nature pro-
. vides excellent new opportunities to address some of these
interesting issues.
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with time . The inset is a log-log plot of the same data.
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