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ABSTRACT A rheooptical device, where an obstacle generates an elongational flow, waa used to study the 
behavior of an anisotropic (hydroxypropy1)cellulose solution. Good agreement was found between calculated 
and measured elongational rates. After cessation of flow, a band texture appears if the elongation rate is 
larger than a critical value. The conditions for the formation of the bands, their optical features, and their 
spacing are similar to those arising after cessation of shear. 

Liquid crystalline polymers after cessation of shear or 
elongation may exhibit under particular conditions a 
characteristic texture called "band texture". This texture 
consists of fine equidistant black lines (viewed between 
crossed polarizers with one polarizer parallel to the flow 
direction) that are perpendicular to the flow direction. 
Bands have been observed with many different mesomor- 
phic polymers such as lyotropic, thermotropic, nematic, 
or cholesteric a t  rest systems. 

The band texture observed after cessation of shear has 
been extensively studied. It appears that  this texture 
originates from a serpentine position of the director along 
the flow direction.'-3 The conditions for the formation of 
bands are such that bands only appear above a minimum 
shear rate and a minimum shear deformation (a minimum 
shearing time).c8 The spacing between two bands depends 
on the fluid concentrationg but is independent of the shear 
 condition^^*^ or of the sample d e ~ t h . ~ ~ ~  Even if the 
conditions for the  formation of bands after a shear are 
well understood, the origin of these bands is still unknown. 

The  circumstances for the band texture appearing after 
an elongation are less clear. It is known that a band texture 
might appear after drawing a fiber from a liquid crystalline 
polymer,lOJ1 but due to the difficulty of performing a 
steady-state elongation experiment, no data are presently 
available concerning the conditions for the formation of 
this texture. There is no comparison either between the 
band texture after a shear or after an elongation for the 
same polymer. 

The purpose of this paper is to study the formation of 
a band texture after an elongation for an anisotropic (hy- 
droxypropy1)cellulose solution and to compare it to the 
known case of shear. 

Experimental Section 
The aim of the study implies the possibility of observing visually 

the flow and the relaxation of the solution after an elongation. 
This condition rules out any method linked to drawing a filament, 
either during spinning or in an elongational rheometer. 

During the coursa of another study,121a we built an experimental 
setup consisting of a transparent cone-and-plate rheometer with 
a glass sphere glued on the plate, which acts as a near-cylindrical 
obstacle. Behind such an obstacle any fluid is submitted to an 
elongational fl0w.l' This tool allows rheooptical observations to 
be performed. 

As will be stressed in the next section, this geometry has several 
drawbacks linked to the presence of a shear component. This 
would be the case for any other device (contraction flow, opposed 
slot flow, etc.) since the transparency of these anisotropic fluids 
is very limited and thus imposed a low thickness. 
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The obstacle is a 250-pm glase sphere stuck on the plate. The 
gap where the glass sphere stands is about 350 pm. A detailed 
description of the setup is given in ref 13. The observations were 
performed with an optical microscope between crossed polar- 
izers, the analyzer being parallel to the flow direction. 

An anisotropic (hydroxypropy1)cellulose (Hercules Kluce1)- 
water solution (M,  = 100 OOO, concentration 55% by weight) was 
prepared by the usual procedure?d except that a few percent was 
filled with well-calibrated polystyrene spheres (diameter 9.89 
pm, National Bureau of Standards reference material no. 1960). 
The spheres were used as velocity tracers. We checked that the 
moving spheres did not perturb the flow and could be considered 
as moving at the same speed as the surrounding fluid.I6 

In the vicinity of the obstacle there is a three-dimensional 
complex flow. Because of the cone-and-plate geometry, the fluid 
has a mean velocity that is a function of ita position in the gap. 
The fluid flowing around the obstacle is submitted to an 
elongation behind the obstacle. The reason for this elongation 
is that the velocity at the sphere wall is zero and that the fluid 
must reach the mean velocity of the fluid in a certain distance. 
The first point is that the elongation is a function of the vertical 
position along the obstacle. Because the diameter of the obstacle 
is smaller than the gap distance, there is in addition a flow above 
the obstacle. All these apparent complex features do not in fact 
cause many difficulties. The main reason is that the flow above 
the obstacle does not introduce a noticeable perturbation to the 
features arising from the flow around the obstacle, in which we 
are interested. Moreover, as stressed in ref 13, we checked that 
all the phenomena due to the presence of the obstacle are located 
in a zone (shown as a shaded area in Figure 1) where it is possible 
to be away both from the perturbations caused by the plate wall 
and from the flow above the obstacle. We took as the repre- 
sentative elongation rate in the shaded area the one correspond- 
ing to the midpoint between the cone and the plate, which 
corresponds to the first third of the shaded area. 

Results and Discussion 
As said in the previous paragraph, the cone-and-plate 

geometry implies that  there is a shear between the cone 
and the plate, with or without the presence of the obstacle. 
We know that above a certain critical shear rate, a band 
texture will appear after cessation of flow. Since we are 
interested in the texture that might appear behind the 
obstacle due to  the elongation, we performed all the 
experiments a t  a shear rate less than the critical shear 
rate (y < 1.1 s-1 (ref 5)). 

1. During the Flow. When an anisotropic solution 
flows around the obstacle, the most noticeable feature is 
the presence of a wake behind the obstacle. This wake is 
very long, more than 6 mm in length (the diameter of the 
obstacle being 250 Mm). It is clearly visible because ita 
birefringence is greater than the mean birefringence of 
the surrounding region (see Figure 3a in ref 13). The 
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elongation phenomenon occurs within the wake. We will 
first measure the difference in birefringence between the 
wake and its surroundings and then quantify the elongation 
rate. 

1.1. Wake Birefringence, In a cone-and-plate ge- 
ometry, the retardation is a function of the position along 
the radius and of the birefringence of the sample. This 
birefringence is a complex function of the texture of the 
sample, the concentration, and the flow rate. We thus 
quantified a relative birefringence, which is the ratio of 
the birefringence in the wake over the birefrin- 
gence (Am) that the solution would have at  the same place, 
but without the obstacle (and thus without elongation). 

A sample with a uniform birefringence (b) (viewed 
between crossed polarizers with a white light) appears 
colored. This color is related to the optical path difference 
or retardation 

6 = ZAP20 

where z is the thickness of the sample and & is the bi- 
refringence. In a cone-and-plate geometry, where the 
thickness varies linearly along a radius, this results in the 
observation of a determined color sequence called New- 
ton's color sequence.16 If somewhere in the sample (zone 
A) the birefringence (&A) is different from the surround- 
ing fluid (zone B) birefringence (Am), the color sequence 
is then disturbed. If we note 6 ~ ,  the retardation through 
the zone A, locating the same color (in zone B) enables us 
to determine the relative birefringence: 

6, = 6, (same color) 
which means 

zAAnA = zBAno 

which leads to 
AnA/Ano = Z ~ / Z A  

The case of the wake is slightly more complicated because 
the wake is not observed throughout the whole thickness 
(ZA) of the fluid but only throughout the obstacle depth 
(&obcle). The fluid above this depth is supposed to have 
the same birefringence (Am) as the surrounding fluid (see 
Figure 1). We then assume that the retardation of the 
light through ZA can be written as 

6A = &olmtacleAnwake + (zA - ~0lmtac1e)~~O 
This equation gives a very crude approximation of the 
actual retardation, but we believe it is enough to draw 
meaningful conclusions. Using the same procedure as in 
the previous case enables us to evaluate An,k,/A&. The 
results are the following: 

just behind the obstacle 
AnwakelAno = 1.34 

in the wake, 3 mm after the obstacle 
Ande/Ano = 1.1 

It appears that the wake is much more birefringent than 
the surrounding fluid and that this higher birefringence 
in the wake decreases with the distance from the obstacle. 
This increase of birefringence reflects an increase of 
orientation due to a better director alignment and/or mo- 
lecular orientation. 

1.2. Computation and Measurement of the Elon- 
gational Rate. The elongational rate was estimated with 
the help of tracers. The velocity of tracers was measured 
at different points in the wake (the method being discussed 
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Figure 1. Location of the obstacle in the velocity field. The 
shaded area is where the elongation flow is the m a t  preponderant. 
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Figure 2. Elongation rates applied to the fluid along the wake 
for a mean fluid velocity of 0.08 "/a. Comparison between 
experimental measurements and numerical predictions. 

elsewhere's). The elongation rate is deduced from this. 
The results are given in Figure 2. 

The elongation rate has a maximum near the obstacle 
and decreases along the wake. It was difficult to obtain 
accurate measurements close to the obstacle since we 
measured the velocity as the time needed by a tracer to 
travel a certain distance. This explains the large error 
committed at  this point. 

A numerical simulation was performed with a power 
law equation. The simulation used a two-dimensional 
finite element code developed in the laboratory." The 
aim was to see if there is an agreement between the 
numerical prediction and our measurements. 

The comparison is reported in Figure 2. We can notice 
a good agreement with the power law simulation. Although 
the power law is a simple way of simulating the behavior 
of such a fluid, the numerical calculations predict quite 
accurately the elongation. Therefore the numerical sim- 
ulation will be used to give the elongation rate applied to 
the fluid. Hereafter we will always speak of the maximum 
elongation rate applied to the fluid (CY-) (see in Figure 
2) 

1,3. Discussion. We can summarize the observations 
about the wake and the numerical predictions as follows 
(Figure 3): 

(i) Behind the-obstacle, the fluid is subjected to an 
elongation rate (am) that results in a higher degree of 
orientation compared to the surrounding fluid, despite 
that the deformation is small (an estimate of the defor- 
mation submitted to the fluid during the elongation gives 
less than three strain units) compared to what is needed 

(ii) When the fluid moves away from the obstacle, the 
elongation slowly vanishes, but the small amount of 
elongation still present is nevertheless sufficient to keep 
the high degree of orientation previously induced by the 
maximum elongation rate. 

in shear.WslW9 
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elongation rate (dr, = 0.05 s-*) and the critical shear rate 
(ye = 1.1 s-*) for the same material, we can see that an 
elongation is much more efficient than a shear to see bands 
form after cessation of flow. 

It should be noted that the applied elongation strain is 
small compared to the large value required for shear (a > 
100). The large difference between yc and ac can be 
appreciated considering that the elongation is in the flow 
direction, contrary to a shear which combines two dis- 
advantages, a rotational component and an elongation 
component not in the flow direction. 

Speaking now in terms of time for the appearance and 
the destruction of bands obtained after an elongation, we 
observed that (i) when the elongation rate is close to ac 
(but above it), bands appear a certain time after cessation 
of flow, and (ii) if we apply a higher elongation rate, bands 
form in the wake immediately after cessation of flow. 
Identical results were found in the case of a shear, and a 
comparison of the lifetimes of bands in both cases shows 
that they are of the same order of magnitude. (Their 
lifetime is on the order of minutes and depends on the 
previously applied flow rate.6) 

Thus the existence, in both cases, of a critical flow rate 
for the formation of bands and a similar time scale for 
their appearance, lifetime, and destruction shows that the 
mechanisms of formation of bands are identical after a 
shear or an elongation. 

As the mechanisms for the formation of bands after a 
shear or after an elongation seemed identical, it was 
interesting to complete the study by checking whether 
the formed bands were identical or not. 

2.2. Optical Properties of the Bands. Optical 
properties of bands have been extensively 
particularly the shifting of the black lines when the crossed 
polarizers rotate. Because of our setup, where the position 
of the sample is fixed and where the analyzer can only be 
placed in two positions (8 = Oo and 8 = 4 5 O ) ,  the optical 
properties were only investigated for these two angles. 

Both bands after a shear and bands after an elongation 
can be studied with our setup: after a shear, bands appear 
(when the shear rate is higher than the critical shear rate 
(1.1 s-l)) in the field of view away from the obstacle; after 
an elongation, bands appear in the wake when the 
elongation rate is higher than the critical elongation rate 
(0.05 s-l). One way to characterize a band texture is to 
measure the band spacing. 

The results are as follows: 

Flow 
direction- 

High orientation i Same orientation i Relaxation 

Figure 3. Induced orientation of the fluid arising from the elon- 
gational flow. 

H 
1 OCpm 

Figure 4. Optical micrograph taken after cessation of flow (y 
= 0.3 s-l) when the band texture is completely formed. 

Chart I 
resulting texture in the wake 

after cessation of flow flow conditions 
< 0.05 s'l 

6 ,  = 0.05 s-l 

6 ,  = 0.08 a-1 

wake is visible but bands never 
appear in it 
indefinite texture is observed in 
the wake 
bands appear in the first part of 
the wake (2 mm in length just 
behind the obstacle); in the 
second part, the wake is always 
visible but no texture is 
observed 
bands appear in the whole wake 
(which means the visible part of 
the wake with our setup, i.e., 6 
mm in length) 

6 ,  > 0.08 8-1 

(iii) Two millimeters further on, the elongation rate is 
reduced to zero. The fluid in the wake is then only 
submitted to the same shear rate as the surrounding fluid, 
and thus it tends to relax. One particular feature about 
the liquid crystalline polymers is that the birefringence 
relaxation is quite long. This explains the length of the 
wake. 

2. Relaxation. When the flow is stopped, no special 
texture appears in the field of view away from the obstacle 
since the shear rate is less than the critical shear rate. But 
in the vicinity of the obstacle, bands might form in two 
locations (Figure 4): (i) around the obstacle and (ii) in the 
wake. Since the flow in the wake is mainly elongational, 
we will focus our attention on the appearance of bands in 
the wake and particularly investigate the elongation 
conditions for the formation of a band texture after 
cessation of flow. 

2.1. Flow Conditions for theFormation of theBand 
Texture. Depending on the flow conditions (that is, the 
maximum elongation rate applied to the fluid (see para- 
graph 1.2)), a band texture will or will not appear in the 
wake after cessation of flow. Chart I summarizes the 
results. The results show that, after cessation of flow, 
bands only appear when the maximum elongation rate 
(am) is larger than a critical value (ac), which in our case 
is about 0.05 6'. So in both cases, either a shear or an 
elongation, there is a critical flow rate above which bands 
will form when the flow is stopped. Comparing the critical 

8 band spacing, pm 
after a shear 

8 = oo 
e = 450 

e = 00 

after an elongation 

7h1 
1 2 i  1 

6h1 

Because of the blurred texture when 8 = 4 5 O  no mea- 
surement could be performed in the wake. But we can see 
that, in the shear case, the spacing when 8 = 4 5 O  is twice 
the spacing when 8 = Oo, as expe~ted.~ 

Different shear rates and different elongation rates were 
investigated but no influence of the flow rates on the band 
spacing could be noticed, which confirms previous workde9 

It appears that, for the same polymer, the band spacing 
is similar after a shear or after an elongation and is also 
independent of the flow rate, which means that (1) bands, 
which appear after a shear or an elongation, are identical 
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and (2) the band properties do not depend on the previous 
flow conditions. 

Conclusion 
Studying an elongational flow, resulting from the 

presence of an obstacle, is an instructive way of investi- 
gating the behavior of a liquid crystalline polymer. This 
way of producing an elongational flow is not ideal because 
the elongation rate is not uniform in the whole field. 
Despite this, this setup enables us to give some first 
quantitative results about the behavior of a liquid crys- 
talline polymer when submitted to an elongation and 
during the relaxation. 

Our results confirm that an elongation is more efficient 
than a shear to orientate a liquid crystalline polymer. 

Concerning the occurrence of bands after an elonga- 
tional flow during the relaxation, it appears that there is 
a critical elongation rate below which no band appears 
and above which bands form. An identical condition has 
already been found in the case of ashear. Other similarities 
between the bands obtained after an elongation and after 
a shear were alsonoticed: (i) similar time periods, whether 
we speak about the time for their appearance or their 
lifetime, and (ii) totally identical bands after a shear or 
after an elongation. All these results show that the 
relaxation modes are identical after a shear or an elon- 
gation, that is, whatever the previous flow may be. 
Secondly, we saw that the band properties are not 
controlled at all by the previous flow conditions, which 
implies that they must be controlled by characteristic 
parameters of the fluid, probably a combination of elastic 
constants. 
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