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ABSTRACT When subjected to flow, various polymer solutions undergo an *apparent" change of phase, 
which is manifested by a dramatic increase in the turbidity. This phenomenon is the result of anisotropic 
flow-induced growth of concentration fluctuations, which can be predicted qualitatively by the coupled equations 
of motion for the concentration and velocity fields. We have investigated the growth of concentration 
fluctuations of poor and near-8 semidilute solutions of polystyrene in dioctyl phthalate (PSIDOP) subject 
to plane extensional flow at temperatures above the quiescent cloud point. Scattering dichroism and small- 
angle light scattering (SALS) indicate that concentration fluctuations grow perpendicular to the principal 
axis of extension for low strain rates. For higher extensional rates, fourfold symmetry appears in the structure 
factor, with intensity maxima on the axes at 4 5 O  to the principal axes. This fourfold symmetry is predicted 
by a recent theoretical model. We also show that the strength of flow-induced scattering is linear to first 
order in the ratio of viscoelastic stress to osmotic pressure. 

1.0. Introduction 

When semidilute polymer solutions at temperatures just 
above a phase boundary are subjected to flow, they can 
become turbid. This phenomenon has been reviewed by 
various a~ thor s l -~  and is sometimes interpreted as a 
manifestation of a shift in the coexistence curve. For 
example, Ver Strate and PhilippofP have observed that 
PS/DOP becomes turbid in capillary tube and Couette 
cell flows at temperatures up to 35 "C above the quiescent 
coexistence curve at shear rates of approximately 100 s-l. 
Rangel-Nafaile e t  al.' have observed an increase in the 
cloud point temperature of up to 25 "C in a PS/DOP 
solution in Poiseuille and steady shear flow in a cone and 
plate geometry. 

Recently, several groups have demonstrated flow- 
induced turbidity to be the result of an anisotropic 
enhancement of concentration fluctuations due a coupling 
of the local viscoelastic stress of entangled polymers with 
spatial inhomogeneity in monomer concentration.5-10 
Almost without exception, recent work has focused on 
one particular system: a semidilute solution of PS/DOP. 
Various time-dependent and steady-state scattering ex- 
periments have been performed on PS/DOP solutions in 
simple shear flow.- The general observation has been 
that for low shear rates (Wi < 1, where Wi is the 
Weissenberg number), butterfly scattering patterns de- 
velop. Two lobes of high scattering intensity on an axis 
parallel to the principal axis of the polymeric stress develop. 
The direction of greatest concentration gradient is thus 
parallel to the principal stress axis. For simple shear, 
concentration fluctuation dynamics have been investigated 
in the flow/vorticity and flow/velocity-gradient planes. In 
the parallel plate and cone and plate geometries, maximum 
scattering is in the flow direction and hence elongated 
domains of high concentration grow along the vorticity 
direction.6 In the flowlvelocity-gradient plane high- 
intensity lobes are oriented with the long axis between 
135 and 90° to the flow direction.6*6 Furthermore, the 
directions of birefringence and dichroism are perpendicular 
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to each other, indicating that concentration fluctuations 
are elongated perpendicular to the major axis of the stress? 
At  high shear rates, various nonlinear phenomena have 
been observed. In the parallel plate geometry above a 
critical shear rate, dichroism revealed that concentration 
fluctuations rotated through 90° and oriented in the flow 
direction.l0 Near this critical shear rate, rheological 
measurements also revealed large shear-thicknening be- 
havior. At  still higher shear rates, large time-dependent 
fluctuations in birefringence and dichroism appear. It is 
feasible that shear-thickening and the time-dependent 
fluctuations are induced by a nonlinear coupling between 
concentration fluctuations and the local flow field. 

This paper extends the investigation of flow-enhanced 
scattering patterns to plane extensional flow. In this flow, 
four-lobed small-angle light scattering patterns develop. 
We show that these patterns qualitatively match the 
predictions of a recent model. Other types of flow-induced 
structural changes in extensional flows have been reported 
in the literature. In extensional and shear flows, flow- 
induced crystalliiation has been observed for polymer 
solutions and mel t~ . l l -~~ Stress-induced crystallization has 
also been studied using birefringence and light scattering.14 
Flow-induced miscibility enhancement has been observed 
for a polymer blend of polystyrene with poly(viny1 methyl 
ether) in extensional flow.16 In their review of extensional 
flow-induced phenomena in polymer systems, Keller and 
Odell16 report extensional flow-induced gelation in poly- 
(styrenesulfonate) in solution with CaC12. Birefringence 
studies in extensional flows have also been conducted by 
Leal and co-~orkers.~~J8 

2.0. Theory 

The behavior of shear-enhanced scattering patterns is 
in qualitative agreement with a hydrodynamic model 
developed by Helfand and Fredri~keon~~ (HF). Onuki,2g22 
D0i,2~p~ and M i h ~ e r ~ ~  have developed similar models based 
on the two-fluid model of de Gennes.26 These models 
include a coupling of fluctuations in monomer concen- 
tration #(r,t), velocity u(r,t), and stress r(r,t) through a 
Langevin equation for mass transport, the Navier-Stokes 
equations, and a constitutive equation relating polymeric 
stress to rate of strain. The system of equations describing 
the rate of change of the velocity and concentration fields 
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is similar to models for critical dynamics in binary fluids,27 
except that a term for elasticity is added. Central to the 
HF and other models is the dependence of transport 
coefficients on local concentration. This results in coupled 
equationsof change for concentration and local stress and 
induces anisotropic growth of concentration fluctuations 
in an anisotropic flow field. A critical assumption in HF19 
is that the time scale of stress relaxation 7r is much smaller 
than the concentration fluctuation relaxation time t 2 /D ,  
where D is the cooperative diffusion coefficient and is 
the correlation length associated with concentration 
fluctuations. 

Counteracting flow enhancement of concentration fluc- 
tuations is the osmotic pressure ?r. If the free energy per 
unit volume f is described by the Flory-Huggins expreasion, 
then for l/N<< 4 << 1, where Nis the number of monomers 
per chain, we havem 

Here a is the monomer size, k g  is Boltzmann's constant, 
and x is the interaction parameter. Local concentration 
is expressed in terms of the average concentration (4) = 
4" and the local fluctuation $'(r,t). The polymeric stress 
is given by the second-order fluid model, as was originally 
assumed in the HF m0de1.l~ While a constitutive equation 
such as the Oldroyd-B3 model would be more appropriate 
than the second-order fluid, the latter model seems to 
predict steady- state behavior in a relatively simple and 
qualitatively accurate manner. Polymer viscosity qp and 
the first and second normal stress coefficients (91 and 9 2 )  
are assumed to be concentration dependent up to first 
order in concentration fluctuation (qp(4) = qpo + 744' and 
qj(4) = 9 j o  + *si'$'). Fluctuations in transport coefficients 
result in a fluctuating stress (7(r) = 7" + T'(r)). Assuming 
that relaxation times for concentration fluctuations are 
larger than those for velocity fluctuations d(r) and 
polymeric stress fluctuations #(r), the model may be solved 
in terms of the structure factor. 

For a two-dimensional extensional flow field uo = 
i(x,-y,O), where i is the extensional rate, the HF model 
can be solved in Fourier space (k-space) to obtain the 
time-dependent structure factorg0 S(k,t) = (&'(k,t) e- 
(k,t)) given by 

- as = i( kxK a - ky&)S - 
at 

2(f$,)k2[$+Kk2-Il:%']S+2Dk2 a4 (2) 

The cooperative diffusion coefficient is D/kgT = $l ,  where r is the monomer mobility. K depends on the correlation 
length of concentration fluctuations f = [K/ (kgT/u3)1 1 / 2 .  
Equation 2 governs the dynamics of concentration fluc- 
tuations and predicts the enhancement of concentration 
fluctuations, turbidity, anisotropic scattering patterns, and 
scattering dichroism. In the limit where diffusion dom- 
inates convection, Dk2 > i ,  the steady-state structure factor 
is simply 

S(k)-' - + Kk2 - 11%' 
a42 a4 (3) 

which has the form of a quiescent Orn~tein-Zernike3~ 
structure factor modified by the anisotropic fluctuating 
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a, 
stress projection l l : ~ ~ ' ,  where 1 : k/(kl and 84 

2q;(l; - l;); + (29: + 49, 'p  - 

Here qs is the solvent viscosity. The first term corresponds 
to enhancement of fluctuations perpendiculai: to the 
direction of extension at an angle cp = 90" to the x-axis. 
The result is enhanced scattering parallel to the principal 
axis of the stress tensor. On the other hand, suppression 
of fluctuations is predicted along the extensional axis ( x -  
axis) due to a coupling between concentration and viscosity. 
The second term of eq 4 predicts an increase in scattering 
for all k if 291' + 492' is positive, as would usually be the 
case in solutions and blends. The third term predicts a 
four-lobed scattering pattern through the factor lZ2ly2. This 
term is the result of secondary,flow effects and has been 
truncated to second order in f .  Secondary flow contri- 
butions should dominate at high extensional rates and 
arise from fluctuating stresses required for continuity to 
be satisfied. Indeed a fluctuating shear stress arises: 

While the base shear stress T , ~ "  vanishes due to symmetry, 
the fluctuating shear component does not obey symmetry 
requirements. 

Ignoring solvent stress contributions, eq 3 is made 
dimensionless with respect to the polymeric stress qpoc. 
The structure factor then depends on five dimensionless 
parameters: 

1 SCE) - 
1 + K 2  - 0,T 

where 0, is the ratio of the stress qp"; to the osmotic 
pressure. The scattering vector 8 = [K/(a2f/d42)11/2k is 
Fade dimensionless with respect to the correlation length. 
T is the dimensionless fluctuating stress contribution, 

8Wi0(2 + 8R,")1;1; (7) 
The Rr's are the ratios of the second to the first normal 
stress coefficients, and the Weissenberg numbers, Wi" and 
Wi', are given by Wi" = 91";/(21,") and Wi' = 91';/(2qp0), 
respectively. Approaching the coexistence curve, 0, 
increases and consequently the stress contribution to the 
structure factor increases as flow-enhanced concentration 
fluctuations are suppressed less effectively by the de- 
creasing osmotic pressure. An example of the deviation 
of the structure factor from steady state AS(k;Wio) = 
S(f;;Wio) - S(k;O), as predicted by eq 6, is depicted in 
Figure 1. Both enhanced scattering on the axis of extension 
and the fourfold symmetry are visible. Finally, concen- 
tration fluctuations are convected away from the stag- 
nation point, thus reducing time during which concen- 
tration fluctuations are enhanced. A recent modification 
to the HF model3 relaxes the assumption that the stress- 
relaxation time is much less than the relaxation time of 
concentration fluctuations 1/(Dk2) and predicts a reduction 
in structure fador at large scattering vector values, k. Then 
the appearance of flow-induced peaks in the scattering 
pattern is predicted at k = l/(Drr)1/2. 
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Roll 

Figure 1. Steady-statestNcturefactor~(~,Wi) predinadfrom 
eq 6; Win = Wi' = 3, Rro = Re' = -113, 0, = 0.1. 

Table I. R s l m t i o n  Times and Diffnsion Cosfficiente 
n iUm2 s-l\ 

20 0.3 0.4 0.05 0.04 
16 1.3 1.0 0.04 0.02 
14 2.2 3.2 0.03 0.015 

a Reference 6. 

3.0. Materials and Experimental Methods 

Our sample consisted of a solution of PS/DOP with a volume 
fraction $" = 0.06. T h e  polystyrene had a molecular weight of 
M, = 1.86 X 1W and a polydispereity MJM. = 1.06 and was 
obtained fromPreanure Chemical Co. SinceDOP is a poor solvent 
for PS a t  room temperature, the polymer was fmt dissolved in 
a small amount of chloroform. DOP was then added and the 
solution waa made homogeneous hy stirring for several days at 
a temperature of W O  OC. The chloroform was subsequently 
removed in a vacuum oven under a vacuum of 20 psi and a 
temperature of 60 "C. For this sample, the I3 temperatures2 is 
22 "C while the cloud point lies between 10.0 and 10.5 "C.' All 
experiments were performed in a temperature range between 12 
and 22 OC. between the cloud point and I3 temperature. 
Furthermore, the solution issemidilute,theoverlap concentration 
being 4; < 0.01. The critical temperature for the PS/DOP system 
haa heen reported to be at T, = 11 OC, with a critical concentration 
of 4, = 0.02.' 

The characteristic rheological time d e  T, wan obtained from 
the relaration of the fmt n o d  strew difference NI after 
ceasatiouof simple shear flow. Then, hy the stresa-opticalrule,m 
the relaxation time was determined from the exponential decay 
of intrinsic birefringence. Values for r, were accordingly deter- 
mined from the zero shear limit in the linear regime of constant 
viscosityD and were found to he a function of temperature as 
detailed in Table I. This allowed for evaluation of the Weis- 
senherg number Wi = LT. at various deformation rates. 

Ehperimentswereperformed in afour-roll-ndl flow cell ( F i i  
2) consisting of an arrangement of the four rotating cylinders, 
which were rotated hy means of a Compumotor stepping motor 
withanangular precisionof25 000stepdrevolution. Therelative 
motion of the four cylinders producen a plane extensional flow. 
Light propagates along the neutral axh parallel to the cylinders, 
thus allowing for light scattering hy fluctuations in the plane of 
flow. The path length of the heam through the solution is L = 
2.8 cm. Temperature control to within 0.1 OC was achieved by 
pumping water through a heating/cmling coil surrounding the 
flow cell. 

The SALS apparatus for measuring timedependent SALS 
patterns has heen extensively described in a previous paper.6 
Scattering dichroism and birefringence are measured simulta- 
neously with SALS to complement observations of the structure 
ofconcentrationfluctuationswith thestateofstressofthesystem. 

TOP View I A'- 

Figure 2. Four-roll-mill flow geometry. 

Lh:- 

I Transmitted lnlcnsiry 

The optical train (Figure 3) utilizes a polarization state modn- 
lat ionschemetoal lowfortim~ependentm~~mentofo~d 
anisotropy." Birefringence may be measured hy installing a 
circular polarizer hetween the sample and the detector. For the 
determination of dichroism, the circular polarizer is removed. 

Scattering is due to correlations in the fluctuation of the local 
dielectric tensor, and the scattering intensity is proportional to 
the structure factor. SALS may thus he used to probe the 
dynamics of concentration fluctuations. Intrinsic birefringence 
is due to anisotropy in the real part ~d' of the refractive index 
tensor. Birefringence is related to the average polymeric stresa 
through the strew-optid rulem nd' - (r& - rd, where r. is 
the polymer chain end-&end vector. Although birefringence is 
theresultofbothintrinaicandformeffects,tbelatterisdominated 
hy intrinsic effects and can thus be neglected. On the other 
hand, dichroism is c a d  hy anisotropy in the imaginary part 
of the refractive index tensor nd" and results in anisotropic 
attenuationof light. Dichroismin the present system arises only 
from form effects, which are due to scattering of light from 
aniaotropicconcentrationflu~tions,andisrelatedtotheBecond 
moment of the structure factor S(q) by the Onuki-Doi relation:' 
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where q = k, - ki is the scattering vector; ki and k, are the 
propagation vectors of incident and scattared light, respectively. 
dQk denotes solid .angle integration over the unit vector k. In 
the limit of small e, the anisotropic, flow-induced contribution 
to the structure factor of eq 3 results in a linear stress-optical 
relation between dichroism and fluctuating stress, 

For small-angle light scattering, the scattering vector q lies in 
the plane perpendicular to Li. Hence n” has nonzero components 
only in the plane perpendicular to &. These components form 
a two-dimensional tensor, n”. We introduce a Cartesian set of 
coordinates in q-space with qa in the direction -ki and qx in the 
direction of extension. The integration in eq 8 thus reduces to 
one over a square region of the qz-qr plane: The difference 
between the two principal values of n” fiially gwes the scattering 
dichroism An“,% while the angle of orientation of the dichroism 
x’’ is defined by the direction of the major axis of n”. The detailed 
procedure for the evaluation of An” and x” is described in our 
previous paper.“ The angle of dichroism corresponds to the 
average orientation of the major axis of anistropic concentration 
fluctuations and by the Onuki-Doi relation is perpendicular to 
the orientation of the major axis of the anisotropic structure 
factor.6 By eq 9, the orientation of concentration fluctuations 
is determined by the direction of long-wavelength fluctuating 
stresses. Alternatively, the direction of greatest concentration 
gradient is parallel to the direction of short-wavelength stresses. 
Along the axis of scattering dichroism x”, scattering intensities 
are small. Hence we label this axis as the minor axis of the 
scattering pattern. 

On application of the flow field, the scattering pattern deforms 
from ita quiescent value. We define the deviation in the structure 
fador as AS(q,t;y) S(q,t;y) - S(q,O;O). In general, peake appear 
near the major axis of AS(q,t;y), their position depending on 
time, temperature, and rate of extension. These peaks correspond 
to the dominant q-mode of flow-enhanced concentration fluc- 
tuations, at a characteristic scattering magnitude qe as defiied 
in our previous papere6 

4.0. Results and Discussion 
Time-dependent evolution of S(a) and An”, including 

response to inception of steady extensional flow and 
relaxation on flow cessation, was measured using our 
simultaneous SALS and scattering apparatus. Experi- 
ments were conducted for extensional rates ranging from 
0.2 to 20 s-l and temperatures ranging from 12 to 22 O C .  

Under these conditions, PS/DOP is shear-thinning for Wi 
< 1 but becomes shear-thicknening for Wi >> 1. Viscosities 
are greater than 20 Pa-s,1O thus ensuring Reynolds numbers 
of less than 0.1. 

Evolution of the structure factor S(q) in the flow field 
is visualized by a series of contour plots. As an example, 
Figure 4 presents the time evolution of M(q) in plane 
extensional flow at a temperature of 12 “C and an 
extensional rate of 3 s-l. Inception of flow is a t  t = 0 s, 
while cessation is a t  t = 20 8. The axis of extension is 
along the axis at 135O to the horizontal. The cross hairs 
on each contour plot indicate orientations of the major 
and minor axes given by the long and short lines and 
calculated respectively from eqs 27 and 21 of our previous 
paper.6 The scattering pattern evolves anisotropically. 
At 1.0 s after inception of flow, two large lobes in M(q) 
appear on the axis of extension (Figure 4a). Superimposed 
on the two-lobe pattern are four peaks arranged in a 
fourfold symmetric pattern, which is oriented a t  4 5 O  to 
the direction of extension. Before steady state is reached, 
an intensityovershoot is observed (Figure 4b). Comparing 
scattering patterns just before (Figure 4d) and after flow 

(a) 1.0 s (b) 2.0 s 

(c) 5.0 s (d) 20.0 s 

F m  4. Time-dependent response of the structure factor AS(@ 
to steady extensional flow. Inception of flow corresponds to t = 
Os; cessation of flow is at t = 20 s; T =  14 O C ,  3 s-l. (a) t = 
1.0 e; (b) t = 2.0 s; (c) t = 5.0 s (steady state); (d) t = 20.0 e; (e) 
t = 21.0 s; (f) t = 25.0 s. 

mob I I I I I 
0 1 2 3 4 5 1  

Strainrate (<I) 

Figure 5. Steadystate dichroism An”,and maximum overshoot 
Ant’+ v8 e; T = 14 O C .  

cessation (Figure 4e), the scattered intensity suddenly 
increases after cessation before M(q) relaxes to zero 
(Figure 40. The steady-state structure factor (Figure 4d) 
is thus in agreement with the predictions of eq 6 a four- 
lobed pattern oriented at 4 5 O  to the principal axes of stress 
appears, and flow-enhanced scattering is parallel to the 
axis of extension, while perpendicular to this axis, scat- 
tering is suppressed. 

Results for steady-state scattering dichroism &’’ are 
presented in Figure 5. As flow-induced fluctuations grow 
and align in the flow field with increasing extensional rate, 
dichroism increases. The angle of dichroism x’’ is fixed 
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I I I I 
0 5 10 15  20 2 5  30 

Time (s) 

Figure 6. Birefringence An' as a function of time; inception of 
flow corresponds to t = 0 a; cessation of flow is at t = 20 a; T = 
14 "C. 

"1 1 5  s 
Figure 7. Characteristic rate for dichroism during overshoot at 
flow cessation I'A,ppeak and characteristic rate for birefringence 
relaxation vs c; T = 14 OC. 

perpendicular to the axis of extension ( 4 5 O ) .  At higher 
extensional rates, normal stresses dominate and eq 4 
predicts an increase in scattering at all angles as well as 
an increase in the scattering in the four-lobed pattern. 
Dichroism relaxes on cessation of flow due to cooperative 
diffusion and a coupling of stress with flow-induced 
concentration fluctuations. Thus two time scales for 
relaxation are expected. An" displays an overshoot peak 
shortly after flow cessation, believed to be due to con- 
centration fluctuations coupling to a recoil in stress. This 
overshoot has been observed to occur over the same time 
scale 7* as that of stress relaxation: and similar overshoots 
have been observed on cessation of simple shear? For Wi 
> 3, the steadydate dichroism decreases with increasing 
i ,  but the peak value attained due to overshoot increases 
(Figure 5) .  Birefringence and hence polymeric stress 
increases with increasing c, as shown in Figure 6. Moreover, 
as is evident from Figure 7, there is a correspondence 
between the fast time scale associated with the dichroism 
overshoot and the rate of birefringence relaxation rant. It 
appears then that stress recoil is probably responsible for 
the overshoot, especially since the fluctuating stress r' lies 
at  the root of flow-enhanced concentration fluctuations 
(eq 4). At low extensional rates the overshoot vanishes, 
presumably because of decoupling between stress and 
structure in the linear regime. 

The On&-hi theory36 relating dichroism to the second 
moment of S(q) (eq 8) has already been shown to be 
applicable for steady-state values of An" in simple shear.6 
Dichroism An" determined from the optical anisotropy of 
the transmitted beam and An"su as calcualted from 
scattering patterns by using eq 8 have been measured using 
the simultaneous SALS/dichroism apparatus. As shown 
in Figure 8,An"sfis and An" correspond closely on flow 

o , o /  I I I .-----_____ 
0 20 4 0  60 80 100 

Time (s) 

Figure 8. Dichroism An"sm and An" vs time; inception of flow 
corresmnds to t = 0 a: cessation of flow is at t = 20 e; T = 12 OC, 
i = 2 s-1. 

(a) 0.5 s*' (b) 1.0 s-' 

4 WP.1 

(c) 2.0 s-1 

(e) 5.0 s-' 

X Flow Field: 

,(UP-) cx Coordinate 
System: 

Figure 9. Steady-state structure factor AS(@ as. a function of 
extensional rate t; T = 14 O C . .  (a) t = 0.5 8-l; (b) e = 1.0 8-l; (c) 
e = 2.0 a-1; (d) e = 3.0 s-1; (e) e = 5.0 s-l; (0 c = 10.0 8-1. 

inception at steady state, but less for the relaxation 
behavior on cessation of flow. The discrepancy in the 
overshoot peak may be a result of depolarization scattering 
contributions to AS(& due to the formation of large 
associations such as gel-like particles, as discussed below. 
The dependence of steady-state AS(q), An"sm, and An') 
on t is presented in Figures 9 and 10, where A n N s ~ s  has 
been multiplied by a single proportionality factor to obtain 
a best fit. A t  low 6, dichroism increaaeswith e, in agreament 
with eq 4. At high e, dichroism decreases linearly with 
increasing extensional rate. This may be due to a decreased 
time available for coupling between flow field and con- 
centration fluctuations. However, if this were the case, 



Macromolecules, Vol. 26, No. 26, 1993 Flow-Induced Growth of Concentration Fluctuations 7187 

0.07 C. I 

0.05 t h I A 

w? 0.04 A A  

:-'0.03 L A  A 
A 

A I 
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Strainrate (s.') 

Figure 10. Steady-state A n " m  and An" vs ;; T = 14 OC. 

h v "O5! 0.04 J 
0 ' 0 3 1  0.02 i 
O.O1 1 I 

0 2 4  8 i o  
Strainrate (6s-1) 

Figure 11. Steady-state turbidity h vs ;; T = 14 "C. 

the overshoot peak should also decrease. Despite this 
decrease in steady-state anisotropy, the maximum of the 
overshoot in dichroism increases with c (Figure 5).  This 
agrees with the assumption that the overshoot is related 
to a recoil of the stored elastic stresses. Steady-state flow- 
induced turbidity characterized by the extinction coef- 
ficient h, defined in our previous paper: is presented in 
Figure 11. 

Since flow enhancement of concentration fluctuations 
depends on the osmotic pressure, structure factors are 
temperature dependent. At temperatures near the co- 
existence curve, fluctuations are more readily enhanced, 
while at high temperatures greater extensional rates are 
required to achieve flow-enhanced scattering (Figure 12). 

The q-dependent behavior of A5'(q) is similar to that 
for steady shear as shown by Figures 10 and 12 of our 
previous paper? On inception of flow, a peak appears in 
AS(q) along the major axis at large q. The q value for this 
peak is denoted by qmm. As steady state is reached, the 
peak grows in intensity and qm= decreases to a value of 
approximately 3.5 pm-l. On cessation of shear, AS(q) 
rapidly increases for all values of q due to the stress recoil 
and then relaxes to zero due to diffusion. The time- 
dependent behavior of qmlu and qc is plotted in Figure 13. 
After the flow-cessation overshoot of AS(q), each mode 
relaxes exponentially with a relaxation time 7(q):  

where D is the cooperative diffusion coefficient and T* is 
a stress relaxation time. Relaxation is then due to a 
coupling between stress relaxation and cooperative dif- 
fusion. Equation 10 corresponds to the slow relaxation 
mode for concentration fluctuations as predicted by 
Brochard and de Gennes (BG).%p3' The relative intensity 
of the fast mode of BG would be too small to be 
d e t e ~ t e d . ~ ' ~ ~  For shear experiments, eq 10 has also been 

(a) 0.5 s-'; 12°C (b) 1.0s.'; 12°C 

(e) 5.0 s-'; 22°C (0 20.0 s-1; 22°C 
,a, 1 1.1, 1 

Coordinate 
Flow Field: X System: 

Figure 12. Steadystate structure factor.AS(q) as a function of 
extepional rate e and temperature. (a) e = 0.5 s-l, T = 12 "C; 
(b) e = 1.0 s-*, T z.12 "C; (c) e = 2.0 s-l, T = 12 "C; (d) e = 5.0 
s-l, T = 12 "C; (e) e = 5.0 s-l, T = 22 OC; (0 e = 20.0 s-l, T = 22 
OC. 

4.5- 

4 .0 -  
h - 
'E  
5 3 . 5  - 
v 

!3,0 - 
2 

2.5 - 

2.0 - 
0 10 2 0  30 4 0  5 0  

Time (s) 

Figure. 13. qmu and qe vs time for the Couette geometry; T = 
14 OC, e = 2 s-*. 

shown to be a pod  predictor of relaxation time.6138 For 
T = 14 OC and c = 2 s-l we determine T~ = 2.2 s, which is 
similar to the characteristic relaxation time at this 
temperature; T~ = 3.2 s (see Table I). The cooperative 
diffusion coefficient was found to be approximately 0.03 
pm2 s-l. 

A new development is the discovery of significant 
depolarization scattering as observed by placing the flowing 
system between crossed polarizers. Structures responsible 
for this scattering are large and correspond to scattering 
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Figure 14. Steady-state lozenge scattering pattern; T = 14 “C. 

angles smaller than qmar. Depolarization scattering is the 
result of large correlations between the local anisotropic 
contribution to the refractive index tensor and are usually 
observed in dense systems such as polymeric solids.31 
Moreover, we observed depolarization scattering patterns 
are in the form of Ylozenges” (Figure 14), similar in shape 
to those observed by Boue and co-w~rkers~~ for deformed 
gels. We speculate that concentration fluctuation en- 
hancement may be a precursor to polymeric associations 
such as gel-like particles. 
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